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Preface

This volume includes the papers presented at CONTEXT 2015: the 9th International
and Interdisciplinary Conference on Modeling and Using Context held during
November 2–6, 2015, in Larnaca, Cyprus.
Since its start in 1997, the CONTEXT conferences have become the world’s prime
forum for presentation and exchange of insights and cutting-edge results from the wide
range of disciplines concerned with context.
Previous editions of the series were held in Rio de Janeiro, Brazil (1997), Trento,
Italy (1999; LNAI 1688), Dundee, UK (2001; LNAI 2116), Palo Alto, USA (2003;
LNAI 2680), Paris, France (2005; LNAI 3554), Roskilde, Denmark (2007; LNAI
4635), Karlsruhe, Germany (2011; LNAI 6967), and Annecy, France (2013; LNAI
8175). The main theme of CONTEXT 2015 was “Back to the Roots,” focusing on the
importance of interdisciplinary cooperations and studies of the phenomenon. Context,
context modeling, and context comprehension are central topics in linguistics, philosophy, sociology, artiﬁcial intelligence, computer science, art, law, organizational
sciences, cognitive science, psychology, etc., and are also essential for the effectiveness
of modern, complex, and distributed software systems.
CONTEXT 2015 included a Doctorial Symposium, organized by Peter Eklund and
Rebekah Wegener, and three workshops: Smart University 3.0, organized by Thomas
Roth-Berghofer, Samia Oussena, and Martin Atzmüller; CATI: Context Awareness and
Tactile Design for Mobile Interaction, organized by Patrick Brézillon, Alexandre Kabil,
Sébastien Kubicki; and SHAPES 3.0: The Shape of Things, organized by Stefano
Borgo, Oliver Kutz, and Mehul Bhatt.
We are grateful to our keynote speakers for sharing their insights and perspectives,
and providing inspiration for new research in the ﬁeld.
Emma Borg (University of Reading, UK):
Linguistic Meaning, Context and Assertion
Enrico Rukzio (Universität Ulm, Germany):
Mobile Interaction with Pervasive User Interfaces
We also wish to thank all the authors who submitted their research papers to the
conference, thereby demonstrating the interdisciplinary strengths and common threads
in context-focused research. Our special thanks go to the Program Committee members, our sponsors, and everyone who contributed at any level to the organization of
CONTEXT 2015, including the staff at Easy Conferences, Cyprus, especially Kyriakos
Georgiades and Marios Christou for taking care of all practical aspects.
August 2015
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Abstracts of Keynote Speeches

Linguistic Meaning, Context, and Assertion

Emma Borg
University of Reading, UK

I explore the impact of contextual features on linguistic communication. In particular,
I am interested in the difference between asserting and implying, and the question
of the role the context of utterance plays in determining either kind of content. I begin
by introducing two distinct approaches to the difference between asserting and
implying: one that locates the difference in the language, as it were, and one that locates
it in the mind. However, I argue that both these approaches face problems. I argue that
the distinction is better captured in sociolinguistic terms, whereby the difference
between asserting and merely implying emerges from the distinct kinds of social role
these speech acts play and the kinds of culpability or responsibility a community
assigns to a speaker for a conveyed content. I conclude by sketching how this socially
orientated view of assertion relates to certain philosophical analyses of assertion and
how the view might impact on our understanding of more applied issues in philosophy
of language, such as informed consent and libel or slander.

Mobile Interaction with Pervasive
User Interfaces

Enrico Rukzio
Universität Ulm, Germany

Mobile human–computer interaction has been a very active research area in the last
decade, and yet there are still many unsolved questions regarding the limited input and
output capabilities of mobile devices, the interaction with objects in the environment,
and the consideration of the usage context. Many of these issues could be addressed
through mobile interactions with displays in the user’s vicinity and with additionally
available wearable computers. The talk discusses current issues, analyzes corresponding research activities, and focuses on recently published systems for mobile
interaction with pervasive user interfaces, such as AMPD-D (CHI 2014), HoverPad
(UIST 2014), or Belt (CHI 2015).
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Knowledge Representation
and Reasoning

Situation Awareness Meets Ontologies: A Context
Spaces Case Study
Andrey Boytsov1 ✉ , Arkady Zaslavsky2, Elif Eryilmaz1, and Sahin Albayrak1
(

)

1

Distributed Artiﬁcial Intelligence Laboratory (DAI-Labor),
Technical University of Berlin (TU-Berlin), 10587 Berlin, Germany
{andrey.boytsov,elif.eryilmaz,sahin.albayrak}@dai-labor.de
2
Digital Productivity Flagship,
Commonwealth Scientiﬁc and Industrial Research Organization (CSIRO),
Melbourne, Australia
arkady.zaslavsky@csiro.au

Abstract. Eﬃciency and appeal of pervasive computing systems strongly
depends on how well and robustly they represent and reason about context and
situations. Populating situation search space and inferring situations from context
which, in turn, is computed from fusing sensor data and observations remains a
major research challenge. This paper proposes to use ontologies as representation
of domain knowledge to generate situation search space and then match context
with already deﬁned situations. To illustrate the feasibility, a context spaces
approach is used to represent, generate and reason about situations as abstractions
in a multidimensional space. The proposed approach is evaluated and discussed.

1

Introduction

Eﬃciency and appeal of pervasive computing systems strongly depends on how well
and robustly they represent and reason about context and situations. Populating situation
search space and inferring situations from context which, in turn, is computed from
fusing sensor data and observations remains a major research challenge. In this paper
we propose a novel approach to build fast and intuitive approach for context awareness,
situation awareness and sensor fusion in pervasive computing system.
Bazire and Brézillon [4] analyzed a set of 150 definitions of context for different
subject areas. The authors noted that there is no consensus about some aspects of context
and there is no single definition. However, common understanding is that “context is the
set of circumstances that frames an event or an object” [4] and “context acts like a set of
constraints that influence the behavior of a system (a user or a computer) embedded in a
given task” [4]. It complies with the most popular definition of context in pervasive
computing, which was proposed by Dey and Abowd [11]. They defined context as “any
information that can be used to characterize situation of an entity” [11]. It should be noted
that this definition was one of the definitions analyzed by Bazire and Brézillon [4]. The
definition is very general and yet it provides sufficient criteria to identify context-related
information among sensor data and user input. Location, identity, activity and time are the
main aspects of context. It should be also specifically noted that the word situation in the
© Springer International Publishing Switzerland 2015
H. Christiansen et al. (Eds.): CONTEXT 2015, LNAI 9405, pp. 3–17, 2015.
DOI: 10.1007/978-3-319-25591-0_1
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definition by Dey and Abowd means circumstances or conditions, and does not imply
rigorous definition of situation in pervasive computing, which will be presented later in
this section. Pervasive system is context aware “if it uses context to provide relevant infor‐
mation and/or services to the user, where relevancy depends on the user’s task” [11].
Context awareness is a key feature of any pervasive computing system.
Context awareness can be enhanced by appropriate situation awareness. Throughout
the paper we are going to use the deﬁnition of situation proposed by Ye et al. [19]. From
pervasive computing perspective Ye et al. [19] deﬁne a situation as “external semantic
interpretation of sensor data”. Like a deﬁnition of context, this is a very general deﬁ‐
nition, yet it provides criteria for technical implementation of situation recognition.
Semantic interpretation means that “situation assigns meaning to sensor data” and
external implies “from the perspective of applications” [19]. Therefore, situation recog‐
nition can be viewed as one of the ﬁnal stages of context awareness – extracting the
essential meaning of context. For example, context processing results like “user is
sitting” or “presence in the living room” can be viewed as situations.
The algorithm of semantic interpretation of sensor data takes sensor values as input
and provides the interpretations as output. In the output, each possible situation is
assigned a value, which can be Boolean value (whether a situation is occurring), or
probability of a situation occurrence, or fuzzy conﬁdence level. Sometimes reasoning
algorithm can be formulated as a single mathematical expression, and this expression
will be referred to as situation formula in this paper.
Ontologies are domain-independent way of storing semantic information [14]. There
are multiple ontologies for sensor networks [3, 8, 9] and for pervasive computing context
[2, 18, 19]. Context ontologies often include situation awareness aspects.
In this paper we propose a novel approach and a set of algorithms that generate
situation formulas. Those formulas enable fast and lightweight situation awareness
in pervasive computing system. As an input the proposed approach uses pervasive
computing system description in terms of context and sensor ontologies. As a part
of situation generation approach we propose a method that bridges the gap between
context and sensors and introduces an integrated ontology of a pervasive computing
system.
The rest of the paper is structured as follows. Section 2 contains related work over‐
view. Section 2 also identiﬁes the scope of work to obtain situation formulas out of
context and sensor ontologies. Section 3 proposes the main principles of situation
formulas generation. Section 4 further elaborates on those principles and proposes the
detailed situation formula generator algorithm. Section 5 introduces context spaces
approach, which is essential for demonstrating generated situation formulas. Section 6
ﬁnalizes generation of situation formulas out of integrated ontologies. Section 7 provides
discussion and evaluation of the proposed approach. Section 8 proposes future work
directions and concludes the paper.

2

Related Work

Ontology in artificial intelligence can be defined as “explicit specifications of a
conceptualization” [14]. Ontologies provide a domain-independent way for
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knowledge representation, sharing and reasoning [14]. Multiple surveys [2, 18, 19]
provide overviews of ontology-based context reasoning approaches.
SOUPA [7] (Standard Ontology for Ubiquitous and Pervasive Applications) is one
of the earliest examples of ontologies in pervasive computing. SOUPA was based on
CoBrA-ONT [6] (ontology for Context Broker Architecture). SOUPA already had the
vocabulary to describe situational conditions like “in a meeting” or “out of town”.
Situational conditions were actually situations by the deﬁnition of Ye et al. [19].
Dapoigny and Barlatier [10] used ontological modelling to overcome the lack of
expensiveness in logic-based theories. They formalized the context by using the
Calculus of Inductive Constructions in the lower layer and an ontological layer in the
upper layer.
Wang et al. [17] developed CONON (CONtext ONtology) ontology. CONON used
the concept of context entities, which is a general term for concepts like location, person
or activity. Situations were deﬁned in terms of rules, like in formula (1).
(1)
Gu et al. [15] introduced SOCAM system (Service Oriented Context Aware Middle‐
ware). Along with other features SOCAM contained context ontology, which was based
on CONON. The concept of situation in SOCAM is similar to CONON.
Anagnostopoulos et al. [1] proposed situation awareness technique based on combi‐
nation of ontologies and fuzzy logic. Situations were represented as concepts, and the
relation “person is involved in a situation” (that eﬀectively means “situation is occurring
for this person”) was reasoned about using fuzzy logic (see formula (2)).
(2)
Formula (2) is quite similar to formula (1) – situations are reasoned about in terms
of rules. Anagnostopoulos et al. [1] also introduced the relation “disjoint”, which means
that situations cannot occur at the same time (like “Meeting” and “Jogging”).
Ejigu et al. [13] proposed ontology-based generic context management model
(GCoMM). GCoMM mainly relied on rules and queries for inference and decision
making. Although the concept of situation was not explicitly introduced, some rules
could be viewed as situation inference rules. For example, consider formula (3) [13].
(3)
According to the related work, there are two available concepts of situations:
1. Potential situation is an entity. The relation connects context entity to potential
situation, if that situation is occurring. This approach is applicable if a situation refers
to a single context entity like “User is sleeping” or “Presence in the Living Room”.
Formulas (1) and (2) provide an example. In formula (1) the relation is called
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situation [17], while in formula (2) the relation is called IsInvolvedIn [1]. However,
the meaning of both relations is similar.
2. Potential situation is a relation that connects context entities. The relation exists if
the situation is occurring. This approach is applicable if a situation refers to two
context entities at once. For example, “user:Alice coLocatedWith user:Bob” or
“user:Alice locatedIn location:LivingRoom” (formulas (2) and (3)). Relationship
locatedIn and nsp:coLocatedWith are situations according to the deﬁnition, i.e.
“external semantic interpretation of sensor data” [19].
Note that context ontology sometimes combines both approaches, and the chosen
approach for any particular situation is determined by whether the situation is parame‐
trized by one or two context entities. For example, formula (1) combines situation
Sleeping, deﬁned as an entity, and situation locatedIn, deﬁned as a relation. Therefore,
situation formula generator should be able to work with both approaches at once.
The common aspect of both approaches is that situation reasoning is performed in
terms of rules. This common aspect is an important factor that allows situation formula
generation using both situation representation approaches.
Usually context ontologies do not contain information about the sensors. The facts
like “Bedroom lightLevel LOW” (see formula (1)) are assumed to be already inferred
from the sensed information. Context ontology does not contain information about
reasoning in case there are multiple sensors that measure light level or in case there are
none. Therefore, context ontology should be augmented with information about sensors
in order to generate situation formulas, which take sensor values as input.
There are some research eﬀorts to construct ontology-based sensor description and
data modelling [8, 9]. The challenge is in the generic representation of sensor data and
characteristics to have a common level of sensor representation. The main approach how
to capture the critical characteristics of a sensor accurately is the metadata annotation
for sensor characteristics [3]. Although there are many eﬀorts on deﬁning sensor metainformation, the description of observations measured by sensors has not been addressed
much. The W3C Incubator Group released Semantic Sensor Network XG Final Report,
which deﬁnes SSN ontology [21] allowing describing sensors, including their charac‐
teristics. SSN ontology focuses on providing a domain independent ontology which is
generic enough to adapt to diﬀerent use-cases and compatible with the OGC standards
[22] at the sensor and observation levels.
To summarize the related work, situations in most context ontologies are represented
in terms of parametrized rules. Therefore, situation generator should accept parame‐
trized rules as input. Moreover, context ontologies usually do not contain sensor infor‐
mation. Therefore, situation formula generator should accept both context and sensor
ontology as input. Next section takes into account the requirements and proposes general
approach to situation formula generation.

3

Fusion of Context and Sensor Ontologies

Previous section identiﬁed the input format for situation generator. The input includes
sensor and context ontologies, which includes situations as parametrized rules.
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Context and sensor ontologies contain much common knowledge that does not
depend on exact pervasive computing system. For example, CONON [17] contains
information about context entities (like concepts of location, person or activity) and their
subclasses. In this article we use CONON ontology as an example, but proposed prin‐
ciples and algorithms can be applied to other context ontologies.
Situation in formula (1) is applicable to any smart home. The only requirement is
that parts of the situation like “light level in bedroom is low” and “user is in bedroom”
can be inferred from sensor data. For any particular pervasive computing system only
the instances of classes should be added: what kind of rooms are there in the smart home
(instances of location), who lives there (instances of person class), etc.
In turn, SSN sensor ontology [21] mainly consists of general information about
sensors, the values they measure and measurement capabilities of the sensors. The only
thing left to add for particular pervasive computing system (like smart home) is the exact
sensors we have and where they are.
The approach to situation formula generation can be summarized in Fig. 1.

Fig. 1. High-level system description for situation formulas generator. Pervasive system
description is an input. Context and sensor ontologies are static input information, which does not
depend on the system under analysis. Situation formulas are the output of the approach.

Context and sensor ontologies can be integrated as follows. Each sensor can be
viewed as either measuring user characteristic (e.g. mobile phone measuring user’s
location and acceleration) or place characteristic (e.g. light level or motion sensor in the
room). Location and person are context entities in CONON context ontology. Therefore,
we need a relation that speciﬁes that some instance of sensor belongs to some context
entity. We deﬁne relation belongsTo, which connects hardware platform with context
entity (Fig. 2). As will be shown in Sects. 4–6, this relation is enough to integrate context
and sensor ontology for situation generation purpose.
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Fig. 2. Proposed connection between SSN ontology [21] and context ontology. The example was
implemented in PROTÉGÉ [23] tool and shows the deﬁnition of new belongsTo relation.

This section proposed general approach to situation generation and described the
steps to integrate context and sensor ontology. Next section further elaborates that
approach and provides the exact algorithm for situation generation, i.e. (in terms of
Fig. 1) details for transition from integrated ontology to exact situation formulas.

4

Generation of Situation Formulas

As an example context, we assume that users Alice & Bob live in the smart home, and
the smart home has locations living room, bedroom, bathroom and hall. Situations from
expressions (1) and (3) are used as running examples. The example was implemented
in PROTÉGÉ [23] tool using the combination of SSN [21] ontology and elements of
CONON ontology, recreated using the description in the paper [17].
The ﬁrst step involves recognizing the dependencies between situations. For
example, in formula (1) the situation “User is sleeping” is deﬁned as conjunction of
conditions “User located in bedroom”, “bedroom light level low” and “bedroom drape
status closed”. The condition “User located in bedroom” (for each particular user) is a
situation on its own, and its inference diﬀers a lot depending on what kind of indoor
localization systems are used. Therefore, situation “User is sleeping” depends on situa‐
tion “User located in bedroom” Those dependencies can be summarized in the following
directed graph (Fig. 3).
Dependency graph can be obtained by relatively straightforward approach - connec‐
tion is drawn whenever the situation rule mentions another situation. We assume that
the dependency graph is acyclic.
Situation formulas should be generated in the order deﬁned by dependency graph:
each situation is processed only after all its dependencies are processed. The assumption
that the graph is acyclic ensures that such order of processing should exist. Therefore,
for the running example situation “User located in” should be generated ﬁrst, and then
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situations “User is sleeping” and “User is co-located with another user” can be generated
in any order. For the example we take only formulas (1) and (3), we assume that situation
“User located in” is already generated. A formula for a single situation can be generated
using the algorithm below (see the pseudocode).

Fig. 3. Dependencies between situations. Apart from situations from formulas (1) and (3), it
contains several more situations. This ﬁgure is designed for illustration purpose, and does not
account for reasoning uncertainty that inevitably occurs in real-life scenarios.

Main situation generator algorithm – pseudocode

To summarize the pseudocode, the ﬁrst task for situation generator is unrolling the
parameters. For situation “User is sleeping” there is only one parameter – the person.
Therefore, there will be two situations generated “Alice is sleeping” and “Bob is
sleeping”. For the second example there will be formally four situations generated –
“Alice co-located with Alice”, “Alice co-located with Bob”, “Bob co-located with
Alice”, and “Bob co-located with Bob”. Detection of symmetric situations (“Alice colocated with Bob” vs “Bob co-located with Alice”) and always true situations (“Alice
co-located with Alice”) is a part of future work.
The pseudocode above manages situation dependencies using the cache. Situation “Bob
is in bedroom” is generated before “Bob is sleeping” (see Fig. 3) and put into the cache
(addToSituationCache). Later, when generating “Bob is sleeping”, the situation “Bob is in
bedroom” is retrieved from cache and used as a condition.
The function rulesListToSituation will be called for each of the situations mentioned
above. Note that there might be several rules for the same situation, corresponding to
multiple ways to infer the same situation. As will be shown further, sometimes the
presence of multiple rules is implicit.
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Generator algorithm for instantiated situations – pseudocode

The pseudocode above means that if there are several rules for the same situa‐
tion, they are combined using OR logical operator. For situation “user is sleeping”
there is a single rule in formula (1). However, for “co-located” situation in formula
(2) several rules are implied. There is a parameter ?roomN, which is mentioned in the
left side of the situation rule, but it is not mentioned in the right side. Therefore, it
implicitly creates multiple rules, which should be combined using OR operator. For
example, situation “Alice co-located with Bob” can be decomposed as “Alice colocated with Bob in the kitchen” OR “Alice is co-located with Bob in the living room”
OR “Alice co-located with Bob in the hall” etc. At least one of those subsituations
should be true in order for “Alice co-located with Bob” to be true. Therefore, they
should be combined using logical OR.
Next pseudocode introduces situation generation from a single rule.
Transformation algorithm for a single rule – pseudocode

The pseudocode above combines all the conditions using AND operator. It
follows the rules quite straightforwardly. However, the generated situations for each
condition are cached and then retrieved from the cache if necessary. Note that for
situations like “User is sleeping” there are several parameter-independent parts. In
this example those are conditions “Bedroom light level low” and “Bedroom drape
status on”. Once calculated for a single user, there is no need to recalculate them for
another user. So, the situation “Bedroom light level low”, generated as a part of
“Alice is sleeping” situation will be stored in the cache and later reused as a part of
“Bob is sleeping” situation.
Some conditions are represented as situations. Those conditions are already stored
in the situation cache as a part of situation dependency management (see earlier in this
section). Therefore, those situations will be retrieved from the cache and reused.
The function conditionToSituation needs to process the concepts like “light level
low”. It also needs to handle the case like, for example, several light level sensors in the
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bedroom. Before introducing the pseudocode for conditionToSituation, we need to
introduce context spaces approach.

5

Context Spaces Approach

There are following requirements to situation reasoning approach:
– The approach should support fuzzy concepts. This requirement follows from the
presence of rule conditions like “light level low” (formula(1)).
– The approach should support logical operators like AND and OR. It follows from
the pseudocode for ruleListToSituation and ruleToSituationFormula.
– The approach should allow combining the data from multiple sensors. It follows from
considerations discussed in Sect. 3.
For this purpose we propose to use context spaces approach [16]. In order to fully
incorporate fuzzy concepts, we are going to use an extension of context spaces approach
proposed by Delir et al. [12]. Context spaces approach represents all possible contexts
as a multidimensional space, which is referred to as context space.
A domain of values of interest (i.e. an axis in context space) is referred to as a context
attribute. For example, air temperature, light level, air humidity can be relevant context
attributes in a smart home. Non-numeric values, like on/oﬀ switch position or open/
closed drape status, can also be context attributes. In our approach every sensor will
have its own corresponding context attribute, and sensor fusion will be done on situation
awareness level.
The situations are represented using situation spaces, which can be viewed roughly
as subspaces of multidimensional context space. The output of situation reasoning is
conﬁdence level, which falls within [0;1] range. A situation conﬁdence value in context
spaces approach is viewed as a combination of contributions of multiple context attrib‐
utes. Conﬁdence level can be determined using formula (4).
(4)
The term confS(X) represents conﬁdence level for a situation S. The context X
contains the context attribute values xi, and each of those context attributes are assigned
the importance weights wi (all the weights sum up to 1). The contribution function of
i-th context attribute into situation S is deﬁned as contrS,i(xi). Figure 4 presents plausible
contribution functions for “User is sleeping” situation.
Note that rule-based situations are represented not as single context space situations,
but as logical combinations of context spaces situations. For that kind of reasoning the
context spaces approach contains the concept of situation algebra. Formula (5) provides
the deﬁnition of basic operators of situation algebra. The deﬁnitions are compliant with
Zadeh operators [20].
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Fig. 4. Plausible fuzzy concepts for “User is Sleeping” situation. (a) Conﬁdence level for “Light
Level Low” condition depending on light level, (b) Conﬁdence level for “Drape Status Closed”
condition depending on drape status.

(5)
As a result, context spaces approach complies with the requirements that are
summarized in the beginning of this section. Next section finalizes situation gener‐
ation algorithm and finished extraction of situation formulas from context and sensor
ontologies. The extracted formulas are compliant with fuzzy context spaces
approach [12].

6

Transformation of Rule Condition

Sections 3 and 4 provided the general approach to situation formula generator, and there
was only one component missing: transformation of rule condition into the situation
formula for runtime reasoning. That method was referred to as conditionToSituation in
the pseudocode. This section ﬁnalizes conditionToSituation method and concludes the
situation generator algorithm.
SPARQL [24] is a query language for ontologies. All the sensors that belong to
certain context entity can be retrieved by the following SPARQL query.
Sensor list query - SPARQL

The SPARQL query eﬀectively asks “Which sensors measure < MeasuredProp‐
erty > for a certain < ContextEntity >?”. The query has two parameters. For example,
for the condition “Bedroom lightLevel LOW” the parameter MeasuredProperty is
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substituted by Luminance. We assume that there is a map, which connects the name of
relation in context ontology (like lightLevel) to the name of characteristic, measured by
sensor (like Luminance). That map can be implicitly encoded into ontology itself by
introducing some additional connection between context and sensor ontology.
ContextEntity parameter is replaced by the exact context entity of interest. For
example, for condition like “Bedroom lightLevel LOW” the context entity of interest is
Bedroom, the instance of location class.
The results of the SPARQL query are used by the following pseudocode.
Transformation algorithm for a single condition - pseudocode

So, the pseudocode above generates a subsituation for each condition. At ﬁrst, the
method SPARQLquery requests the list of sensors that measure certain characteristic of
a certain context entity. Sensor readings correspond to certain context attributes in
context space. For example, for situation “User is Sleeping” it can retrieve 2 sensors that
measure light level in the room. Let’s say, those are BedroomLightSensor1 and
BedroomLightSensor2. We assume that sensor names correspond to the names of
context attributes, i.e. axes in multidimensional context space. Each of those sensors is
taken with equal weight, and each context attribute is given the same contribution func‐
tion. In that case it will be “Light level low” contribution function from Fig. 4(a). To
summarize, condition “Bedroom light level LOW” will be transformed to the following
situation (formula 6). Other conditions will be processed in the similar manner according
to the same algorithm.

(6)

This concludes the situation formula generator algorithm. Situation formula can be
generated from ontologies using a set of methods described in Sects. 3–6. Next section
will provide evaluation and discussion of the proposed approach.
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Evaluation and Discussion

This article proposes a novel approach to situation awareness in pervasive computing
systems. The proposed approach contains two main steps. The ﬁrst step, integrating the
ontologies, connects context aspects to the methods of measuring the context features.
The second step, transforms the representation of situations from the format of ontology
into the format of context space. The algorithms were designed to maintain the equiv‐
alence of situation representations, i.e. the same sensor readings should result in the
same reasoning outcomes, whether the situations are represented as ontology or as
context spaces. Context space representation provides additional synergy and introduces
the following beneﬁts.
Identifying Essential Information. The ontology aims to capture all available infor‐
mation about pervasive computing system. This information gives a lot of insights for
many aspects of pervasive system, including situation awareness. However, for situation
awareness at the runtime only small part of that information is relevant. The proposed
approach preprocesses the ontology information, singles out the information necessary
for situation reasoning and leaves the rest out of reasoning process.
Eﬃcient Lightweight Reasoning. The complexity of situation reasoning is summar‐
ized in Table 1. Complexity estimations are based on formula (4), where each contri‐
bution function is a piecewise linear function like in Fig. 4. So, the total complexity is
of order O(

), where Ni is the number of context attributes involved in i-th situation

and M is the number of situations in the context space. It should be noted that M can be
larger than the number of situations in ontological representation. It can happen due to
the unfolding of parameters (“User is sleeping” corresponds to “Alice is sleeping” and
“Bob is sleeping”) and due to the fact that each ontological rule is represented as a logical
formula over situations in the context space (like “Bob is sleeping” is represented as
AND-operation over 3 small situations – “Bob is located in the bedroom”, “Draping
status - closed” and “Light level in Bedroom is low”).
Sensor Fusion. Situation rules in context ontologies do not specify what to do if there
are multiple ways to measure the context feature, which inﬂuences situation reasoning
(e.g. what if there are multiple light sensors for situation “user is sleeping”). Generation
of context space situations allows fusing the values of multiple sensors. Smart sensor
fusion is one of the directions of future work.
Reasoning Under Uncertainty. Proposed situation reasoning approach is robust to
uncertainty, both in terms of measurement uncertainty (which is partially covered by
previous paragraph) and uncertainty in terms of concepts (like “Light level Low”).
Focusing on Most Relevant Situations. With growing amount of entities in the
context (like users, locations, etc.), the number of possible situations can grow polyno‐
mially. Context spaces allow explicitly selecting situations of interest and, therefore,
saving computational power by reasoning only about relevant situations.
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Table 1. Complexity of situation reasoning – single situation

Operations

Order

Explanation

Additions

O(N)

The sum in formula (4) contains N summands. Each
calculation of contribution function contains one more
addition at most.

Multiplications

O(N)

Formula (4) contains N multiplications – one in every
summand. Contribution function contains at most one
more multiplication.

Division

None

The formulas for each linear fragment of contribution
function can be precompiled in the form y = k*x + b.
It eliminates the need for any divisions.

Comparisons

O(N)

There are N contribution functions, each calculation
requires at most 4 comparisons – interval of piecewise
function needs to be determined (see Fig. 4).

Time

O(N)

Complexity for each relevant operation grows linearly
with the number of involved contribution functions or
subsituations.

Generation of context spaces situations also introduces some challenges:
Preprocessing. Preprocessing can be done only once for any particular pervasive
system. However, situations should be generated again if context model or sensors
changed signiﬁcantly (e.g. new sensor, new user, or user moving out).
Reasoning Explanation. Situation reasoning rules provide very intuitive representa‐
tion of situations. Moreover, if the situation is triggered, it is relatively easy to identify
and present to the user the factors that lead the pervasive system to assume that the
situation is occurring. Context spaces provide intuitive representation of the situations.
However, generation of explanations (like “Why did the system decide that it is a family
lunch?”) is slightly more complicated comparing to ontologies.
Next section identiﬁes the direction of future work and concludes the paper.

8

Conclusion and Future Work

In this paper we proposed and developed fast, lightweight and robust approach to context
awareness, situation awareness and sensor fusion in pervasive computing systems. As
an input, the information about diﬀerent aspects of pervasive computing systems was
represented by two separate ontologies – context ontology and sensor ontology. We
proposed and proved a method to integrate those ontologies, and achieve uniﬁed repre‐
sentation of complete pervasive computing system. On top of the uniﬁed representation
we developed a method to extract all the necessary information for runtime situation
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awareness and generate lightweight and intuitively clear situation formulas, which
allows handling sensor fusion, reasoning under uncertainty, and working with fuzzy
concepts.
We identiﬁed the following main directions of the future work:
• Generation of Additional Situations. From the rule (1) we generated formulas for
situations like “Alice is sleeping” and “Bob is sleeping”. It is also possible generate
situation “Someone is sleeping”, i.e. leave the parameters undeﬁned. That situation
might require diﬀerent set of sensors (for example, it can be inferred using motion
sensors without any involvement from indoor localization system).
• Smart Sensor Fusion. At the moment readings from several sensors are combined
using equal weights. However, sometimes other approaches are preferred. For
example, movement is detected if at least one motion sensor is triggered. Or if there
is severe disagreement between sensors, pervasive system might consider discarding
some sensor values as unreliable.
• Using Derived Measurement. Some context characteristics can be obtained even if
they are not directly measured. For example, absolute acceleration might be derived
using relative acceleration and orientation sensors, which both reside on user’s
mobile phone. Those derived values can be introduced by extending SSN ontology
with artiﬁcial virtual platforms that will correspond to derived values.
• Handling Disjoint Situations. Situations like “User is standing” and “User is sitting”
should not co-occur together. Some context ontologies [1] allow declaring situations
as disjoint. In order to generate situations as disjoint, situation veriﬁcation [5] can be
extended and used it in conjunction with situation formula generation.
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Abstract. Based on the results of studies on cancer diagnosis and battle simu‐
lation, we discuss the role of context in mental representation and reasoning that
operators hold during task realization. Mental representations are considered
under the form of expert maps, which are semi-structured expressions of the
mental representations, and reasoning is represented in a context-based model
that provides a uniform representation of pieces of knowledge, reasoning and
contexts that make possible a task realization oriented approach for systems. This
work is based on two applications, one in medicine, and the other in battle simu‐
lation. Our conclusion is that the Contextual Graphs formalism allows the
modeling of all operators’ practices in a structured way, while expert maps are
unique and require a process of contextualization-decontextualization and recon‐
textualization for representing operational knowledge and experience of opera‐
tors for various needs.

1

Introduction

As part of the digitalization of the battlespace, the Command & Control systems (C2
systems) are already widespread in the army. These information and communication
systems provide an operator with a view on an operational situation, which typically
shows a map with symbols representing units. The system gathers information from
various sources and allows users to interact and give orders directly. C2 systems are also
used or being adopted in non-military areas, for example in civil safety or by large private
operators. In the TACTIC project, three complementary sources of information
commonly are used together: spatial coordinates of objects (the ﬁeld map), temporal
coordinates (the chronology) and socio-technical coordinates (ODB). It seems appro‐
priate to consider them as a cognitive tridimensional referential in which the events take
place in a speciﬁc context.
Operator-Simulator interaction goes through an interface (the place of cognitive
interaction with the operator) and the screen (the place of physical interaction for the
visualization of the simulation). During a simulation, the operator has to face three
interrelated challenges: (1) Collecting relevant data and information from several
sources; (2) Translating data and information into knowledge to produce contextual
understanding of the events and behaviors of interest in relation to particular goals,
capabilities, and policies of the decision makers; and (3) Using that knowledge for
making relevant decision in the working context. As a consequence, operators must deal
with an interpretation of the domain (the simulation resulting of the operator-simulator
interaction) intertwined with an interpretation of the interface functioning for translating
actions on the simulation into commands to the interface.
© Springer International Publishing Switzerland 2015
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By focusing on the process that leads to an action (including the decision-making
part), rather than the result of the action execution only, it is possible to make explicit
the context in which the operator works eﬀectively. Generally, context is used to elim‐
inate or reduce ambiguity, detect inconsistencies, explain observations, and constrain
processing [4].
A context is associated with the operator’s focus of attention (a task realization, a
new event) during the simulation. It contains two types of knowledge, namely, the
contextual knowledge that is more or less related to the current focus in a ﬂat way and
the external knowledge that has nothing to do with the focus at the time at which the
operator considers the focus. The proceduralized context is a structured subset of
contextual knowledge that is explicitly used to address the focus of attention. The focus
of attention evolving, its context evolves too: there are exchanges between contextual
knowledge and external knowledge and, thus, the frontier between them is porous.
Brézillon [5] introduces the notion of contextual element for representing context
information coming from heterogeneous sources in a uniform way. A contextual element
is an “element of the nature” for which it is necessary to know its value in the current
focus (i.e. its instantiation). Contextual elements come from diﬀerent highly heteroge‐
neous sources like the operator, the task, the situation and the local environment where
available resources are. The distinction between a contextual element and its values is
important for the reuse of experience because a diﬀerence between a past context and
the working context can be a diﬀerence of either contextual elements (e.g. a contextual
element only exists in one context) or instances (e.g. the same contextual element has
diﬀerent instantiations in the two contexts).
Hereafter, the paper is organized in the following way. The next section discusses
the type of knowledge that is used in task realization and the way to represent it. The
following section presents the modeling of reasoning in task realization, especially when
operational knowledge intervenes. The section after positions this work with related
works and emphasizes the role of context.

2

Knowledge Representation in Task Realization

2.1 Mental Representation
Experts rely on a highly compiled experience because they generally act under temporal
pressure and are very concerned by the consequences of their decision. Experience reuse
is never direct because the context of any decision-making is unique, and thus any
experience must be adapted in a process of contextualization-decontextualizationrecontextualization [4] to be eﬃcient in another context. Fan et al. [11] used this process
in ﬁnding a scientiﬁc workﬂow (SWF) in virtual screening: A researcher extracts from
a repository a SWF close to his working context (phase of contextualization), extracts
the SWF model (phase of decontextualization), and, ﬁnally, looks for instantiating the
SWF model in his working context (phase of recontextualization). Thus, the experience
acquired by the researcher during this process (and thus experience management) relies
on context management. As a consequence, it is more important to model task realization
than a task model. This context-based modeling makes operators’ behavior explicit.
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An operator receives a lot of information on events occurring in his environment, but
only a small number of events enter operator’s focus of attention. Most of events concern
what the operator is doing and thus are processed automatically (often unconsciously). A
good example of the importance of the focus of attention on the selection of events judged
relevant by the operator is given on the video of cognitive blindness1 with the gorilla.
Events in the focus of attention correspond to either information proactively searched by
the operator (e.g. information about the mission of a specific unit) or unpredicted events
(e.g. an action of the enemy) not explained in his mental representation of the focus, the
situation, the resources available. The goal is to integrate the corresponding information in
the mental representation of the task realization. Other events are put in the periphery of
operator’s attention because they are not directly related to the focus of attention.
2.2 Expert Maps
A mental representation depends on expert’s experience with the realization of tasks
attached to his role. Experience contains knowledge accumulated by the expert during
his practical use of the domain knowledge along a number of realizations of the same
task in diﬀerent contexts. Thus, experience relies more on operational knowledge than
domain knowledge and, thus, experience is highly contextual. We hypothesize that the
mental representation corresponds to contextual knowledge, which is related to the
operator (the expert), the task at hand, the situation of the work, and the local environ‐
ment in which resources are available. By expressing contextual knowledge with
contextual elements (and thus mental representation too), it is possible to externalize the
mental representation with a classical knowledge-management tool like Freemind2 as a
cognitive map, that is, a semi-structured expression of the mental representation.
Operators may start from a domain map to develop their expert map. The domain
map is a representation of the whole context (i.e. the contextual and external knowledge).
A domain map can be obtained by diﬀerent ways, from a state-of-the-art on the use of
domain knowledge, or by developing a glossary to ﬁx the terminology among experts
[1]. All elements of the domain map belong to operators’ knowledge, but operators use
only the part that is operational for task realization.
The expert map corresponds to the selection of the operational part of the domain
knowledge eﬀectively used by operators during the realization of their tasks. As a result,
the expert map is a tree representation of the elements considered by operators. In terms
of context, the expert map is a representation of the contextual knowledge (the part of
the context) that operators relate more or less directly to their focus (i.e. task realization).
Figure 1 presents the general shape of an expert map expressing the organization of
contextual elements in the mental representation of an operator of the experiment of the
TACTIC project. This expert map is strongly inspired by the domain map proposed
initially as a bootstrap. (Some operators introduced links between diﬀerent leaves of the
map).

1

2

http://en.wikipedia.org/wiki/Inattentional_blindnesshttp://en.wikipedia.org/wiki/Inatten‐
tional_blindness
http://freemind.sourceforge.net/wiki/index.php/Main_Page
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Fig. 1. General shape of the expert map of a modeler

Fig. 2. General shape of the expert map of a project manager
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Operators established their expert map with respect to all the tasks they have to
realize. The (contextual) elements not used in the speciﬁc context of the session are
represented in grey and with a red cross (see Figs. 1 and 2). The other part corresponds
to the proceduralized context. The modeling of operators’ reasoning as contextual graphs
uses these contextual elements kept in the expert maps (see next section).
Figure 2 shows another general shape of an expert map made by a project developer
(i.e. a vendor of the simulator). The operator has a clear idea of what may interest future
users of the simulator, and developed an expert map limited to the essential contextual
elements (i.e. corresponding to his interaction with users), knowing that he will have at
any moment the opportunity to retrieve information in his external-knowledge part of
the context of his task realization.
The expert map is centered on the core of operator’s task realization with only 41
contextual elements. In term of context, the operator makes an eﬃcient management of
the ratio contextual knowledge versus external knowledge while other operators
preferred to rely on the domain map.
An operator interprets a focus of attention based on a number of elements in his
knowledge and experience with his task realization. These contextual elements
constitute the mental representation that is associated with the focus of attention. In
our approach, the elements of the mental representation are contextual elements that
“do not intervene directly in the operator’s task but constrain how the task will be
performed” [8]. Thus a failure in the mental representation (some important
elements are missing) can lead the operator to not recognize (or not see) the event
for what it is.
The expert map, being designed by the operator himself, is a good approxima‐
tion of the expert’s mental representation of his expertise field. It is the operator’s
signature. In some sense, an expert map is a kind of ontology of operational knowl‐
edge of the domain. However, the difference with usual ontology-based context (e.g.
see [17]) is to do not deal with a domain-specific ontology. Indeed, if the task model
(or procedure) is unique for all operators, each operator develops specific ways for
his task realizations (practices) that include an explicit contextualization process.
These contextual variants appear as soon as the degree of freedom increases in task
realization. The reason is that the context of a task realization includes elements at
the level of the operator (e.g. his preferences), of the task (e.g. selection of moments
in the scenario), of the situation (e.g. many events occurs simultaneously), and of the
local environment (e.g. movement of the enemy).
A decision-maker reasons in two steps [7]. The first step concerns a phase of data
gathering, and the second step is the decisional phase. Generally, the first step corre‐
sponds to a global reasoning and the second step to a local reasoning. The global step
of data gathering corresponds to the identification of the relevant contextual
elements and their “instantiation” in the mental representation with respect to the
current working context. For example, in Fig. 2 “Field” has four possible values,
namely “map”, “tactical issue”, “tactical objects” and “shooting”. The gathering
phase in a given context consists of the identification of the value of interest for the
focus at hand (i.e. its instantiation). If the operator focuses on information retrieval
about a given unit, “tactical objects” will be the instantiation of “Field”. Note that
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“tactical object” is itself a contextual element with different values (including
“unit”). Thus, the expert map is assimilated to a search space where the operator
looks for instantiations of relevant contextual elements in real time.
2.3 Example: Modeling Operator-Simulator Interaction
Interaction is a phenomenon between a user and a computer that is controlled by the user
interface running on the computer. Designing interaction rather than interfaces implies
that interfaces are the means, not the end [3]. This supposes to combine and understand
the context of use with a particular attention to the details of the interaction. Diﬀerent
users work diﬀerently and a given user applies diﬀerent interaction patterns according
to the context of use [13]. As a result, no single interaction technique works identically
in all contexts, and the best solution is to provide a range of interaction techniques and
let users decide which one must be used according to the working context, although
users may have context-aware support for choosing an interaction technique.
Figure 3 shows the two main changes in order to simplify operator’s task reali‐
zation with a simulator. The first one concerns a clear distinction of the interface
with operator-simulator interaction. The consequence is the separation of “domain_
actions” and “interface_actions” and a simple mechanism of translation between
domain-actions and interface-actions by shifting the main problem of translation at
the level of the exchange of interfaces. (This part will be described in another
paper). This would facilitate the change of computer (say, from a PC to a touchpad).
The second change is to compare the expert map of the operator with the “expert
map” of the simulator for making them compatible, even across a translation in terms
of “interface_actions”, for transmitting commands to the simulator and, conversely,
for presenting results to the operator.

Fig. 3. A model of user-simulator interaction
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Thus, domain_actions will be more easily associated with interface_actions by
taking into account the (shared) context of interaction, resulting in greater flexi‐
bility of the interface, not only with respect to the operator, but also with respect of
task realization. This leads us to propose a “task realization centered approach” for
designing the interface as a shared space (or shared context) between the operator
and the simulator.

3

Reasoning Modeling in Task Realization

3.1 Introduction
The eﬀective application of a procedure supposes to account for the working context in
which the task must be realized. This leads operators to establish practices that are tail‐
ored to speciﬁc contexts. A practice is the way in which operators contextualize a proce‐
dure for taking into account their preferences, the particularities of the task to realize,
the situation where the task is realized and the local environment where resources are
available. The essence is to understand and model how work actually goes done (i.e. the
practice or task realization), not what is supposed to happen (i.e. the procedure or a task
model). This means to identify which contextual elements are important, and what their
values are for the current focus of attention.
Contextual elements structure experiences (practices) diﬀerently, on the one hand,
from the knowledge bases of expert systems represented in a ﬂat way because context
is not represented explicitly, and, on the other hand, from knowledge organization in an
ontology where links between concepts depend on the domain (is-a, kind-of, etc.) while
elements in our context model concern the operator, the task, the situation and the local
environment.
A practice is developed jointly with the building of a proceduralized context, i.e. a
context-speciﬁc model [6]. Thus, there are simultaneously the development of the prac‐
tice (by looking for instantiations of contextual elements orienting the choice of the path
to follow) and the realization of the task. Finding a good practice consists of the progres‐
sive assembling of the components that are relevant in the working context during the
development of the practice. A “best practice” thus has a meaning only in a speciﬁc
working context.

3.2 Representing Operators’ Practices in the Contextual-Graphs Formalism
A Contextual Graph (CxG) is a context-based formalism for representing all the diﬀerent
practices developed in diﬀerent working contexts for a task realization [5]. Operator’s
experience is represented by an organization of practices that are structured by contex‐
tual elements. Thus, a contextual graph is similar to an experience base focusing on the
realization of a given task. This supposes, ﬁrst, to use a formalism allowing a uniform
representation of knowledge, reasoning and context, and, second, to have support
systems with powerful functions for processing such a representation.
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Formally, contextual graphs are acyclic and series-parallel due to the time-directed
representation that garanties algorithm termination. Each contextual graph has exactly
one root and one end node because the decision-making process starts in a state of aﬀairs
(i.e. a working context) and ends in another state of aﬀairs and the branches express only
diﬀerent contextually dependent ways to achieve this goal. Each path in a contextual
graph corresponds to a practice eﬀectively developed in a working context leading to a
speciﬁc solution.
Rogova [15] describes the Contextual-Graphs formalism as incorporating action and
context nodes (variables and relationships) as well as paths through them. Although a
contextual graph is not free of weaknesses, e.g. there is a problem with the lack of direct
time representation. However, the formalism oﬀers certain advantages over other
approaches since it allows a representation of knowledge and reasoning in a way that is
directly comprehensible by users. Thus, information in contextual graphs is useful and
usable for users.

3.3 Modeling Reasoning
A practice represents the result of the application of reasoning with its choices (instan‐
tiation of contextual elements) and actions executed. Generally graph traversal in
reasoning is lead between a “depth-ﬁrst” strategy and a “breadth-ﬁrst” strategy. The
“depth-ﬁrst” strategy goes to the ﬁnest possible granularity on a line of reasoning in
order to anticipate the course of events. It assumes that we know what to do and how to
get there quickly. This strategy allows studying the technical feasibility of an approach
as well as the needs in terms of resources, and, in a second step, gradually expands this
approach. Figure 2 gives an example of an expert map of this kind.
Conversely, the breadth-ﬁrst strategy is applied when it is necessary to consider all
possible situations ﬁrst. The breadth-ﬁrst strategy is observed in expert maps of operators
evolving at a strategic decisional level that maintain important contextual elements, even
if not directly necessary in the realization of their tasks. Figure 1 gives an example of
expert map of this kind. For example, “environment” was considered as a part of “situa‐
tion”, even if environment is the main source of contextual elements on the battleﬁeld
map. Indeed, the operator considers environment in expert maps through what the oper‐
ator needs to extract of it for realizing his task, that is, operational knowledge. For
example, it is only when the focus is on a zone of interest that operator performs a global
reasoning, switching from a global reasoning (e.g. ﬁnding a zone of interest) to a local
reasoning (e.g. exploring the zone of interest for detecting relevant features). The oper‐
ator thus is interested by an external event more through its eﬀect on his task rather than
by event origin.
The CxG formalism allows the representation of a system at the tactical and opera‐
tional levels. The contextual graph represents at the tactical level the diﬀerent practices
used to realize a task in various contexts, while the development of a practice in a speciﬁc
context is made at the operational level.
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3.4 An Example of Modeling “Manage a Unit”
Figure 4 gives the contextual graph of the mission “Giving an order of recognition”. It
has three actions and three activities. The activity “unit manager” is found in two loca‐
tions (pink ovals 62 and 67). The reason is that an operator initially chose a shielded but
in seeking to deﬁne the scope of recognition around enemy, the operator realized that
the enemy were in a city that was not screened the most appropriate unit for what he
wanted to do (blue contextual element 65).

Fig. 4. Modeling of “Giving an order of recognition” in the Contextual-Graphs formalism (Color
ﬁgure online).

Figure 5 represents the modeling of the activity “Manage a unit” in Fig. 4 as a
contextual graph accompanied by its legend. “Manage a unit” is rather a sequential
activity beginning by the choice of an area where to select a unit (ﬁrst contextual
element), followed by the manner to choose the unit (second contextual element),
continuing by checking if the selected unit may realize the required recognition mission,
and ﬁnishing by positioning the unit in the center of the window of the ﬁeld map.
Brézillon [5] shows that such a sequential structure of a contextual graph corresponds
to a pragmatic approach, while a parallel structure is closer of a procedure (like selfdiagnose of a piece of equipment in its user manual).
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4

Related Works

The challenge to address concerns what actors are doing effectively, that is, their
activity (and not the task) taking into account the actor, the task, the situation and the
local environment where are available resources. A task is associated with a set of
objectives, which are prescribed by managers, and assigned to the actor that must
realize the task. The actor develops an activity to perform the task that includes his
mobilization, the task at hand, the situation features, the objectives and the tech‐
nical and organizational resources available to the actor. It is the well-known problem
of separation of task and activity [10, 12], of procedures and practices [5], and of
logic of functioning and logic of use [14]. Making context explicit as contextual
elements allows us to consider all these heterogeneous elements of context in a
uniform way and thus to handle practices.
In a classical case-based reasoning (CBR) scenario, a case consists of a problem
description and a solution. A case contains a set of (structured) information entities, and
optional artifacts. Structured information is represented as (attribute – value pairs), while
the optional meta-information contains unstructured textual information. Atzmueller [2]
uses stored cases (experiences) for selecting an appropriate task and method, reusing stored
task-configurations that are similar to a (partially) defined characterization. The process of
capturing and reusing complex task-experiences is lead in four main steps: experience
retrieval, task instantiation, task evaluation and deployment, and experience maintenance.
Thus, a case is recalled as a whole and its characterization is then adapted to the context at
hand. In the Contextual-Graphs approach the practice (the equivalent of the case) is iden‐
tified and developed during its use. The main difference here is that cases are represented
in a relatively flat way in the base, while practices are structured by contextual elements in
the experience base. In the CBR, the approach is “result-oriented” while the approach is
“reasoning-oriented” in the Contextual-Graph formalism.
Clancey [9] proposed that solving a particular problem (e.g. diagnosing a patient)
involves creating situation-speciﬁc models. “Situation-speciﬁc” refers to a particular
case, setting, or scenario. “Situation-speciﬁc” is not “situated cognition” that refers to
how people are conceiving and thus coordinating their identity, values, and activities in
an ongoing process enabled by high order consciousness. In the CxG approach, context
concerns an operator accomplishing a task in a particular situation in a speciﬁc local
environment. The development of a practice is associated with the progressive building
of a “context-speciﬁc model”. The “situation-speciﬁc model” is embedded in the
problem solving as a static model-based description ﬁxed initially and ﬁlled progres‐
sively during the problem solving. Conversely, the context-speciﬁc model (i.e. the
proceduralized context) is built in parallel with the practice development with the move‐
ment of contextual elements entering and leaving the proceduralized context.
The hierarchical task analysis (HTA) [16] is a basic ergonomic approach used for
thirty years in a wide range of applications, such as the design and evaluation of inter‐
faces. The key idea is the decomposition of a task into subtasks at granularities ﬁner and
the rules relating to know whether a task should be performed or not. HTA is very similar
to what is done in the formalism of contextual graphs. Indeed, a detailed example in [16]
—the passage of a customer at the checkout of a supermarket—was the subject of a
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translation of the HTA in a contextual graph (one activity being actually a ﬁner granu‐
larity of sub-task) with rules translated in terms of contextual elements.

5

Conclusion

Taking into account the end-user in the design loop is not suﬃcient. The design loop
must also integrate end-user variability. Our work on expert maps—as expressions of
mental representations—shows that each expert map is unique (the operator’s signature)
and corresponds to a speciﬁc view on operational knowledge used in a task realization.
Thus, the expert map can help to make a real contextualization of the interface to meet
the needs of each operator (as illustrated for operator-simulator interaction in the
TACTIC project). Expert maps can be extended by introducing domain_actions as
instantiations that the operator has the habit of applying to each object in the domain.
This would provide a description of the domain_actions linked to the operational
knowledge on operator-side (in his expert map) and help a more or less automatic trans‐
lation (at least for ranking them along operator’s preference) of domain_actions into
interface_actions.
Operators’ reasoning, as shown in the contextual graph presented in Fig. 4, relies on
operators’ operational knowledge for contextualizing the task “Give a recognition
mission”. Operators contextualize at the operational level the procedures coming from
the tactical level (for example, the various means used to monitor the progress of the
mission). If diﬀerent operators have speciﬁc views on a task realization (a result of our
study with the large spectrum of expert maps), a contextual graph, which is the accu‐
mulation of practices developed by all operators realizing the task, may be used as a tool
for sharing experiences among operators performing the same task, explanation gener‐
ation purposes and a training tool for future operators. This has already been done in
other areas where contextual graphs are used (e.g. see [1]).
The change from “operator communicating with the simulation” to “operator
communicating with the simulator about the simulation” allows giving the interface the
role of a ﬂexible communication medium equivalent to a shared context through which
the operator (with domain_actions in his reasoning) and the simulator (with
domain_actions in his model of the battleﬁeld) communicate with a simple translation
in interface_actions (essentially, mouse clicks actually). In the TACTIC project, three
complementary sources of information are commonly used together: spatial coordinates
of objects (the ﬁeld map), temporal coordinates (the chronology) and socio-technical
coordinates (ODB). It seems appropriate to consider them as a cognitive tridimensional
referential in which events take place. Thus, clicking on a unit, all information related
to this unit would be extracted automatically for presentation according to the operator’s
request. In the cognitive referential, a unit would be associated with a knowledge
network with close information, such as the life bar, and other more distant information
such as belonging to an automaton. Such a knowledge network should allow diﬀerent
views adapted to the desired level of aggregation of the context.
An important lesson is that design and development of an interface would be
made along a “task-realization oriented” rather than “user-oriented” approach,
thanks making context explicit. This finding is interesting because it would be easier
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to design a task-oriented interface than to develop a generic user-oriented or
multiple user-oriented interfaces for the presentation of information.
A next step would be to model the relationships between domain_actions and inter‐
face_actions. A path to explore is to develop an “interface map” for representing oper‐
ator’s mental representation of the interface in a similar way to the expert map that
represents operator’s mental representation of the domain.
An expert map corresponds to the operational knowledge used by an actor in a task
realization. There are as many expert maps as actors, but all expert maps have a large
nonempty intersection. This intersection corresponds to the context of the task realiza‐
tion that is shared by actors. There are two lessons to retain. First, the common part of
expert maps could be assimilated to a generic expert map for training new actors and
may be the basis for developing a support system. Second, private parts of expert maps
(i.e. the not shared parts) correspond to actors’ personal experience. However, the
diﬀerences of organization of expert maps have to be studied ﬁrst.
Depth-ﬁrst and breadth-ﬁrst strategies are another challenging aspect for modeling
reasoning. Expert maps based on a breadth-ﬁrst strategy are interesting for detecting
weak signal because the expert keeps an “open mind” when analyzing a situation. His
focus is not limited to the task realization in an isolated way, but replaced in the context
of the task realization. Such actors reason at a strategic level and do not consider details
of lower levels of the task realization. Conversely, expert maps based on a depth-ﬁrst
strategy correspond to experts that are able to decide rapidly at the tactical level which
reasoning must be held (units managed by the simulator are at the operational level).
Acknowledgments. This work is supported by grants from the TACTIC project funded by the
ASTRID program of Délégation Générale aux Armées. We especially thank partners at MASA
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Abstract. In knowledge representation, socio-technical systems can be
modeled as multiagent systems in which the local knowledge of each individual agent can be seen as a context. In this paper we propose formal
ontologies as a means to describe the assumptions driving the construction of contexts as local theories and to enable interoperability among
them. In particular, we present two alternative conceptualizations of the
notion of sociomateriality (and entanglement), which is central in the
recent debates on socio-technical systems in the social sciences, namely
critical and agential realism.
We thus start by providing a model of entanglement according to
the critical realist view, representing it as a property of objects that are
essentially dependent on diﬀerent modules of an already given ontology.
We reﬁne then our treatment by proposing a taxonomy of sociomaterial
entanglements that distinguishes between ontological and epistemological entanglement. In the ﬁnal section, we discuss the second perspective,
which is more challenging form the point of view of knowledge representation, and we show that the very distinction of information into modules
can be at least in principle built out of the assumption of an entangled
reality.

1

Introduction

Starting from the 60’s, scholars began to use the concept of socio-technical system [11] to describe and analyze workplaces and wider infrastructures in which
the technological component played a pivotal role in the production system, but
it could also be turned into a threat to the very same system and to its participants, due to its interlacement with the human dimension of work. Roughly
speaking, such approaches and those taking inspiration from them see a sociotechnical system as a hybrid system, constituted by interacting components that
are heterogeneous and which, in order to be analyzed, require diﬀerent theoretical instruments, those of the social and natural sciences.
With the continuous advances in science and technologies, some devices
inhabiting socio-technical systems have been endowed with functionalities that
are so complex and eﬀective that their behavior can be more and more rightly
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dubbed as “intelligent” and “autonomous”. In fact, already in the 1990’s, scholars in distributed artiﬁcial intelligence started to use the multiagent paradigm
[8,17] to model socio-technical systems and nowadays intelligent agents play an
important role in many work environments.
In the artiﬁcial intelligence community, and especially scholars embracing the
multiagent approach, in order to represent (among other things) the knowledge
and perspective of agents [16] have been using contexts, intended in rough terms
as local theories that the agents entertain with respect to the domain of interest. The contextual approach has shown to be very useful in representing both
the “local” perspective of each agent and if and how such perspectives can be
integrated through the use of “lifting” [23] or compatibility [16] rules.
Ideally, each local context representing the perspective of an agent can have
its own language and inference rules, and each language bears an ontological
commitment with respect to how the terms of the vocabulary should be interpreted to express the agent’s perspective on the domain of interest and which is
the intended meaning of the terms that are used in the local language.
The idea of using formal ontologies to constrain the interpretation of the local
languages of artiﬁcial agents is not new [13]; in this paper we would like to show
how they can be used also to express diﬀerent ways in which the agents conceptualize the socio-technical systems they inhabit, starting from a speciﬁc notion
that has recently been much debated, especially in sociology and organization
science, that of sociomateriality and the connected notion of entanglement.
For many years, the studies on socio-technical systems have been viewing
such components as interacting but sharply separated, resulting in approaches
focused on the degrees of adoption of new material technologies by the operators
of socio-technical systems, or on the reshaping of the organizational structures
induced by the introduction of technology. Such view is in fact the one that has
been widely adopted by the knowledge representation community for modeling
socio-technical systems.
Nonetheless, more recently, in social and organizational studies a diﬀerent
reading of socio-technical systems has been spreading, more focused on work
practices, which are seen as sociomaterial, where the two dimensions of sociality
and materiality are so tightly intertwined that are not really separable. And it
is in these studies that the concept of entanglement has been employed for the
description of sociomateriality:
Such an alternative view asserts that materiality is integral to organizing,
positing that the social and the material are constitutively entangled in
everyday life. A position of constitutive entanglement does not privilege
either humans or technology (in one-way interactions), nor does it link
them through a form of mutual reciprocation (in two-way interactions).
Instead, the social and the material are considered to be inextricably
related—there is no social that is not also material, and no material
that is not also social [24, 1437].
These studies have succeeded in explaining, through theoretical and empirical analyses conducted in real case studies, how entanglement is enacted in
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organizational life. A scholar who, taking inspiration from a notion elaborated
in quantum physics, developed a new conception of entanglement to be applied
to social analysis is Karen Barad:
[. . . ] the primary ontological unit is not independent objects with inherent boundaries and properties but rather phenomena. In my agential
realist elaboration, phenomena do not merely mark the epistemological
inseparability of observer and observed, or the results of measurements;
rather, phenomena are the ontological inseparability/entanglement of
intra-acting “agencies.” That is, phenomena are ontologically primitive
relations—relations without preexisting relata [1, 139].
In social and organization studies this idea is being applied in manyfold ways,
to talk about the inseparability of social and material dimension, of the scholar
(observer) and the object of his/her observation, of the actors, their agencies
and the networks they belong to, etc.
However, besides Barad’s agential realism, another philosophical position has
been proposed as a theoretical foundation for the studies on sociomateriality,
namely that of critical realism [19]. Even though both approaches hold sociomateriality as a proper lens to look at organizations, they diﬀer in attributing
a metaphysical primacy to the sociomaterial over the social and the material
(agential realism) or vice versa (critical realism).
Leonardi states very clearly such diﬀerence:
The main crux of the diﬀerence in theoretical foundation oﬀered by agential realism and critical realism is that the former treats the “sociomaterial” as something that pre-exists people’s perceptions of it while the
latter argues that the “social” and the “material” are independent entities that become “sociomaterial” as they are put into relationship with
one another through human action [19, 69].
When we come to knowledge representation and multiagent modeling, we
can say that formal modeling approaches to socio-technical systems have mostly
neglected the usefulness of this notion and this is quite surprising, as knowledge representation is mainly concerned with the way in which a rational agent
may conceive and represent a certain domain of discourse. It is exactly from
this perspective that sociomateriality is an important analytical category, either
considered as the explanation of how socio-technical systems are metaphysically
constituted, or of the “imbrication” [19] of social and material resulting from
agents’ action within the system.
Concerning this point, we would like to stress the fact that our ﬁnal aim
is to build an ontological model of socio-technical systems acknowledging the
importance of sociomateriality and able to represent both positions as the result
of alternative ontological choices. The rationale is that, if one wants to represent
how artiﬁcial agents interpret the features of socio-technical systems by local
theories as contexts and then wants to compare and put them into communication or, in other words, wants these theories to be interoperable, it is necessary
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to make explicit the assumptions behind each one of these local theories. Formal
ontologies are a powerful tool for this endeavor and, in the case of socio-technical
systems, a good starting point is to make explicit which are the assumptions
behind the notions of sociomateriality that the agents use. Therefore, in our
framework the ontological analysis precedes and guides the modelization of the
local knowledge of agents with the use of contexts by making explicit which
are the most important ontological choices with respect to the domain of interest. One of such choices for socio-technical systems is how to conceptualize the
relation between sociality and materiality.
In this paper we present the proposal to formalize one of the possible interpretations of the term “entanglement”, namely that of the critical realism and
we leave the formalization of the alternative ontological choice, that of agential
realism, for future work.
In formal ontologies, a methodology has been devised to deal with very complex models (as is the case for models of socio-technical systems), which goes
under the name of “modularization”. This consists in isolating meaningful fragments of an ontology, which can be used as stand-alone sub-parts of the ontology,
where reasoning is facilitated by the fact of being applied only to the categories
of the module and not to all the categories of the ontology. Modules are thus
good candidates to represent diﬀerent aspects or realms characterizing a sociotechnical system, like the physical, the mental and the social. But what happens
when properties belonging to diﬀerent realms of information, for instance from
the physical and from the normative social realm are ascribed to the same entities? We call “entanglement” the dependence of an entity from entities belonging
to diﬀerent realms (as the social and the material).
The ﬁrst step of our proposal for capturing entanglement in knowledge representation under the critical realist view is by representing the diﬀerent realms
as diﬀerent modules in an ontology and entanglement as the interdependency of
entities belonging to diﬀerent modules of an ontology. In other terms, we conceptualize entanglement in ontologies as the need, in order to characterize certain
entities belonging to a certain module of an ontology, of categories belonging to
diﬀerent modules. Thus, entanglement becomes a feature of an object (or a concept) that exhibits an essential interdependence between diﬀerent realms, such
as the social and the physical, or the physical and the mental.
Furthermore, we will introduce a ﬁrst classiﬁcation of types of entanglement,
distinguishing:
– ontological entanglement: an object that is ontologically dependent on objects
in diﬀerent modules (e.g. physical and social, physical and mental);
– epistemological entanglement: an object or concept such that every possible
deﬁnition of the object/concept requires concepts/objects belonging to diﬀerent realms.
What we will try to provide with this work, rather than a sharp classiﬁcation
of phenomena under one or the other type of entanglement, is a framework
enabling modelers to represent various types of entanglement by choosing the
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type that they deem more appropriate to represent the phenomena they want
to model.
The remainder of this paper is organized as follows. Section 2 introduces some
fundamental features of a foundational ontology. We place our treatment within
dolce [21] and discuss how to classify the elements of the ontology into modules (i.e. physical, social, mental module). Section 3 presents a formalization of
entanglement under the critical realist view and the further distinction between
ontological and epistemological entanglement and, in Sect. 4 we sketch some preliminary ideas for formalizing the agential realist view and we foresee the need
to this aim to “turn upside down” the way in which we model in knowledge
representation.

2

Ontological Analysis: DOLCE

We present some basic features of dolce-core, the ground ontology, to show
that they allow for keeping track of the rich structure of information in a sociotechnical system. For an introduction to dolce-core, we refer to [4], here we
simply point at the relevant features. The ground ontology is designed to be
general and domain independent. This is motivated by the need of a common
language to talk about very general properties that are ascribable to entities
belonging to diﬀerent domains.
The ontology partitions the objects of discourse, labelled particulars pt into
the following six basic categories: objects o, events e, individual qualities q,
regions r, concepts c, and arbitrary sums as. The six categories are to be considered rigid, i.e. a particular cannot change category through time. For example,
an object cannot become an event. In particular, we shall focus on the following
categories.
Objects represent particulars that are mainly located in space, e.g. a screwdriver. On the other hand, events have properties that are mainly related to
time, e.g., the boarding of ﬂight 717. The relation that links objects and events
is the participation relation: “an object x participates in an event y at time t”
PC(x, y, t).
An individual quality is simply an entity that we can perceive and measure,
which inheres to a particular (e.g. the weight of a hammer, the temperature
inside waiting room 3. . . ). The relationship between the individual quality and
its (unique) bearer is the inherence: I(x, y) “the individual quality x inheres to
the entity y”. The category q is partitioned into several quality kinds qi , for
example, color, weight, temperature, the number of which may depend on the
domain of application. Each quality kind qi is associated to (one or more) quality
spaces si,j that provide a measure for the given quality. We say that individual
qualities are located at a certain point of a space S at time t: L(x, y, t): “x is the
location of quality y at time t”.
Spaces allow for evaluating relationships between objects from the point of
view of a given quality. For example, “the temperature inside room 3 (q) is
higher than the temperature inside room 4 (q  )” is represented in the ontology
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by assuming spaces of values with order relations and by saying that the location
of the individual property q is lower than the location of q  . Spaces may be more
structured objects and they may be speciﬁed along several dimensions1 .
The axioms that deﬁne the relationships between individual qualities, locations, and spaces state for example that every individual quality must be located
in some of its associated spaces and that the location in a particular space must
be unique, cf. [4]. The category of regions R includes subcategories for spatial
locations and a single region for time, denoted T: T(x) means “x is a time location” (e.g. October 10, 2012, 12:31 PM). The relation PRE(x, t), where t is a
time location, allows to specify that “x is present at time t”.
Arbitrary sums AS allow for talking about mereological sums of particulars.
We shall apply sums directly when we will approach ontological entanglement.
The category of concepts is used in particular to model social objects. Concepts are reiﬁed properties that allow for viewing them as entities and to specify
their attributes. In particular, concepts are used when the intensional aspects
of a property are salient for the modeling purposes. The relationship between a
concept and the object that instantiates it is called classification CF(x, y, t) “x
is classiﬁed by concept y at time t”.
We represent the dolce taxonomy as a tree (cf. Fig. 1, where we listed only
the categories that are relevant for the current argument).
In the next paragraphs, we informally describe three modules: the physical,
the mental, and the social module. We present them brieﬂy, in order to use them
to exemplify our deﬁnitions of entanglement.
2.1

Physical Module

In order to simplify the presentation, we assume that the physical module
includes physical objects, such as rocks, chairs, planets. Moreover, we include
physical qualities (PQ), i.e. measurable qualities, such as weight, length, or temperature. A category of interest for the present discussion that we list among the
subcategories of physical object is that of technical artifact, which includes tools,
like for instance screwdrivers. Technical artifacts are of course non-reducible to
mere physical objects, in the sense that they have some speciﬁc properties that
characterize them for what they are that are evidently not physical. For instance,
they have a speciﬁc function that has been attributed to them by intentional
agents [3]. We shall come back to the discussion of artifacts as they provide an
interesting general example of entanglement [5].
Other kinds of artifacts can also be viewed as exempliﬁcations of entangled
objects, like pieces of arts. Let’s take a classical example in philosophy, that of
a statue constituted by a lump of clay and its shape: while the clay certainly
belongs to the physical realm, the shape could probably be seen as the result of
the intentions of the sculptor. Modeling pieces of arts should thus rely both on
the physical and on the mental module.
1

Quality spaces are related to the famous treatment of concepts in [15].
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A further hint we would suggest is that, under constructivist perspectives,
also physical qualities could be seen as entangled, given the dependance of their
measurement on the attuning of the outcomes of apparatuses and the conventional ascription of values to such outcomes [7]. Under such perspective, modeling
measurable qualities involve the physical and the social module. This is not the
way in which physical qualities are currently characterized in dolce, our claim
here is just that entanglement would be required in a constructivist ontology of
qualities.
2.2

Mental Module

The mental module includes particulars that are in general ascribable to and
dependent on speciﬁc individual agents. For instance, beliefs, desires, intentions
belong to the mental module of dolce. In [12], they are all collected under
the category of computed objects, to render the idea that they are indirect,
depending on other mental objects, and that they are distinct from percepts,
which depend on something “external”, for instance the physical world, if we
take a realist stance.
If we follow this line of thought, we can see that percepts belong to the mental
realm, but also depend on the physical one, so in order to model them also the
physical module is required.
2.3

Social Module

One predicate that is particularly important for modeling socio-technical systems is the classiﬁcation predicate: CF(x, y, t), “x is classiﬁed as y at time t”.
By using CF, we can deﬁne a special type of social object, namely the notion
of role, e.g. student, the president of the US. Roles are supposed to be contextual properties, which are characterised by anti-rigidity (AR) and foundational
dependence (FD): roles are concepts that classify entities at a certain point in
time, but not necessarily classify them in each moment or each possible world
in which they are present (AR) and that require a level of deﬁnitional dependence on another property (FD). In this sense, roles are social objects as they
are grounded in a sort of Searlian counts as.
For instance, someone who is a student at a certain point, not necessarily will
be a student all throughout his/her life and there are possible worlds in which
he/she is not a student; in order for someone to be classiﬁed as an employee, we
need someone else who is classiﬁed as an employer.
Given these characteristics, roles are essential to model organizations, as they
allow to talk about properties that an individual acquires by virtue of the fact
that she/he is member of an organization or has some rights/duties connected
with the role he/she is playing in that very moment. Moreover, roles may also
classify aggregates of individuals: in this case, we can model speciﬁc types of roles
(e.g. ORG and GRP) in order to model groups and organizations (cf. [6,25]). In
dolce it is also possible to treat norms and plans, cf. [2].

Towards a Conceptualization of Sociomaterial Entanglement

2.4

39

Classifying Information into Modules

We have brieﬂy described a number of modules that compose dolce. We want
now to classify information according to the module it belongs to. We deﬁne the
predicates PM, MM, SM, which stand for physical, mental, and social module
respectively. We thus proceed to classify the elements of the ontology according
to their module. For instance, by using the three modules we have speciﬁed in
the previous section, we can group the particulars of the foundational ontology
as follows. For the sake of example, we just propose the following very simple
grouping.
a1
a2
a3

PM(x) ↔ PO(x) ∨ PQ(x)
MM(x) ↔ MO(x)
SM(x) ↔ SO(x) ∨ SC(x)

By the subsumption relation, we can infer for instance that every particular
that is below the category of social object is within the social module. For
instance, assume that customer is a role, that is, it belongs to RL, RL(customer).
Since RL is included in SC, then also SC(customer). Thus, by axiom 3, customer
is in the social module.2 Therefore, the particulars in the ontology can be simply
classiﬁed according to their module.3

3

A Conceptualization of Entanglement

We present now the formal treatment of entanglement from the perspective of
critical realism, that is, by assuming that it is possible to provide a prior separation of the social and the material reality. The separation of social and material
reality is reﬂected by the distinction of pieces of information into modules.
For simplifying our presentation, we restrict our formal description of entanglement to objects. We coin here the property of being entangled, or manifesting
entanglement, we label it ent(x), and we specify its diﬀerent types.
a4

ent(x) → O(x)

In principle, other types of entities, such as concepts, properties, or events,
may exhibit entanglement. We leave this for future work.
2

3

Note that, although we predicate on concepts, e.g. RL(customer), all the deﬁnitions
are in ﬁrst order logic. As usual in dolce, concepts are reiﬁed in order to describe
them.
In case we want to extend the classiﬁcation into modules to propositional information concerning a speciﬁc domain, we need a little more caution. For instance,
if we want to say that Mary is a customer at time t, we use the classiﬁcation relation CF(Mary, customer, t). Which is then the module of the proposition
CF(Mary, customer, t)? One way to cope with that is to extend the deﬁnition of
modules to the predicates in dolce and assume that it is the predicate that determines the module.
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Fig. 1. An excerpt of the dolce Ontology. The thick lines indicate the physical module,
the dotted lines indicate the mental module, and the dashed lines indicate the social
module.

3.1

Ontological Entanglement

A level of ontological entanglement seems to be supported by [1] in terms of
“mutual constitution” of entangled entities. We approach the model of this
mutual constitution by means of the notion of grounding [9,14,20]. Grounding is a relation between particulars that is assumed to be a strict partial order
(i.e. transitive and asymmetric). Here, we assume that grounding is deﬁned on
objects or on aggregates of objects. In [20], the notion of grounding is related
to the possibility of distinguishing diﬀerent ontological levels that arrange the
particulars of an ontology into hierarchies.
We say that an object y is grounded (existentially depends on) x and write
x ≺ y to express that the existence of x grounds the existence of y. We view the
concept of grounding as specifying the essential constituents of an object.
We are here assuming that an object may be grounded in the mereological
sum of objects, denoted by x + y.4 For instance, a statue existentially depends
on the mereological sum of the lump of clay and the shape that is given to it.
The example of the statue guides our deﬁnition of ontological entanglement.
We view a statue as showing the essential dependence on objects coming from
diﬀerent realms. That is, at any time, a statue cannot exist without its amount
4

In [20], grounding is deﬁned only for one-level objects, that is, objects that are on
the same level of their parts. By assuming that a merelological sum such as x + y
may ground another object, we implicitly depart from [20] (in particular, we are
rejecting axiom 14).
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of matter and its given shape. Since amounts of matter and shapes belong to
diﬀerent modules, the statue suggests in its nature the entanglement of two
objects coming from diﬀerent realms. By generalizing this example, we deﬁne
the ontological entanglement as follows:
d1

entO (x) ↔ ∃y, z(y + z ≺ x ∧ M(y) ∧ M (z))

We assume that M and M label distinct modules.5 In words, deﬁnition (d1)
means that an object x manifests entanglement if it is grounded on two objects
that belong to diﬀerent modules.
For instance, one view of technical artifacts is that they are dependent on
their physical substratum as well as on the intentional selection of the physical
object with the purpose of attributing it a speciﬁc property, e.g. a rock becomes
an artifact, a paperweight, by selecting it and attributing such function to it [3].
Thus, our approach formalizes the view of the dual nature of artifacts [18]. That
is, a paperweight p may be viewed as grounded on a physical object, the rock
r, and on a mental object, the designer’s goal g: r + g ≺ p. Therefore, by axiom
(d1), we can infer that a paperweight manifests entanglement.
On a closer inspection, the function of an artifact is not a mere mental object,
that is, its function has to be sharable in principle by a community of users who
acknowledge the physical object as a tool for a given purpose. By elaborating on
this point, we can view artifacts as exhibiting entanglement between physical,
mental, and social objects, i.e. they are also grounded on socially recognizable
functions.
A further important example of ontological entanglement comes from social
ontology. By endorsing a multiplicative view, we can see an organization as a distinguished object with respect to the aggregate of individuals that are members
of the organization at a given time [25]. Therefore, if we assume that organizations exist as objects in our ontology, we may ask what are their constituents.
In [25], we viewed organizations as grounded on aggregates of individuals as
well as on normative constraints that bind and specify the organization. In this
case, organizations exhibit entanglement of a physically dependent object, the
aggregate of physical persons (in the category of AS), and the norms that are
in place in the organization.
3.2

Epistemological Entanglement

Epistemological entanglement concerns the possible ways in which an agent
knows an object of the ontology. We model the epistemological relationship
between an agent and an object by means of the relation of deﬁnition between
a concept and a description. For the formal details, we refer to [22]. The main
diﬀerence with [22] is that we apply descriptions to objects and not just to concepts. A description of an object is the way in which the agents may understand
the object, may talk about it, may refer to it.
5

We use M and M just as a shortcut to distinct modules.
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a5
a6
a7
a8

DS(x) → N ASO(x)
U S(x, y) → DS(y)
DF (x, y) → (C(x) ∨ O(x)) ∧ DS(y)
DF (x, y) ∧ DF (x, z) → y = z

Descriptions are non-agentive social objects, (a5). By making them social
objects, we assume that their meaning is shared among agents. Thus, descriptions are not private mental entities, they are accessible by communities of
agents. Axiom (a6) requires some explanation. Descriptions may only use concepts in [22]. In general, a description may use heterogenous particulars, such
as other objects, events, properties, etc. For instance, I may deﬁne the number
2 by means of the description “the successor of 1” that uses another object, i.e.
the number 1, and a property, “being the successor of”. We are not claiming
that a description “contains” those particulars, we simply exploit the generality
of the relation use in order to avoid a demanding characterization of descriptions. For instance, the description of a physical object may appeal to physical
properties or to other physical objects. That does not mean that an abstract
object such as the description contains physical objects. Moreover, a description
of a social object such as a contract may use the individuals that are bounded
by the contract, the roles that the individuals may play, the actions that each
agent is bounded to perform, and so on. That is why in axiom (a6) we do not
restrict the type of entities that may be used in a description. This is due to
the quite abstract nature of use.6 By (a7), we say that a concept or an object
may be defined by a description. For the sake of simplicity, we assume that there
is only one description of an object, (a8).7 By assuming a single description of
objects and concepts, we are implicitly assuming that descriptions completely
specify their objects, that is, we are not including partial descriptions.
We are ready now to present the deﬁnition of epistemological entanglement.
d2

entE (x) ∧ DF (x, y) → ∃v, w U S(v, d) ∧ U S(w, d) ∧ M(v) ∧ M (w))

In words, an object manifests epistemological entanglement iﬀ the description
that deﬁnes it uses concepts (or objects, qualities, etc.) belonging to diﬀerent
modules. An example of epistemological entanglement is given by the objectiﬁcation of a role. Assume that in our ontology roles, such as student, are distinct
from the persons who are classiﬁed as students, that is roles are instantiated
as particulars in the ontology. A description of a student then must refer to its
physical substratum as well as to the normative features involved in the social
concept of student.
It is possible to show that the ontological entanglement entails the epistemological one. Intuitively, if an object essentially depends on objects in diﬀerent
6

7

One way to cope with this problem is to view descriptions as only composed by
concepts and to assume that dolce contains concepts for any particular, i.e. concepts
of individuals, physical objects, properties, n-ary relations, qualities, etc.
We view this assumption as a mere simpliﬁcation move. In general, one may think
about many descriptions of the same objects and discuss whether they are equivalent.
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realms, then its deﬁnition should use elements coming from diﬀerent modules.
We can formalize this intuition by means of the following axioms.
a9
a10

M(x) ∧ DF (x, d) → ∃y U S(y, d) ∧ M(y)
x1 +· · ·+xm ≺ x∧DF (x, d)∧DF (x1 , d1 )∧· · ·∧DF (xm , dm )∧U S(y1 , d1 )∧
U S(ym , dm ) → U S(y1 , d) ∧ · · · ∧ U S(ym , d)

Axiom (a9) states that if an object belongs to a certain realm, then its
description must use at least one concept from that realm. For instance, a
description of a physical object may refer to its weight, its colors, etc. This
does not mean that the description must use only concepts from that realm. For
instance, a description of my pen may be “the pen my father gave me for my
birthday”, that includes a physical property, i.e. being a pen, as well as social
concepts, i.e. presents and birthday.
Axiom (a10) states that if an object x is grounded on other objects x1 , . . . ,
xm each deﬁned by its respective description, then a description of x must include
elements from those descriptions. For instance, the description of a statue shall
use concepts referring to its matter and to its shape. Axiom (a10) makes sense
if we, as we do, assume complete descriptions. In case of partial descriptions, for
instance, one may partially deﬁne a statue by mentioning its shape. Assuming
the hypothesis that there is in our ontology a description of x, by (a9) and (a10),
we can infer that:
t1

entO (x) ∧ ∃d DF (x, d) → entE (x))

The assumption concerning the existence of a deﬁnition of x is redundant if
we assume that every object in the ontology must be deﬁned by a description.8
That (t1) follows can be easily shown. Assume that d deﬁnes x. Then, since x is
ontologically entangled, by deﬁnition (d1), x is grounded on at least two objects y
and z belonging to diﬀerent modules. By axiom (a10), the description of x must
use elements from the descriptions of y and z. By axiom (a9), such elements
belong to diﬀerent modules, so by deﬁnition (d2) we conclude. Therefore, if we
assume that every object of the ontology is deﬁnable, ontological entanglement
entails epistemological entanglement. Note that (t1) also depends on the fact
that we are excluding partial descriptions. In case our (unique) description of an
entangled object is partial – for instance, it refers only to a speciﬁc realm – we
would have ontologically entangled objects that do not exhibit epistemological
entanglement.
Viceversa, we ask whether epistemological entanglement entails ontological
entanglement. Formally this is not the case, as we have no means to infer that
an object is grounded on other objects. We believe that this is conceptually
correct and it may account for the following case. Suppose we do not want
to make a distinction in our ontology between actions and events, that is, in
8

Ontologies are here motivated by knowledge representation, thus it is reasonable to
assume that every object has a description. However, it is up to the modeler whether
to make this choice.
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our ontology, actions are of the same type as events. Even if it is so, actions
can be conceptually separated from events because they have to be described
as intentional. This is in a nutshell Davidson’s point [10]. Hence, although we
do not view actions as separated with respect to events – and accordingly we
assume that actions do not exhibit ontological entanglement between a physical
and a mental realm – any possible description of actions must include elements
coming from the intentional, mental, or social module. Thus, actions do exhibit
epistemological entanglement.

4

Conclusion: Towards Agential Realism

We have seen that by presupposing that information can be divided into modules, it is possible to provide an ontological model of entanglement as a property of objects: entangled objects are those that manifest properties belonging
to diﬀerent modules. We conclude by providing a few elements for approaching an agential realist position on the distinction between social and material.
By rephrasing agential realism within our framework, there is no separation of
objects into modules that is prior to the act of a knowing subject. Therefore,
an ontological separation into modules appears illegitimate from the perspective
of agential realism. On a closer inspection, however, there is indeed a way to
express agential realism by means of dolce. One of the main motivations of
dolce is to provide a clear representation of how a cognitive agent looks at
the reality. Therefore, dolce can be viewed as the result of the categorization
made by a knowing agent of a certain domain of interest. From this point of
view, then, we can justify the separation of information into distinct modules of
dolce as the result of an “agential cut” [1] that a knowing agent has performed
on a domain of interest. The challenge of representing agential realism from the
point of view of the ontological modeling is to capture and model how a knowing
agent performs the categorization of reality into modules. That is, the challenge
is to model the very notion of the agential cut.
The general idea of an ontological model of agential realism is based on
an inverse process with respect to the one we have depicted in Sect. 3: instead
of starting from an already given separation into modules and then deﬁning
entanglement, we need to start from a general notion of possibly entangled object
and retrieve the modules as the agent’s categorization choices.
We can use our previous deﬁnition of ontological entanglement (cf. Deﬁnition
(d1)) to give at least an idea of a possible modellization. The intuition leading our
view is that information is going to be separated into modules, whenever an agent
needs to express properties of an object that she/he is viewing as incompatible.
If there is no object that may in principle share incompatible properties, there is
no need for separating pieces of information into distinct modules. Thus, suppose
that an agent is assuming that an object a may have two incompatible properties
P (a) and Q(a). The agent now can decide whether the incompatibility lies at
an ontological or at an epistemological level, that is, whether P and Q represent
incompatible constitutions of a (ontological entanglement) or they are prone
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to represent incompatible descriptions of a (epistemological entanglement). By
using deﬁnitions (d1) or (d2), the agent is led to separate the properties P and
Q by associating them to distinct modules. In the situation we have described,
modules are not given, they are constructed starting from the agent’s view of
incompatibility of pieces of information. Building on that, we can also consider
as an important challenge for multiagent systems the problem of coordinating
diﬀerent conceptualizations given by diﬀerent agential cuts.
This simpliﬁed example of how to deﬁne modules as the outcome of an agential cut of reality poses a fundamental challenge in knowledge representation
and ontology modeling and it is the aim of our future work. By taking seriously
the motto “there is no social that is not also material, and no material that is
not also social” [24, 1437], entanglement is no longer a property of some entity
of the ontology, rather it becomes the designing principle for approaching the
general construction of an ontology. According to this view, the task of a foundational ontology is not to separate the domain of discourse into rigid categories,
relations, and modules that group agent-independent entities, it rather has to
model the relationship between agents who focus on aspects of reality and the
entities that are postulated or produced by the agents’ activities. Accordingly,
categories and modules become features of entities that may be intentionally
selected, rather than rigid categorizations of the domain of discourse. In order
to approach the development of such a view, that is a subject aware ontology,
we need to embrace a constructivist view of entities and model their production.
This is of course a long term plan, however we believe that it is worth pursuing.
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Abstract. The Web changes knowledge representation in a number
of surprising ways, and decentralized knowledge representation systems
such as the Semantic Web will require a theory of identity for the Web
beyond current use of sameAs links between various data-sets, including the fact that entities can not be linked across semantic roles. We
empirically analyze the behavior of identity and inference on the Semantic Web currently in order to analyze the size of the problem. Lastly,
some of the problem due to identity statements operating over diﬀerent
domains of discourse, and propose a modest extension to RDF (RDFC,
or RDF with Contexts) that can formally distinguish diﬀerent contexts
in RDF, including contexts for identity statements.

Keywords: Semantic Web
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Introduction

With the beginning of the deployment of the Semantic Web, the problem of
identity in knowledge representation – sometimes assumed trivially solved –
has returned with a vengeance. In traditional logic names are arbitrary strings,
but by deﬁnition, one criterion that distinguishes a Web logic from traditional
logic is that in Web logic names are URIs (Uniform Resource Identiﬁers, such
as http://www.example.org/) (henceforth abbreviated as ex:). On the ‘actually existing’ deployed Semantic Web known as Linked Data, an URI not only
can refer to things, but can be accessed, so that accessing ex:Paris in a Web
browser results in receiving a bundle of statements in a Web logic such as RDF
(Resource Description Format, where statements are composed of ‘triples’ of
c Springer International Publishing Switzerland 2015
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subject-property-object names). When users of Semantic Web ﬁnd another URI
about their item of interest, they connect their two diﬀerent URIs with an identity link. This link in practice is given by a owl:sameAs property, henceforth just
called sameAs [11].
Yet the results of inference using sameAs are often surprising, either ‘smushing’ up distinct individuals or failing to ‘smush’ individuals due to their semantic role. One solution would be to forget the semantics of the Semantic Web
entirely, treating sameAs as just an English language mnemonic. Those that do
not remember history are doomed to repeat it; for it was precisely the forgoing
of logical semantics that led to semantic networks having their infamous crisis
over divergence in meaning in IS-A links [3]. One can only imagine that such
problems would only increase given the purported global scale of the Semantic
Web. We point out that a new formal semantics is needed for identity statements
if Semantic Web inference is going to succeed in deployment. While there has
been deployment of Linked Data, use of inference ‘in the wild’ across data-sets
is nearly non-existent. In Sect. 2 we explicate the concept of identity in formal
semantics, and show that equality across diﬀerent semantic roles can be implemented formally using a technique known as ‘pollarding.’ We empirically analyze identity links on the Semantic Web, with a focus on sameAs, in Sect. 3. An
experimental investigation of whether real identity links and their concomitant
inferences are accurate or not is presented in Sect. 4. After analyzing the results,
it appears that much of the variance between identity is due to domain-speciﬁc
contextual uses of identity. Finally, the use of RDF with contexts is proposed to
allow RDF statements to semantically deﬁne contextual identity.

2
2.1

Identity in Logic
Identity in Terms of Logical Equality

Identity is logically deﬁned as equality, A = A. The basic relation of identity
holds only between a thing and itself. So, it is important not to think of an
equality sentence such as A = B as saying that there are two things, A and B,
which are equal. This is a category error of believing that two separate names A
and B in the syntax can be confused with the things in the universe of discourse
of the semantics. Properly, A = B says that there is one thing which has two
names, ‘A’ and ‘B’ respectively. To say A equals B, A = B, is to say that A
is identical with B, so that if A = B is true then the set {A, B} is identical to
the set {A} in the semantics with A = B = [some individual in the semantics].
This means that all notions such as ‘approximately equal’ or ‘equal for some
purposes’ or ‘equal with respect to certain facets,’ etc., are not the same as
being logical equal, and semantic identity is deﬁned in terms of logical equality.
All of these other kinds of relations require two entities to be at least logically
distinguishable in order to be not equal for all purposes, such as being not equal
with regards facets and the like. All such ‘nearly equal’ notions are relations
between two things, and so are fundamentally diﬀerent from logical equality.
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A hallmark of logical equality is that anything said about a thing using
one of its names should be just as true when said using the other name. Formal
semantics usually operates entirely in terms of reference to a model, and mapping
names within that model. For Frege and generations of philosophers after him,
while two names may be about the same thing and yet these two names have
diﬀerent properties [6]. For Frege, there are diﬀerent senses of ‘Morning Star’
and the ‘Evening Star,’ despite the fact they refer to the same star [6]. This
kind of concept of sense as separate from reference applies to natural language
– including its myriad attendant social, epistemological, and ontological issues
– rather than the more barebones world of logic, where formal semantics is
deﬁned in terms of mathematically deﬁned reference to a model rather than
more encompassing and informal notion of sense. This is not to say that some
kind of cognitive meaning or sense does not exist, but this kind of analysis is
not currently bound formally to logical semantics.
To restate, anything logical that can be said about a thing using one of its
names should be just as true when said using the other name. If some sentence
with a syntax . . . A . . . A . . . A . . . containing A is true, and A = B is true, then the
same sentence replacing ‘A’ with ‘B’ syntactically one or more times must also
be true, i.e. . . . B . . . A . . . B . . . should be true. This is the basic inference rule,
substitution, associated with equality. Notice that this rule makes no mention of
how the name ‘A’ is used in the sentence, of its semantic role. For true equality,
substitutivity should apply to names regardless of their semantic role (i.e. what
it is that A denotes, be it a function, a class, a proposition, an individual), since
the intuitive argument for the validity of the rule is semantic: the meaning of a
sentence is determined by the things referred to by the names in the sentence
rather than the names themselves. Since logical sentences are de re (about the
thing), it follows that the choice of which name to use to denote a thing must
be irrelevant to the truth of the sentence.
2.2

Punning

In terms of logical identity, there are essentially two kinds of semantics so far proposed for as logics for the Web: logics such as OWL DL (Description Logic)[11]
and OWL2 [10] that only allow substitivity in the same semantic role and logics
such as RDF [9] and ISO Common Logic [4] that allow substitivity regardless
of semantic role. One can think of logics as either partitioning the universe of
discourse into disjoint sets of things or having all things in a single universe
of discourse. Languages that partition the universe of discourse must have separate equality operators for each kind of thing in the universe of discourse,
so OWL has owl:sameAs for individuals, owl:equivalentClass for classes, and
owl:equivalentProperty for properties, although the later are not heavily used in
practice [11]. It is incorrect to use sameAs across a class and an individual in
OWL DL, and if one does so, one immediately falls into OWL Full. This semantic partitioning is reﬂected then in the partitioning of names in the language
itself into lexical roles. So a name in OWL DL had always to refer to either
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properties, classes, or individuals, but identity can never be made between different semantic roles.
This inability to have the same name used across diﬀerent semantic roles
was corrected in OWL2 by the introduction of ‘punning.’ [10] This refers to a
technique for reducing the number of lexical categories used in a formalism by
allowing a single name to be used in a variety of semantic roles. For example,
allowing a property like ex:Latitude to serve as both the subject and property of
a statement, an important use-case for meta-modelling. The language may allow
punning between class and property names only if the syntax unambiguously
assigns a class or property role to every occurrence of a name. This ensures that
any language which uses either of these techniques can - in principle - be replaced
by an equivalent language which does not use it by replacing each occurrence of
a punned name by an alternative name of a recognizable type which is reserved
for use in that particular semantic role. We will call such a language segregated.
Conventional textbook accounts of logic usually deﬁne segregated languages.
For example, a conventional syntax for FOL distinguishes 1 + 2ω categories of
names, with the roles being individual, function of arity n and relation of arity
n, which map respectively to elements of the universe, n-ary functions over the
universe and n-ary relations over the universe. Only the ﬁrst kind of name can
be bound by a quantiﬁer, since FOL allows quantiﬁcation only over elements of
the semantic universe, which is required to not contain relations and functions.
Punning works by allowing the name categories to intersect (or simply
to be identiﬁed) while retaining the conventional interpretation mappings.
This amounts to the use of multiple interpretation mappings between names
and the semantics. Each name is given several denotations in an interpretation,
and the immediate syntactic context is used to ‘select’ which one of these to
use in the semantic truth recursion. Thus equality statements across all diﬀerent
kinds of lexical roles can be made, and the name will be given an interpretation
that ﬁts into the necessary semantic role. If a name is used in multiple semantic
roles, then the name will denote a diﬀerent thing in each semantic role.
2.3

Pollarding

‘Pollarding’ refers to a diﬀerent, but closely related, technique which is used
in various forms within the semantics of RDF and RDFS [9], OWL Full [11],
and ISO Common Logic [4]. Pollarding retains the single denotation mapping
of a conventional interpretation, but treats all names as denoting individuals,
and the other semantic constructions are related to individuals – not names! –
by extension mappings, which are treated as part of the interpretation. Just as
with punning, the immediate syntactic context of a name is used to determine
whether it is intended to be interpreted as the immediate denotation (that is, an
individual) or one of the ‘extensions’ associated with that individual. Therefore
any name that is syntactically declared equal to another can be substituted
across all sentences while maintaining the truth value of the sentences, and
unlike punning, in any interpretation both names denote the same individual,
albeit the same individual may have multiple extension mappings.
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The two schemes are illustrated in Fig. 1. Figure 2 illustrates how the two
schemes reduce to a classical model theory when the language is, in fact, segregated. The case of punning is trivial: the extra mappings are simply ignored;
and given any classical interpretation, one can create a punning interpretation
simply by adding the extra mappings in some arbitrary way. Pollarding is a bit
more complicated. The classical mappings for non-individual names are created
by composing the interpretation and extension mappings. In the other direction,
given a classical interpretation, one has to select an individual in the universe
to be the ‘representative’ of each non-individual semantic entity, map the name
to it, and assign the individual to be its appropriate extension. One way to do
this is to use a Herbrand-style construction by putting the name itself into the
universe, use the classical interpretation mapping as the extension function, and
treat the name as denoting itself.

Fig. 1. For an individual: lexical and semantic segregation (top), punning (middle),
and pollarding (bottom).

As this shows, the pollarding technique does impose one requirement on the
classical interpretation, viz. that its universe is large enough. If the cardinality of
a classical universe is smaller than the number of non-individual (class, relation,
property or function) semantic entities required to interpret the language, then
that universe cannot be used as the basis of a pollarded interpretation of the same
language. An example illustrating this is ∀x.y.(x = y), P (a), and ¬Q(a). This set
of sentences is satisﬁable, but cannot be satisﬁed in a pollarded interpretation
since the two relations P and Q must be distinct, but there is only one entity
in the universe, which is therefore too small to provide the distinct relational
extension mappings required. This is only a concern in cases where the universe
can be consistently made small. Languages such as RDF and Common Logic,
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Fig. 2. For an individual, relation, and function: punning (top) and pollarding (bottom). Grey arrows are interpretation functions.

whose universes are required to be at least denumerable, will always have a
suﬃcient cardinality. One possible objection to pollarding is that it seems to
make the logic ‘higher-order.’ Although pollarding is not used in textbook ﬁrstorder logic [1], pollarding does not make a logic higher-order. The diﬀerence
between higher-order and ﬁrst-order logic is that higher-order logics all impose
comprehension principles upon the universe, which is not necessary in pollarding.

3

Empirical Analysis of Inference

However, sameAs is already being used ‘in the wild’ in Linked Data, and an
inspection of its behavior is in order before considering improving its semantics.
First, can one actually infer anything from these sameAs links on Linked Data?
To test this, we used as our data-set a crawl of the accessible Linked Data Web, so
that our results would be an accurate ‘snapshot’ of the use of sameAs on the Web.
This resulted in 10,850,606 sameAs statements being found (forming 7,229,140
equivalence classes), with the average number of URIs in an equivalence class
having 2.00 sameAs statements. No blank nodes and 9 literals were found in the
set of equivalence classes (the literals from the treatment of a URI as a string
in RDF), and the total number of distinct URIs was 14,461,722. The largest
equivalence class explicitly declared was of size 22, the particular case being an
equivalence class for Semantic Web researcher Denny Vrandenic. The number of
sameAs statements substantially outweigh owl:equivalentProperty (1,451 occurrences) and owl:equivalentClass statements (106,305) on the Semantic Web. Do
any of these statements violate the segregation of individuals, classes, and properties found in OWL? Our sample showed that only a small number (3,636) of
them did.
While it appears small, the misuse of sameAs will impact inference. Then
we ran sameAs reasoning that purposefully ignored segregation between classes,
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Fig. 3. Visualization of top 40 sameAs equivalence classes.

Fig. 4. Size of Equivalence class vs. frequency: No inference (blue) and inferred classes
(green) on a log-log axis (Color ﬁgure online).

relations, and instances over the set of statements containing at least one sameAs
statement. These produced, excluding symmetric statements (which would trivially create a ‘double’ of every statement), 60,045,705 additional inferred sameAs
statements with 79,276,264 distinct URIs. The 40 largest equivalence classes of
(or closures over) sameAs connections (via their connection to a single ‘pivot’
URI) are visualized in Fig. 3. This shows the range of sizes varies dramatically,
with the largest closure containing 4,177 URIs, seemingly consisting of all sorts of
biomedical data and UniProt, a massive protein knowledge-base. As the number
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of RDF-enabled biomedial databases surely does not measure in the thousands,
one wonders if at some point the sameAs chain got out of control and distinct drugs are being declared logically equal. Upon closer inspection, one ﬁnds
that in this massive equivalence class very diﬀerent things - which break OWLstyle segregation semantics - have been connected by sameAs, such as ‘class of
drugs’ and an ‘individual instance of that drug applied’ in open Linked Drug
Data. UniProt is not the only one; the bio2rdf Semantic Web triple-store produces a sameAs equivalence class of size 1,367. Even the ubiquitous DBPedia,
a Semantic Web-export of Wikipedia, produces a closure of size 367 around a
French verb conjugation, mixing up the class of French verbs in WordNet and
the class of actions those verbs are about in Cyc. Interestingly enough, there are
also occurrences of ‘semantic’ spam, with organizations such as the New York
Times whole-scale copying Freebase-produced RDF to their own URIs (probably an innocent move), and the possibly less innocent copying of RDF data from
diverse sources by rdfabout.com. ‘Semantic’ spam is simply the use of sameAs
links and copying of RDF data to other data-sources in order to increase the
visibility of one’s own URI.
In total, the sameAs reasoning produced a total of 19,230,559 equivalence
classes with an average content of 4.16 URIs. This is an approximate double
in size over the average size of explicitly declared sameAs equivalence classes.
However, this interpretation assumes the size of equivalence classes is normally
distributed, which it is not, as illustrated in Fig. 4 (log-log scale). The inferred
sameAs distribution is clearly skewed towards smaller equivalence classes, but
the mass of the distribution continues out towards the hundreds. Again, view
Fig. 3 for their visualization. Due to this, after inference the size of the sameAs
statements that violated the segregation semantics increased to 893,370, a small
but statistically signiﬁcant part of the Semantic Web. Upon closer inspection,
the nature of this increase seems to be due to having some sameAs statements
across segregated semantic roles being caught in a few of the larger equivalence
classes.

4

Experiment

Another question would be, how many of these inferred sameAs are actually
correct and obey the semantics of identity? A set of 250 sameAs triples (an
identity link between two URIs) were chosen at random (with the chances of
being chosen at random had been scaled down by the logarithm of the frequency
of their domain name, in order to prevent a few major ‘hubs’ from dominating
the entire data-set) from the previously described sample of the Semantic Web
that violated the segregation semantics of sameAs (i.e. had an individual being
sameAs with a class, for example). The closures of these 250 triples were generated, and from each of these about half (132) had at least two inferred identity
links via transitivity. After removing 2 triples for training purposes, the remaining 130 triples were used for our experiment. Five judges (each Semantic Web
experts and computer scientists) were chosen. A standard sample of properties
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and object (URI and literals) were retrieved from each URI and displayed to
the user in a table. The judge was given a three-way forced choice, categorizing
the statement as Same: if it was clearly intended to identify the same single
thing, Related : if it was descriptions of fundamentally diﬀerent things which
none-the-less have some important properties in common, or Unrelated/Can’t
tell : if neither of the above, or one can’t tell. We merged the ‘unrelated’ and
‘can’t tell’ cases based on earlier work [8], which suggested that trying to make a
distinction between the two cases was unreliable insofar as it seemed the diﬀerence was based mainly of personality rather than domain expertise, with some
rushing to judge something diﬀerent while others wanting more information.
There was also a checkbox next to each property, as well as one for each URI
itself, and the judges were instructed to check the properties that were useful in
forming their judgment. Overall, the judges had only slight agreement, reaching
a Fleiss’s κ of 0.06, which shows that the scheme is ‘slightly’ reliable. Looking
at the distribution of judgments suggests more consistency than that, however.
Figure 5 shows that more than half the time a ‘consistent’ judgment (unanimous,
or only one disagreement) was made, and that consistent judgments of same and
diﬀerent are the most common. Using voting, we can determine that 52 (22 %)
are the same, 36 (28 %) are related, 22 (17 %) are diﬀerent or can’t tell, and 20
are ties (15 %). Inspecting the useful properties triples judged as related, on an
average a human judge chose 5.08 (S.D. 2.23) properties as important. This was
primarily because some judges choose almost all properties to be relevant, while
others would choose only a few.
A histogram showing the spread of the three categories is given in Fig. 6. Note
that there is often disagreement in any of the three classes, but that there is also
usually a clear majority, so an approach based on the ‘wisdom of crowds’ seems
to handle identity judgments in a more consistent way than individual experts.
According to majority-wins voting (with 4 ties removed), there were 68 identical
(53 %), 34 related (27 %), and 24 (19 %) unrelated or unable to tell. Inspecting
the useful properties triples judged as related, on an average a human judge
chose 5.08 (S.D. 2.23) properties as important. This was primarily because some
judges choose almost all properties to be relevant, while others would choose
only a few.

5

Discussion

Surprisingly enough, the results with inference showed that the task itself with
inference is signiﬁcantly hard for individual experts. In fact, in comparison with
the ‘moderate’ κ values from previous studies done by others [8], inference seems
to make experts less reliable. Simply, inference forces individual experts to confront edge-cases produced by the inference chains where issues such as those
caused by the semantics of sameAs cause real problems. However, groups of
experts, despite the low aggregate reliability, could on individual cases discriminate via voting, and so could determine cases of mistaken identity via an ‘identity leak’ caused by a misplaced sameAs. In fact, compared to randomly selected
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Fig. 5. Distribution of Human Ratings per Judgment: 3 = same, 2 = related, 1 = not
related or can’t tell; ‘Consistent’ judgments are bold

Fig. 6. Histogram of Human Ratings per Judgment: Same (green), Related(white),
Not the same and can’t tell (red) (Color ﬁgure online)

triples without inference [8], the inferred triples are less likely to be correct (40 %
compared to 53 % after inference), slightly more likely to judge them as merely
related triples (21 % compared to 28 % after inference), and a decrease in the
amount of triples thought to be incorrect (29 % compared to 17 %). This decrease
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in the amount of incorrect is likely due to the triples being tied between two categories, which was 20 %. When this is taken into account as likely “can’t tell”
it appears that the number of incorrect triples may go up as high as 37 %. So
in general, it seems that ‘identity leaks’ of misused sameAs statements cause
the reliability of some identity statements to lower somewhat, but still remain
broadly comparable with the kinds of human judgments not having inference
produced.
What is also interesting is precisely when an approach based on the ‘wisdom
of crowds’ can help disambiguate diﬃcult results even when individual judges
have diﬃculty. For example, a voting method could be deployed to solve sameAs
ambiguities. Not all results are diﬃcult: for geographical entities and individual
people such as ‘Lower Austria’ and ‘Johnny Bristol’ agreement that they did
not represent the same entity in the experimental data was generally high. Also,
the results of incorrect inferences could also be easy to determine, such as an
equivalence between a computer science researcher Tom Heath and a ‘wordpaving machine’ or Le Flore County and the Marburg Virus in the experiment.
However, where there was more likely to be confusion was very closely related
things such as the relationship between the concept of ‘scoring an ace’ in Cyc
and the verb ‘acing’ in WordNet that denotes that concept, or the relationship
between the Maranthi language and international code for that language. What
should be done about this weaker notion of ‘being related’ that sameAs is erroneously used for? Indeed, one would be tempted to say that such a practice is
simply wrong, and a virtually inference-free alternative such as rdfs:seeAlso or
a SKOS (a Semantic Web vocabulary for thesauri) construct should be used
for this weaker notion of “being related” where no formal inferences should be
deﬁned.
More troublesome is cases where it seemed some degree of context marked
things as logically equal, such as the mereological relationship between the town
of New Canaan and the South School therein. Then there were topics that
were diﬃcult due to background knowledge where classes and individuals were
denoted to be the same, such as whether Francisco Franco was the ruler of Spain,
which is obviously true in some temporal context but not true today. This broke
OWL sameAs semantics but seems to be contextually true in some contexts. A
closer look at the experimental data shows that what is happening is stronger
than just ‘being related,’ as two names have some relationship that means they
should be considered logically identical within a given context. So, given some
social context, what appears to be two distinct entities in another context may
indeed ‘be the same thing’ and so share all the same properties. The ruler of
Spain is indeed the same individual as Franco at a given time, but in other
contexts may range over other individuals or be a single other individual. In
some geographical contexts, a country like Spain may be identical with some
spatial territory, but in another context one may be referring to a larger cultural
or administrative nexus. The key to cutting this Gordian knot is proper treatment of contexualized relatedness in terms of semantics, which requires serious
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domain-speciﬁc semantic treatment. The hard trick is to determine how to deﬁne
domain-speciﬁc contexts in terms of formal semantics.

6

RDF Contexts and Identity

One way out of this is to add contexts to RDF in terms of formal semantics. The
vision of RDF as a context logic is still being developed and numerous proposals
have been put forward [2], but nonetheless a straightforward way to add ‘web
contexts’ to RDF has been proposed. A web context represents a social agreement
concerning the meaning of a vocabulary of URIs, which is called the reserved
vocabulary of the context. Asserting a graph in a context means that one is
a commitment to use the reserved vocabulary in a way that conforms to the
agreement. This agreement may be explicit or implicit. RDF can be considered
to be a sort of topmost context, called rdf:, which deﬁnes the RDF namespace
as deﬁned by the 2004 RDF speciﬁcation documents [9]. This is a default, so
all existing RDF graphs are understood to be asserted in it unless otherwise
explicitly denoted. The other extreme is to assert a graph in itself should be
considered as a context and so not share semantics with any other graphs. This
eﬀectively declares all its non-reserved URIs as reserved, and hence separates
them in meaning from the same URIs used outside the graph, forbidding the
usage of sameAs between data-sets.
There is a large middle-ground, where reserved URIs can be added that
impose diﬀerent semantic conditions on previous contexts or propose new semantic conditions on new reserved vocabulary terms. While a detailed working out
of this is forthcoming, what is needed is a way to assert a graph in a context,
a way to specify the reserved vocabulary of a context, a way to describe the
semantic conditions imposed on the reserved vocabulary by the context, and
a way to assert that one context inherits another. As explained in more detail
elsewhere,1 a new term called rdf:inherits could both indicate a graph is explicitly in a given context and import other contexts to the existing context, much
like owl:imports is purported to do. Then new semantic conditions and lists of
terms can be deﬁned either formally or informally. This allows the semantics of
RDF to be extended on a per-context basis without re-chartering an entire new
Working Group.
This provides an intriguing possible solution to deﬁning context and contextual identity in formal semantics, including not just domain-speciﬁc identity but
also the more general-purpose technique of pollarding. As there is no sameAs
in RDF, current usages of owl:sameAs are denoted in the OWL context with
its ‘punning’ semantics. If we want a more universalist sameAs with ‘pollarding’
semantics, rather than wait for the RDF Working Group to re-convene, we could
simply create a context that includes RDF’s original semantics but then creates
the new rdf2:sameAs semantics with ‘pollarding’ semantics. On the other end
of the scope, we can also imagine many diﬀerent new domain speciﬁc usages of
1

http://www.slideshare.net/PatHayes/rdf-with-contexts.
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identity being created, such as sameAs within the context of geographical mapping, a certain historical era, or some other application that needs to be able to
link data without making grand universalist claims. Contexts provide a degree
of useful referential opacity, as an sameAs asserted in one context might cease
to be true in a subcontext when more reﬁned meanings are in use, such as in
comparing chemical elements vs. chemical isotopes.

7

Related Literature

The issue of identity has a long history in philosophy and ontology [7], and
more recently in knowledge representation and databases. To narrow the focus
to the Semantic Web, this work directly follows Halpin et al. [8]. However, there
are important diﬀerences. The analysis of Halpin et al. presents some informal
alternatives to the use of sameAs, but the only alternative tested was a more ﬁnegrained identity scheme with no logical semantics, which could not be replicated
even by experts using directly declared sameAs statements [8]. In contrast, we
present a preliminary articulation of a logical alternative to owl:sameAs, focusing
our studies on the reliability of identity in Linked Data on inferred triples. Our
empirical analysis in general conﬁrms some of the results of the more detailed
empirical analysis of Ding et al. [5], and variance between our results is explained
by the fact that while Ding et al. used the Billion Triple Challenge, our analysis
was performed over a ‘live’ copy of the Linked Data Cloud. There have been
various attempts to put a formalization of context into the semantic web such
as C-OWL [2]. A similar proposal to RDFC was put forward by Jie Bao et al.2

8

Conclusions

In order for a logic to be universal on the Web, it should be able to describe
anything in any possible way, and still enable inference. By giving the users
more freedom in modeling rather than less, one simultaneously encourages good
modeling constraints, so that the language provides the necessary machinery to
distinguish the world as it exists to the ontological engineer while not requiring
particular metaphysical distinctions to be committed to a priori. An ‘individual’
in a metaphysical sense is one notion, whose merits can be debated; but ‘individual’ in the logical sense is quite another. The latter means simply ‘a member
of the universe of discourse’ or ‘within the scope of quantiﬁcation’. Traditional
‘good practices’ typically get these two distinct notions confused, and use syntactic constraints arising from the latter to model the former. As sameAs as
currently being used as a generic equality statement is in violation of the segregated lexical roles of OWL, it would make sense to create a diﬀerent identity
link that is based on a pollarding-based semantics. It’s also possible if someone is using sameAs to mean ‘related to’ (and our experiments show people
do this sometimes), then they are actually in error. Yet then our experiment
2

http://www.slideshare.net/baojie iowa/2010-0624-rdfcontext.
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also showed for a signiﬁcant minority they reasonably meant to declare equality
across semantic roles and to make an identity claim that would obviously be
true, but only within a delimited context. This is not all bad news: Cleavages
in the use of identity would then provide strong hints for the creation of new
formal contexts. The combination of consistent and unrestricted logical identity
and richer use of domain-speciﬁc and formally deﬁned identity constructs could
simultaneously put the links back into Linked Data and takes advantage of the
semantics in the Semantic Web.
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Abstract. Context-aware computing faces many challenges mainly due
to the increasing number and heterogeneity of context sources, since
the Internet of Things introduces billions of devices. The development
of context-aware applications is thus becoming a complex and cumbersome process, which is also augmented by the availability of diﬀerent
mobile platforms. This requires a modular approach that aims to automate the development of these applications, by enabling developers to
easily add context-aware functionality. In this paper, an automation
component is presented that allows novice developers to select context
plug-ins (e.g., Geolocation, Facebook proﬁle, battery level) and generate
a sample application that includes these context-aware functions. This
application serves as a basis for the development of more complex crossplatform, context-aware applications. The code generation support of the
automation component is demonstrated through a case study. Finally, a
basic evaluation is performed to showcase the beneﬁts, issues and identify
potential future work.
Keywords: Context-aware applications · Separation of concerns
Mobile computing · Web development · Code generation
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·

Introduction

The widespread use of mobile platforms has led to new business models and
has urged organizations to provide applications for users “on the move”. These
mobile users are best served if their needs of mobility are fulﬁlled in all settings
without overwhelming users with redundant information. Such a personalized
technology view has been adopted by various researchers [1] and is currently
intensiﬁed by the widespread presence of sensors in mobile devices, such as GPS
receivers, accelerometers and compasses, as well as the vast volume of data available on the Internet in the form of Web Services, information from social networks and sensors and actuators typically connected to micro-controllers. This
necessity to follow user needs to utilize eﬃciently software applications and services using diﬀerent mobile devices at various places forms part of the general
c Springer International Publishing Switzerland 2015
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term of context-awareness. Context-awareness deﬁnes a broad concept that is
generally used to describe the process of acquiring and managing diﬀerent pieces
of context information to intelligently adapt the application behaviour. We adopt
the deﬁnition from Dey and Abowd [2], referring to context as “any information
that can be used to characterize the situation of an entity, in which the entity
can be a person, a place, or a physical or computational object that is considered
relevant to the interaction between the entity and the application”.
Mobile computing combined with context-awareness encompass various
aspects spanning from sensing information at the hardware and network information level, to context-based recommendations at the application level, such as
travel or music recommendations for mobile environments [3]. Context-acquisition
from device components (e.g., device motion, battery level), from social networks
(e.g., LinkedIn, Facebook), network information (e.g., based on Cell ID, or WiFi), etc. can support and facilitate the mobile user in a variety of tasks. In fact,
this information act as enablers of context-awareness, empowering applications to
be adapted to end-user preferences and circumstances.
Although mobile devices oﬀer clear-cut beneﬁts to the user and contextawareness is a desirable feature, the diversity of platforms makes development of
platform speciﬁc applications an uneconomical choice, since it requires manpower
and additional resources from the provider’s side to develop for each platform.
The problem of platforms diversity needs to be addressed, since is important by
developers to provide cross-platform applications, because even the same users
own and use diﬀerent devices.
Currently, a useful alternative to native applications is oﬀered through the
HTML5 standard, which allows accessing many device resources that were
unavailable to web technologies in the past. This vision of pure web-based development oﬀers many beneﬁts to software engineers, where the key one refers to
cross-platform development: develop once, deploy anywhere. Also recent developer surveys demonstrate a tendency to move towards pure HTML5 solutions1 ,
as mobile browsers implement the features oﬀered by the HTML5 standard.
Gartner also deﬁnes2 : “HTML5 is in the top 10 technologies and capabilities for
2015-16 and despite many challenges, HTML5 will be an essential technology for
organizations delivering applications across multiple platforms”.
An HTML5, context middleware was developed [4], which provides a modular approach that promotes the concept of separation of concerns and thus
enables developers to reuse context plug-ins for the development of contextaware applications. This work develops a new component that assists developers
with limited experience in developing context-aware applications, by automating a large part of the process. It allows selecting from an (extensible) pool of
context plug-ins and generates the code for a sample context-aware application
that can serve as the basis for further development. The key target is to reduce
the complexity involved with developing context-aware functionality, simply by
1

2

http://www.sencha.com/blog/the-state-of-html5-development-in-the-enterprise/ Published: February 12, 2014.
http://www.gartner.com/newsroom/id/2669915 - Published: February 24, 2014.
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allowing developers to easily select and include context plug-ins that already provide this functionality. A further beneﬁt is found in the production of compact
code, having clearer separation of concerns (focus on application logic instead of
context-aware functions).
The rest of the paper is structured as follows. Section 2 introduces related
work, outlining the diﬀerence of our approach in comparison to existing frameworks. Section 3 provides an overview of the context-middleware. The following
section introduces the developed automation component and the development
pathways. Section 5 demonstrates the use of the automation component in two
scenarios of a case study and presents the results of the evaluation performed.
The ﬁnal section outlines the conclusions and identiﬁes potential future work.

2

Related Work

The provision of access to context sources to facilitate the development of mobile
applications, has been the focus in research work. MUSIC (Self-Adapting Applications for Mobile Users in Ubiquitous Computing Environments) deﬁnes a
context-management and adaptation middleware for Java [5]. MUSIC runs on
top of the OSGi (Open Service Gateway initiative) framework and includes a
number of context plug-ins available as OSGi components. Similarly to our solution, MUSIC includes the notion of context sensor and reasoner plug-ins, which
receive and process context data from other plug-ins via the middleware in order
to produce higher level data. The evolution of MUSIC, following the same rationale, but tailored to the Android platform is found in RSCM (Really-Simple
Context Middleware) [6]. The RSCM architecture diﬀerentiates between context producing components (the plug-ins) and context consuming components
(the applications). RSCM is used in the Professor2Student application that oﬀers
dynamic collaboration between supervisors and students [7].
A similar solution, which also focuses on web applications accessing sensor information on the Android platform, has been proposed in Ambient
Dynamix [8]. Sensor access is handled through native plug-ins that can be
installed on-demand on the users Android device, and are organized and managed by the Dynamix Service. Each plug-in provides its own set of context events
and (optionally) an API for controlling its functionality. To support communication with web applications, Dynamix exposes two REST APIs using a customized
web server embedded within the Dynamix Service. This way a web-based application is able to interact with the associated Android plug-in to trigger context
sensing and/or remote device interactions.
Dynamix has characteristics that are closer to a “hybrid” approach (it does
not follow a pure cross-platform approach), but it rather ties web application
development to the native context plug-ins oﬀered by the underlying Android
platform. The use of hybrid technologies is very popular in mobile application
development in an attempt to satisfy the cross-platform requirement. A variety of such technologies exists, such as PhoneGap, Apache Cordova (i.e., the
open-source engine/version that runs PhoneGap) and AppBuilder. Hybrid technologies oﬀer usually a set of uniform JavaScript libraries that can be invoked,
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Table 1. Comparing HTML5 properties with hybrid and native frameworks

Feature

H5CM approach

Hybrid Technologies Platform-speciﬁc
approach
frameworks
approach

Native code use

x

 [PhoneGap]

Technologies used

Web Technologies

Web along with
Web [Dynamix] and
platform-speciﬁc,
Android SDK
e.g., Android,
[RSCM,
Firefox OS, iOS
Dynamix]
[PhoneGap]

Required
development
knowledge

Web Technologies

Web technologies
along with basic
framework/platform speciﬁc
understanding
[PhoneGap]

Web technologies
and platform
speciﬁc
[Dynamix)]or
Platform speciﬁc
[RSCM]

Pre-installation
requirements

x

 [PhoneGap]

 [RSCM, Dynamix]

Access
Device-speciﬁc
features

Limited (Browser
restricted)

Full (based on API
availability per
platform)
[PhoneGap]

Full (based on
plug-in
availability)
[RSCM,
Dynamix]

Guidelines only
[PhoneGap]

Via context ﬁrewall
[Dynamix]

Security and
Browser based
Privacy support

 [RSCM, Dynamix]

wrapping device-speciﬁc native backing code through provided JavaScript
libraries. This process provides access to native device functions through
JavaScript, such as the device camera or its accelerometer.
With the introduction of H5CM (HTML5 Context Middleware) [4], the vision
is a pure web-based approach. Table 1 captures the key points of variability
between our approach and other approaches. All cases have both advantages and
disadvantages in terms of application variability and execution speed. The main
criticisms for hybrid development is the learning curve, since developers need to
learn how to use the native libraries for each platform, but most importantly
that mobile devices are not able to smoothly run a hybrid application [9]. On the
other hand, native applications oﬀer beneﬁts in terms of performance and API
coverage, but lack in terms of instant worldwide deployment, manual installation
or upgrades and ﬂexibility to combine data from diﬀerent resources [10].
Diﬀerentiating from both native and hybrid approaches, H5CM oﬀers a
pure HTML5 approach not bound to any platform or development environment employing solely web technologies [11]. Although access to device-speciﬁc
capabilities is provided based on the browser support, vendors are continuously
extending their support based on the popularity and evolution of HTML5. Moreover, in respect to pre-installation requirements our approach does not have
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any prerequisites. Finally, a feature that is missing from all approaches, is an
extended security and privacy support, since this feature is handled either by
the browser (as in the case of H5CM) or by the underlying platform (in hybrid
and platform speciﬁc frameworks).

3

H5CM Overview

3.1

Architectural Elements

As aforementioned the main requirements fulﬁlled with the creation of H5CM
were to provide a framework that is modular, reusable, extensible, and that can
be utilised for web applications on any mobile platform. H5CM has a hierarchical
structure: at the lower level there are context-sensor plug-ins that allow acquiring and distributing low-level context data. These may refer to the location of the
user, the orientation of the user’s device and the results from the invocation of Web
APIs. At the second level of the hierarchy there are context-reasoner plug-ins that
accept low-level context from one or more sensor plug-ins and apply the appropriate reasoning, in order to create high-level context information. The application
is at the top of the hierarchy and is able to communicate with the sensor and/or
reasoner plug-ins to acquire context information that enables the adaptation of
the application’s logic. More details on the architecture of H5CM can be found in
our earlier work [4].
3.2

The Context Repository

The H5CM functionality is empowered by an extensible and reusable Context
Repository. The basic point of diﬀerentiation between sensor and reasoner plugins, is that the former provides access to “basic” context data in the form that
these can be collected directly from context sources (e.g., device accelerometer,
user geographical coordinates), whereas the latter gives access to sophisticated
context information that are derived from the “basic” data. These plug-ins deﬁne
an extensible and reusable repository. On the one hand, they can be reused by
developers, since they are generic and can be invoked from any context-aware,
web application. On the other hand, the set of plug-ins can be extended by
technical users that need additional functionality, as more and more features of
HTML5 are continuously being supported in mobile browsers. H5CM is currently
oﬀering diﬀerent reusable plug-ins, some of which are described in Table 2. The
current version of H5CM and the plug-ins are available on Google Code3 .
The context plug-ins repository has been also enriched with the addition of
the SensoMan plug-in. This plug-in enables access to context data retrieved from
sensors connected to Arduino micro-controller boards. The SensoMan plug-in is
of particular importance, since it provides access to the context data coming
mainly from the environment (see Fig. 1), which was not fully covered by other
plug-ins that principally retrieve data from the mobile device (internal) and the
3

https://code.google.com/p/h5cm/.
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Table 2. The context repository: example sensor and reasoner plug-ins

Plug-in

Plug-in type

Functionality

Access type

SensoMan

Sensor

Enables connecting and retrieving data
from sensors connected to
microcontroller boards through the
REST API provided by the
SensoMan system [16].

External:
Micro-Controllers

BatteryLevel

Sensor

Retrieves and monitors the battery
level (e.g., 74 %).

Internal: Mobile
Device

Geolocation

Sensor

Allows detecting and continues
monitoring the position of the user.
Returns the location in the form of
GPS coordinates (i.e., latitude and
longitude).

Internal: Mobile
Device GPS
Receiver

DeviceOrientation

Sensor

Monitors the physical orientation of the
device (e.g., the user tilts or rotates
it).

Internal: Mobile
Device

RestfulService

Sensor

Allows connecting to RESTful services.
It requires as a parameter the URL
of the service including any
parameters the service may require
for its functionality.

External: Internet

FacebookConnect &
LinkedInConnect

Sensor

Enables user authentication with
Facebook/Linkedin and requests
the user to grant access permissions
for retrieving data (given in comma
separated string values).

External: Social
Networks

FacebookInformation &
LinkedinInformation

Sensor

Provides the means to acquire
Facebook/LinkedIn proﬁle data of
the user (i.e., public user data) and
retrieving additional data provided
that the user is authenticated
(requires FacebookConnect/LinkedInConnect).

External: Social
Networks

FacebookPosts

Sensor

Provides the way to obtain wall posts
of the user, provided that the user
is authenticated (requires
FacebookConnect).

External: Social
Networks

ActivityRecognizer

Reasoner

Recognizes the activity of the user
(Jogging, Walking, Sitting, Upstairs
or Downstairs) based on the results
of a decision tree classiﬁer.

Internal: Mobile
Device

BatteryAnalyzer

Reasoner

Retrieves data from the existing
BatteryLevel sensor and returns
TRUE if the application is able to
handle computational intensive
tasks based on a developer speciﬁed
cutoﬀ value (e.g., ¿60 %) passed as
a parameter to the reasoner or
FALSE otherwise.

Internal: Mobile
Device

FacebookRestaurants

Reasoner

Retrieves data from two sources:
Google Places restaurants at a
speciﬁc area and Facebook posts
about user-visited restaurants. It
computes the intersection of the
two sets in order to give user
preferred restaurants (requires
FacebookConnect and
FacebookPosts).

External: Social
Networks
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user (social networks). The SensoMan plug-in enables access to a diversity of
sensors and delivers context-aware functions that further support the development of context-aware Web applications. The list of sensors currently supported
by the SensoMan system is presented in [16].
Furthermore, reasoner plug-ins provide the capability to perform aggregation,
analysis and reasoning on “basic” context data to derive higher level information
that can be useful in taking proactive actions at the application level. Hence,
a simple reasoner of H5CM can include the use of information on whether the
device is charging and its acceleration to decide whether the user is walking,
driving a car or sitting in a room. Such mechanism can be combined with machine
learning techniques of clustering or classiﬁcation for drawing useful conclusions
on the user, such as activity recognition addressed in previous works [12]. Such
techniques can be supported by H5CM through plug-ins that include advanced
processing of context information.
In that respect we have implemented the ActivityRecognizer reasoner plugin that performs activity recognition based on training performed over raw
accelerometer data obtained from the raw dataset4 presented in [13]. The dataset
includes information collected from 29 users while performing various daily activities, such as Jogging, Walking, Sitting, Upstairs or Downstairs. We have used
the dataset that includes these speciﬁc activities to train a C4.5 Decision tree
classiﬁer with a conﬁdence factor of 0.25 [14]. For this step of the process we
have employed the Weka machine learning software and its decision tree implementation indicated as J48 [15]. Subsequently, a pruned version of the tree that
was created from the classiﬁcation process was transferred to JavaScript code
and was used in the formation of a new reasoner plug-in. The current version of
the ActivityRecognizer is available on the Google code website of H5CM.

4

H5CM Automation Component

The main contribution of this work is the deﬁnition and implementation of the
H5CM Automation Component (HAC), which reﬁnes and extends the middleware architecture. In speciﬁc, it automates the development process, so as
to support mainly developers that are not experts in the implementation of
context-aware applications. In this way a developer can easily kick-start the
implementation of context-aware, web-based applications using the concepts and
the reusable elements provided by the middleware. This section presents the HAC
component that was developed through reﬁnement of the H5CM architecture.
The reﬁned architecture presented in Fig. 1 enables storing all developed plugins in an XML-based repository, which is queried by the HAC component to
identify the complete list of plug-ins that the developer can use to automatically
generate the new (sample) context-aware application.
In speciﬁc, the HAC component gives the ability to the developer to select
which sensor and reasoner plug-ins need to be included and used in the contextaware application to be developed. Apart from selecting the plug-ins, the HAC
4

http://www.cis.fordham.edu/wisdm/dataset.php.
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Fig. 1. H5CM Automation Component (HAC): the extended H5CM middleware.

component also queries these plug-ins so as to identify their context properties
(e.g., name, birthday from FacebookInformation plug-in). This enables the developer to choose the properties needed by the application, in order to generate the
code that composes the new context-aware application. A novice developer of
context-aware applications, is thus able to easily include context-aware functionality in the application, simply by selecting the necessary plug-ins and properties.
This allows the developer to focus on the implementation of the application logic
and UIs, rather than on retrieving and analysing context information, e.g., GPS
coordinates, Facebook proﬁle, which is indeed a complex task.
The HAC component is implemented using the library JQuery Steps5 In speciﬁc, JQuery Steps is a User Interface (UI) library that enables the developer
to easily create wizard-like interfaces. The library basically groups content into
sections for a more structured and orderly page view, while providing the capability for validation of steps and the information provided, so as to ensure smooth
progress and quality of the generated code produced by the HAC component.

5

GitHub wiki Online: http://www.jquery-steps.com/.
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When a developer navigates to the ﬁrst page, all available plug-ins and their
properties, including an informative description in terms of the functionality, are
queried, generated and presented in a visual form. The description of the plugins and their properties is deﬁned in an XML ﬁle named “all-plugins.xml” (see
description of Facebook plug-in in Listing 1.1), which forms the XML representation of the context repository. The HAC component was implemented using
this modular and extensible approach, so as to adhere to the architecture of the
H5CM. This allows any expert developer to implement a new plug-in and add it
directly to the repository, simply by describing it using XML. In fact, the HAC
component can query and visualise any newly implemented plug-in, and include
its functionality as part of the generated application, simply by describing the
new plug-in similarly to the example Facebook plug-in shown in Listing 1.1.
Furthermore, the HAC component provides the capability to the developer
to select from two development pathways. The ﬁrst development pathway, showcased in the form of a UML Activity diagram in Fig. 2 (A), allows developers to
enter the application name, select all context plug-ins and their properties, and
generate directly the new context-aware application. The generated application
code can be downloaded and the application is executed and demo-ed before
quitting the application. Using the generated code the developer can further
modify the generated application.
Listing 1.1. XML Description of Facebook plug-in and properties.
1 <p l u g i n>
2
<name>F a c e b o o k C o n n e c t</name>
3
<s o u r c e s>
4
<s o u r c e>m o d u l e s / s e n s o r s / F a c e b o o k C o n n e c t . j s</ s o u r c e>
5
</ s o u r c e s>
6
< d e s c r i p t i o n>T h i s p l u g−i n i s u s e d t o a l l o w t h e u s e r t o a c c e s s
t h r o u g h a F a c e b o o k a c c o u n t </ d e s c r i p t i o n>
7
< p r o p e r t i e s>
8
<p r o p e r t y>
9
<name>name</name>
10
< d e s c r i p t i o n>T h i s p r o p e r t y r e t r i e v e s t h e name o f t h e
F a c e b o o k u s e r</ d e s c r i p t i o n>
11
</ p r o p e r t y>
12
<p r o p e r t y>
13
<name>e m a i l</name>
14
< d e s c r i p t i o n>T h i s p r o p e r t y r e t r i e v e s t h e e m a i l o f t h e
F a c e b o o k u s e r</ d e s c r i p t i o n>
15
</ p r o p e r t y>
16
<p r o p e r t y>
17
<name>g e n d e r</name>
18
< d e s c r i p t i o n>T h i s p r o p e r t y r e t r i e v e s t h e g e n d e r o f t h e
F a c e b o o k u s e r</ d e s c r i p t i o n>
19
</ p r o p e r t y>
20
<p r o p e r t y>
21
<name>u s e r n a m e</name>
22
< d e s c r i p t i o n>T h i s p r o p e r t y r e t r i e v e s t h e u s e r n a m e o f t h e
F a c e b o o k u s e r</ d e s c r i p t i o n>
23
</ p r o p e r t y>
24
<p r o p e r t y>
25
<name>b i r t h d a y</name>
26
< d e s c r i p t i o n>T h i s p r o p e r t y r e t r i e v e s t h e i n f o r m a t i o n a b o u t
t h e b i r t h d a y o f t h e F a c e b o o k u s e r</ d e s c r i p t i o n>
27
</ p r o p e r t y>
28
</ p r o p e r t i e s>
29
</ p l u g i n>

The second development pathway enables the developer to enter the name
of the application and then select speciﬁc plug-ins. Afterwards, the developer
is able to choose context properties available in speciﬁc context plug-ins (e.g.,
FacebookConnect, LinkedInConnect), which are required as context information
in the context-aware application to be developed. For instance, as presented in
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Fig. 2. UML activity diagram: the development pathways.

Fig. 2 (B), the developer has selected the Geolocation, LinkedInConnect and
LinkedInInformation plug-ins. In the following step the developer chooses the
ﬁrst name and skills context properties associated with the LinkedIn related
plug-ins. Finally, the developer is able to download the generated code and view
a demo of the application prior to exiting. The developer can use and further
modify the generated application based on the desired logic and UI for the ﬁnal
context-aware application.

5

Case Study and Evaluation of the HAC Component

This section describes the use of the HAC component for the generation of two
example context-aware applications and the evaluation of the component. The
evaluation is contacted by nine MSc students of the course EPL603: Advanced
Software Engineering, oﬀered at the Dept. of Computer Science, University of
Cyprus. In the ﬁrst scenario, all context plug-ins oﬀered by the middleware are
selected by the developer and the new context-aware application is generated. It
is important to note that the SensoMan sensor plug-in and the ActivityRecognizer reasoner plug-in are still to be integrated with the HAC component, since
their development was only recently completed [16]. The automatically generated application for this scenario where all the plug-ins are selected and executed
using the desktop version of the Firefox Browser.
In the second scenario, the development pathway enables developers to select
speciﬁc plug-ins and their associated properties. As presented in Fig. 3, during
the third step the HAC component allows selecting the desired context-plugins. In the next step, the HAC component detects that the FacebookConnect
plug-in has explicit context properties. This allows the developer to choose the
necessary ones for supporting the desired functionality for the context-aware
application. At the “Finish” step the summary of the process is presented to
the developer, and as soon as the developer downloads the code ﬁles of the
generated application, the wizard is completed. The ﬁnal snapshot in Fig. 3,
showcases the application running on the Android Firefox Mobile Browser.
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Fig. 3. Scenario 2: selecting context plug-ins and context properties.
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Fig. 4. Knowledge, experience and expertise on web technologies and context-aware
applications development.

The HAC component was used by nine MSc students of the EPL603 course:
Advanced Software Engineering. At ﬁrst the evaluation gathered information on
the knowledge, experience and expertise of the students in regards to prior usage
of middleware technologies, use of web technologies and development of contextaware applications. As illustrated in Fig. 4, students have at 75 %, medium to
high experience in the use of web technologies (e.g., Javascript, HTML5, CSS)
for developing web applications. In terms of the use of a middleware for the
development of software applications, 88 % indicated that they have only used
such software once, which refers to the use of the ﬁrst version of the middleware
during the ﬁrst evaluation session [4], while only 12 % have used a middleware
sometimes. The third chart conﬁrms that 75 % of the students have experience
and have worked in the past on software projects for the development of web
applications. Finally, in respect to the development of context-aware applications
3 out of 4 students indicated that they almost never developed such applications.
The students answered the provided questionnaire6 , which revealed that the
opinion of the students for the HAC component was highly positive. In speciﬁc,
the scores were high in terms of all the assessed factors: Learnability, Memorability, Eﬀectiveness and Functionality. Moreover, reviewing the answers to the
6

https://docs.google.com/forms/d/1DJ7FNarlpAq0FI6bqcAOsOb703NgNbRctTsSF
UxhBgU/viewform, HAC Component Questionnaire.
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Table 3. Evaluation results
Learnability, Memorability Eﬀectiveness Functionality
4.78/5

4.63/5

4.63/5

questions dedicated to the HAC component it is evident that the students considered it as a strong point/extension for the middleware. Finally, the automation tool raised the interest of students during the evaluation session, since they
actively tried it on diﬀerent mobile devices to identify and assess if it was working for mobile-speciﬁc plug-ins (e.g., device motion, device orientation) and on
diﬀerent platforms. The results of the tests were encouraging.
The last two factors scored lower since the students indicated that they would
appreciate access to additional sensors, which provided context data from the
environment. The SensoMan plug-in can assist to overcome this limitation and as
part of future work we will be adding this plug-in in the HAC component, so as
to oﬀer additional context-aware functions and increase eﬀectiveness of the generated applications. Moreover, a complementary evaluation by expert developers
can deﬁnitely provide additional insights in terms of functionality coverage and
eﬀectiveness in building context-aware applications. The evaluation was intentionally performed with novice developers (in terms of developing context-aware
applications), since the component’s key aim is to support developers that have
limited experience with such kind of applications (Table 3).

6

Conclusions

Context awareness is a promising research ﬁeld that refers to the acquisition,
processing and reasoning on context information, so as to adapt the application
mainly to the requirements of the user. Due to the diversity of context sources
(i.e., mobile device, user, environment) the development of context-aware applications becomes inherently complex. The developed H5CM context middleware
provides the ability to reduce complexity through the concept of separation of
concerns. In speciﬁc, the middleware enables reusability of context plug-ins and
favours extensibility for supporting the development of context-aware applications. Furthermore, the combination of HTML5 and context-awareness in the
developed middleware addresses the issue of cross-platform development.
The work in this paper goes a step further and aims at further simplifying the
development of context-aware applications. In speciﬁc, it extends the H5CM middleware by deﬁning the HTML5 Automation Component. The HAC component
is also implemented following a modular and extensible approach, which enables
novice developers to deﬁne and automatically generate web-based, context-aware
mobile applications. Future work aims to integrate the SensoMan context sensor
and ActivityRecogniser context reasoner plug-ins with the HAC component, as
there plug-ins are only recently developed [16].
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Abstract. Mobile context-aware systems are becoming more and more
popular due to the rapid evolution of personal mobile devices. The variety of sensors that are available on such devices allow building intelligent applications that adapt automatically to user preferences and needs.
Together with a growth of such self-adaptable systems, number of tools
for collecting, visualising and modelling context were developed. However, there is still a need for tools and methods that will support building
mobile context-aware systems at the very early stage of development.
Such solutions should provide mechanisms for collecting, visualising and
initial preprocessing of data to allow better understanding of processes,
patterns and dynamics of mobile contextual data. In this paper we propose ContextViewer– a toolkit that aims at providing such mechanisms. It is a part of a methodology for building context-aware systems
that besides ContextViewer includes also modelling methods and runtime environment for executing models.

1

Introduction

According to Dey [1] context can be deﬁned as any information that can be
used to characterise a situation of an entity. Such a general deﬁnition allows
to treat diﬀerent types of information as context, but also makes it diﬃcult to
model and process by context-aware systems (CAS). Over the last decade several
frameworks supporting this task were proposed [2]. They provide mechanism for
building context-aware applications which include collecting, visualising, modelling and processing contextual data. However, most of the available solutions
were crafted for the needs of stationary environments. This assumes that the
contextual information is dominated by the user activities within the system,
like websites visited, applications ran1 . Although such approach seems suﬃcient

1

This work was funded by the National Science Centre, Poland as a part of the
KnowMe project (registration number 2014/13/N/ST6/01786).
Exceptions here are systems that use eye tracking for user profile discovery, or EEG
signal analysis for brain-computer interactions. This types of systems however, are
beyond the scope of this paper.
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for most of the desktop context-aware systems, it cannot be considered valid in
mobile systems which use dynamic and time-dependant data.
Such systems are equipped with a variety of sensors like accelerometers, gyroscopes, mobile network providers, GPS, etc., which deliver huge amounts of information in a streaming manner. This information changes very fast in the short
time perspective which is mainly caused by the nature of the streaming data
itself, but also in the long time perspective, which reﬂects changes in the user
habits and routines (phenomena known in the literature as concept drift [3]).
It is very diﬃcult to eﬃciently model system that process such data without
prior knowledge about patterns within the data and correlations between context providers.
Machine learning methods provide mechanisms that allow for automated
discovery of knowledge from large amounts of data. However, applying machine
learning algorithm to context-aware system is not always straightforward. Choosing appropriate algorithm, its parameters, and input attributes (feature set) is
non trivial task, which requires a lot of experiments and preliminary data analysis. Therefore, the comprehensive approach is needed that will provide tools and
methods supporting the designer of mobile CAS in understanding the context
at the very early stage of development.
As a response to this need, we proposed ContextViewer – a web application that allows for visualising and initial preprocessing of contextual information
from mobile devices. It is integrated with AWARE2 – one of the most popular
framework for logging, sharing and reusing mobile contextual data. It allows
for basic semantization of raw sensor data and provides bindings with machine
learning software like WEKA3 and ProM4 to allow direct and immediate analysis of context. ContextViewer is a part of a larger toolkit which consists of
ContextSimulator 5 and HeaRTDroid6 . These tools provide respectively
an lightweight simulation framework, and rule-based runtime for prototyping,
testing and deployment of mobile context-aware applications.
The rest of the paper is organised as follows. Comparison of available frameworks for context management and motivation for our work was presented in
Sect. 2. In Sect. 3 a detailed description of ContextViewer tool was provided. The remaining parts of the toolkit for building mobile context-aware
systems that ContextViewer can be combined with, were brieﬂy discussed
in Sect. 4. In Sect. 5 an use-case scenario was presented. Summary and future
work plans were enclosed in Sect. 6.
2
3
4
5

6

See http://awareframework.com.
See https://weka.waikato.ac.nz/.
See http://www.processmining.org/prom/start.
See http://glados.kis.agh.edu.pl/doku.php?id=pub:software:contextsimulator:start
for details.
See https://bitbucket.org/sbobek/heartdroid for details.
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Overview of Context-Management Frameworks and
Motivation

Context management frameworks can be divided into four groups:
1. frameworks that oﬀer collecting, storing and distributing context within the
system,
2. frameworks that provide visualisation of selected contextual information,
3. frameworks for modelling and processing context,
4. hybrid approaches that combine features of former three.
Systems that allow for collecting and storing contextual information are one
of the most popular tools for building context-aware applications. They provide
basic programistic interface for accessing context in a real time, as well as mechanisms for storing historical data. Examples of such frameworks are SDCF [4],
AWARE, JCAF [5], SCOUT [6], and ContextDriod [7]. These frameworks do not
provide any mechanisms for visualisation nor preprocessing of data. They serve
as a middleware between the physical sensors or native API and the contextaware application. They usually store the data locally to preserve the privacy
issues, but some of them like AWARE provides mechanisms for synchronization with external databases. This allows to transfer complex data analysis from
mobile devices to the more powerful machines, integrate the knowledge from
many sources and exchange this knowledge between the mobile devices in the
distributed manner.
The other type of context-management frameworks are systems which focus
on the visualisation of selected contextual data. In most cases these systems are
commercial applications like: Ubidots7 or Valarm8 . However there are also open
source solutions like Nimbits9 and Freeboard10 . The visualisation frameworks
give more insight into the raw contextual data by plotting them on diagrams,
or augmenting them on the map. They do not provide any tools for automated
analysis of data, nor any runtime. Exception here is the Ubidots and Nimbits
framework, which allows for including simple rule-based triggers that are ﬁred
when a context deﬁned by some preconditions is met. These frameworks are
mostly designed as cloud-based solutions which communicate with many mobile
devices and provide web interface for visualising data.
Frameworks that support modelling context-aware systems and provide runtime environments for executing contextual models form the third class of context management systems. One of the most popular runtime for stationary
context-aware application is ContextToolkit [8]. It supports rule-based modelling language and execution runtime. Other examples of rule-based frameworks
crafted especially for the needs of mobile environments are Context Engine [9],
7
8
9
10

See
See
See
See

http://ubidots.com/.
https://play.google.com/store/apps/details?id=net.valarm.android.pro.
http://nimbits.com/.
https://freeboard.io/.
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SWAN [10] and HeaRTDroid [11]. The last one is used by us as a part of the
runtime environment.
Diﬀerent approach for modelling and executing context models was presented
by Brezillon et.al. [12]. They proposed a structure called Contextual Graph. It
is a directed acyclic graph that represents the actions to undertake according to
the context. The action nodes represent actions to undertake to achieve a goal
while the event nodes become as explained above, contextual nodes describing
the possible contextual issues of a given event.
The last group of context-management frameworks are hybrid solutions like
CoBrA [13] for building smart meeting rooms, GAIA [14] for active spaces or
SOCAM [15] and mobileGaia [16] – middlewares architecture for building pervasive systems. They combine features of frameworks for collecting storing and
distributing context with features of frameworks for modelling and processing
context. They do not provide tools for visualisation and data analysis. What
is more, they are usually built for very narrow, speciﬁc solutions, and can not
be considered as frameworks for more general purpose than initially assumed.
The exception is MUSIC [17] framework – an open platform for development
of self-adaptive mobile applications, which includes a methodology, tools and
middleware.
A comprehensive comparison of all the frameworks and tools discussed in this
section was presented in Table 1. It is worth noting that the solution proposed
by us (bolded rows in the table) covers all the features that we distinguished
important for the context management toolkit.
Although there exist numerous of such solutions, they all approach the issue
of building context-aware systems in a standard manner, which begins with a
modelling phase. However, mobile context-aware system are not yet well established ﬁeld and there is still a lot of research ongoing in the area of context
modelling, automated extraction of knowledge from multiple sources, uncertainty handling, etc. Therefore, in our work we aim at providing tools that
will support the initial phase of the design of mobile context-aware systems
which precedes the modelling phase. During this initial phase, the designer (or
researcher) should be able to understand the contextual data that later will
be modelled. This involves visualisation of this data, but also semantization of
raw sensor streams and integration with most common machine learning software like WEKA of ProM for deep analysis. To achieve this task we designed
and implemented ContextViewer and integrated it with AWARE – one of
the most popular framework for building mobile context-aware systems. ContextViewer is part of software bundle for building context-aware systems that
includes ContextSimulator and HeaRTDroidsystems for simulation, testing and deploying context-aware solutions on mobile platforms. In the next
section the architecture and capabilities of ContextViewer are described.

3

Understanding Context with ContextViewer

ContextViewer is a tool for making Aware framework data easy to browse
and process. It consists of four main modules implementing corresponding functionalities:

yes

yes

yes

yes

GAIA

MobileGaia

SOCAM

MUSIC

yes

Nimbits

CoBrA

not direct

Valarm

no

not direct

Ubidots

ContextViewer

not direct

HeaRTDroid

not direct

no

Context Engine

no

no

SWAN

ContextSimulator

no

Contextual Graphs

Freeboard

no

no

Gimbal

no

yes

SCOUT

no

yes

JCAF

ContextToolkit

yes

ContextDroid

yes

SDCF

Context
sition

Features

AWARE

Framework

acqui-

yes

no

no

no

no

no

no

yes

yes

yes

yes

runtime
history

no

runtime
history

no

no

no

no

yes

yes

yes

yes

Storage

yes

yes

yes

yes

yes

no

no

no

no

no

no

no

no

no

no

no

no

no

yes

no

no

yes

Context
distribution

model only

model only

model only

model only

model only

yes

no

yes

yes

yes

yes

no

no

no

model only

partially

no

no

no

no

no

no

Context visualisation

ontology

ontology

ontology

ontology

ontology

yes

no

rules

rules

no

rules

via rules

no

no

no

no

no

no

no

no

no

no

Context semantization

no

no

no

no

no

yes

no

basic

basic

yes

basic

no

no

no

no

no

no

no

no

no

no

no

Context
analysis

yes

yes

yes

yes

yes

no

no

no

basic rules

no

basic rules

yes

yes

yes

yes

yes

yes

yes

no

no

no

no

Modelling

yes

no

no

no

no

no

yes

no

no

no

no

no

no

no

yes

no

no

no

no

no

no

no

Simulation

Table 1. Comparison of available frameworks for context management

yes

yes

yes

yes

yes

no

no

no

basic

no

basic

yes

yes

yes

yes

yes

yes

yes

yes

no

no

no

Runtime

yes

yes

yes

no

no

yes

yes

yes

yes

yes

yes

yes

yes

yes

no

yes

no

yes

yes

yes

yes

yes

Designed for
mobile

Understanding Context with ContextViewer
81

82

S. Bobek et al.

1. Contextual data visualization module – that aims at transforming raw Aware
data to an intuitive graphical form. With it, instead of browsing database
tables, user can inspect the data visually using only few intuitive controls.
2. Basic semantisation module – that is responsible for basic semantization of
contextual data by translating raw sensor information into human readible
concepts.
3. Machine learning module– which enables pattern discovery in contextual
data. It includes WEKA data mining tool integration component and process
mining component based on ProM tool.
The following section describes in details the architecture and implementation of these modules.
3.1

Architecture of ContextViewer

ContextViewer is a web application developed using Google Web Toolkit
(GWT). GWT is an open source project that makes creating JavaScript frontend applications in Java possible.
Front-end of ContextViewer, referred later as a client-side application,
is received over a network by users where it runs as JavaScript in their web
browsers. At some point, the client-side needs to interact with a backend server.
For example when loading or processing data. The so-called server-side of ContextViewer is based on Java Servlets. Client communicates with the server
via HTTP, sending requests and receiving updates. The communication is done
using remote procedure calls (RPC). The concept of ContextViewer’s architecture is presented in Fig. 1. There is also an external contextual data provider,
which is the Aware framework.
The client-side code implements everything that is responsible for displaying
context data in an end user’s web browser. Simple mechanisms for browsing the
data are available for the user. Handling his or her input allows for changing
display dynamically to match new conditions. The main goal of this part of
ContextViewer is to transform sensors’ data from tables with numbers or
codes to its intuitive graphical representation. For example, numerical latitude
and longitude are represented as a marker on a map using Google Maps API.
For each mobile sensor type used there is a class for storing its context data.
It is possible to easily add components for additional sensor types. There are
methods for invoking interaction with the server, sending requests and receiving
and handling results or answers. It is worth noting that to change appearance of
ContextViewer’s client one mostly needs only to edit included Cascade Style
Sheet (CSS) ﬁle or to replace graphics to be displayed.
The server-side code implements servlets for handling a database, exporting
data to ARFF and running a process mining tool. The main goal of this part
of ContextViewer is to process the context data. Mobile sensors context
data is stored in a MySQL database. Servlet loads data from a user-speciﬁed
interval and sends it back to the client. Attribute-Relation File Format (ARFF)
is a ﬁle type for use with Weka machine learning software. It is created by
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Fig. 1. The concept of ContextViewer’s architecture

invoking a Python script on the server-side. Servlet allows the user to download
generated ﬁle for further data mining in Weka at his or her workstation. Process
mining is performed with ProM Tools. Servlet sends result to the client where
it is displayed.
There are some requirements for ContextViewer to run. On the client-side,
the end user’s browser must have JavaScript enabled in order for the application
to work and display correctly. To run the server-side code, ContextViewer
must be deployed to a web engine. Currently, it is working with Apache Tomcat.
Besides that, the server must have Java JRE 7, Python 3 and ProM 6 installed.
3.2

Visualization of Contextual Data

Visual inspection is an eﬀective means to understanding context data. It can
give useful insights concerning the data format, structure, and meaning. Since
ContextViewer was initially designed as a visualization tool, it provides the
user with several tools for data visualization. The user interface oﬀers two interactive display modes: graphical and textual. The former is aimed to give a quick
overview of collected data in an accessible form, while the latter oﬀers a more
detailed outline.
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Fig. 2. ContextViewer user interface in graphical display mode

The graphical mode (Fig. 2) was designed to be maximally clean and intuitive. It is divided into three isolated sections, reﬂecting tiers of context data. The
rightmost section presents low level information about the device: screen state,
battery level, and network information. The middle section provides higher-level
information about the device (running applications, notiﬁcations) and its surroundings (weather, activity recognition). The last section is a map marking
the device geographical location. Users can easily interact with the application change the device and date, use a slider to quickly run through the data, point
to any icon to get more information, or play with a fully functional GoogleMaps
plugin (including StreetView).
While in the text mode, ContextViewer lets users specify a shorter time
interval with a slider and then simply displays the relevant data in tables. There
are eight subsections: location, activity, weather, screen, applications, battery,
wiﬁ, and network. Although the scope of presented data is similar, the text mode
is far more verbose. Take battery data for example: in graphical mode, only the
battery level and adaptor status (plugged/unplugged) is presented, while the
text mode includes precise measurements of voltage and temperature, as well as
information about battery health, status, charges and discharges, all accurate to
milliseconds. Location data are additionally plotted on a map, but now in form
of splines reﬂecting device movement within selected time period, as opposed to
a single point in graphical mode.
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Basic Semantization of Contextual Data

Although data visualization is certainly a useful feature, the true power of ContextViewer lies in its semantization capabilities. Users can control and tweak
the process by modifying the conﬁguration ﬁle. It is a simple JSON ﬁle deﬁning
the mapping between unprocessed data from AWARE database and higher-level
abstractions. Take GPS data for example. Raw values of latitude and longitude
are not especially meaningful in modelling device environment or its owner’s
behaviour. The conﬁguration ﬁle allows to deﬁne and label interesting areas
such as workplace, home, city centre, as shown in Listing 1.1. The data is then
translated accordingly.
Listing 1.1. An excerpt of the configuration file
{

}

" label " : " Work " ,
" vertices " : [
{ " latitude " : 5 0 . 0 6 6 4 5 9 ,
{ " latitude " : 5 0 . 0 6 1 4 0 0 ,
{ " latitude " : 5 0 . 0 6 7 1 3 0 ,
{ " latitude " : 5 0 . 0 7 1 5 6 7 ,
]

" longitude " : 1 9 . 9 2 6 2 5 8
" longitude " : 1 9 . 9 2 4 9 1 2
" longitude " : 1 9 . 8 9 7 8 7 5
" longitude " : 1 9 . 9 0 0 8 5 8

},
},
},
}

Time can be another example - Unix timestamp doesn’t carry much information about context, but with ContextViewer we can get extract information
about time of the day, day of the week, season etc. The conﬁg ﬁle is fully customizable, well-documented and easily extendable. The output is a CSV, ARFF,
or XES ﬁle, which can be easily loaded into WEKA, R, Python or ProM to perform data mining or process extraction.
3.4

Process Mining and Pattern Discovery in Contextual Data

One of ContextViewer’s modules enables process mining in contextual data.
Firstly, data from an end user-speciﬁed interval is loaded. Next, on the server-side
of ContextViewer, an external tool’s algorithm detects some kind of business
process based on given data log. Finally, the graph visualization that resulted
from the analysis is returned to the user via RPC and is displayed in the clientside application. Figure 3 shows sample output graph in ContextViewer.
The external process mining tool invoked by ContextViewer’s server-side
servlet is ProM Tools [18]. ProM is a framework supports a huge variety of
process mining methods in the form of plug-ins. It is free of charge, implemented
in Java and cross-platform.
Currently used version of the tool is ProM 6. A servlet invokes its methods
in a batch mode using a prepared script. ProM loads the data from a XES ﬁle,
generates a graph visualization of discovered process and saves it into a PNG ﬁle.
Before that, contextual data is converted from MySQL tables to XES (XMLbased standard for event logs, [19]) ﬁle accepted by ProM.
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Fig. 3. Sample process discovered with ProM, visualising user transportation routines

In the following section the runtime environment was presented which allows
to test and evaluate models discovered with WEKA and ProM.

4

Context Simulation and Processing

Results provided by the ContextViewer are used to perform data analysis in
WEKA or ProM, but can not be directly executed on the device. In order to
allow this, system designer has to implement a related functions on the mobileplatform’s side. This task could be too laborious, particularly in the phase of
prototyping. Therefore, to make the whole process as seamless as possible, tools
for simulating and processing data according to the declarative model provided
by system designer has to be provided. This section describes ContextSimulator and HeaRTDroidtools, created speciﬁcally to fulﬁl these requirement.
4.1

ContextSimulator

The simplest way to simulate device’s sensors is to reuse the historical data
that was already acquired and used earlier to perform the semantization on the
server’s side. ContextSimulator is a tool implemented in Java, that fetches
the required parts of the ContextViewer’s database and performs the simulation based on them. It allows system designer to repeat the series of sensors’
readings in the controlled manner, ﬁrst by choosing the speed of the simulation and secondly by dynamic allocation of the sensors, e.g. some of the can be
turned oﬀ in order to check the robustness of the system. ContextSimulator
was designed to extends the capabilities of the AWARE framework and therefore
it is easily integrable with the existing ContextViewer’s projects.
4.2

HEARTDROID

In order to semantically process data on the device, the toolkit was enriched
with the HeaRTDroidinference engine — a rule-based environment designed
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to meet requirements of the modern mobile platforms The most distinctive
features of the engine are usage of the XTT2 knowledge representation method,
which renders the knowledge as a graph of the interconnected decision tables and
straightforward integration with the Android platform. The XTT2 representation is formally founded in the ALSF(FD) logic [20]. HeaRTDroidwas successfully deployed in mobile context-aware application supporting the on-line threat
monitoring system for urban environments [21].
The input of the HeaRTDroidconsists of the XTT2 textual representation
written in HMR— a declarative modelling language based on the Prolog syntax.
The model itself has to include all the types and attributes used in the conditional
and decisive parts of the rules, which are speciﬁed in the latter section of the same
ﬁle as parts of the formally deﬁned schemes; all these elements together specify
clean and unambiguous semantics of the computations performed by HeaRTDroid. The basic example of the HMR rule, which has semantics described by
the natural language sentence: “if day attribute has value sat or sun, then set
the value of the today to weekend value”, is presented below:
xrule Today/1: [day in [sat,sun]] ==> [today set weekend].

More advanced modelling features of the HMR language allow handling of
uncertain data (for example to represent sensors’ unreliability) by usage of the
certainty factors associated with the elements of the model [22] and aggregating
historical data to perform statistical tests on them in the conditional part of
the rules. There exist also two types of statements connecting model with the
application’s logic: (1) callbacks, which are used to set value of the attribute as
a result of the code written in Java, (2) actions, which execute speciﬁed Java
code, after the associated rule’s decisional part is performed.
The following section describes brieﬂy how the entire bundle of ContextViewer, ContextSimulator and HeaRTDroidcan be used for the
understanding of context and basic prototyping task.

5

Use Case Scenario

The use case scenario presented in this section was prepared using data from
one month, collected with AWARE framework with LG Nexus 5 mobile phone.
For the sake of simplicity and space limitation we will describe only one simple
model extracted from this data with ContextViewer. The objective of the
model was to minimize energy consumption of the mobile network provider.
There are four diﬀerent levels of connectivity quality available on mobile devices
(in descending order with respect to quality): LTE, 4G, 3G and Edge. This
connectivity levels corresponds to the energy consumption levels, with LTE being
most energy consuming and Edge less energy consuming.
The initial analysis of data in ContextViewer panel revealed that there
are three main location that the user is present during a day: Home, Work
or in-between, called Commuting. It was also noted that the day of the user
is relatively regular, therefore it is enough to partition it into: Morning, Day,

88

S. Bobek et al.

Fig. 4. Decision tree for prediction of mobile network usage with respect to user location, time and activity.
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Fig. 5. XTT2 model for energy saving with respect to predicted mobile network usage.
The model is based on the decision tree presented in Fig. 4

Afternoon, Evening and Night periods. More analysis of the network usage data
allow to distinguish the thresholds for the usage for the: None, Low, Medium
and High values. Also the activity of the user was deﬁned based on the speed
provided by the GPS sensor. All of this information was serialised into the JSON
format used by the systematization module, in a form presented in the Listing 1.1
and exported to ARFF format. The decision tree generated with a WEKA is
shown in Fig. 4.
The decision tree can be later transformed into the XTT2 tables as presented
in Fig. 5 and evaluated with HeaRTDroidand ContextSimulator tools.

6

Summary and Future Work

In this paper we presented a toolkit for visualising and understanding context,
which supports also rapid prototyping tasks. It is a bundle of tools integrated
with AWARE – a framework designed for researched and developers for collecting, logging, and reusing context related information from mobile devices11 . It
provides also an integration with WEKA and ProM machine learning software.
We focused on the phase that precedes the design and prototyping stages in a
software development cycle. Our approach aim at providing tools that will allow
the designer to understand the domain which alter will be modelled with appropriate methods. Although this approach could seem not scalable when we assume
that the manual analysis has to be performed for every user separately, it should
not be considered as a modelling phase in the development cycle. The analysis
11

It is worth noting, that our work was has been acknowledged ad referenced on the
AWARE framework website.
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performed with ContextViewer and Weka or ProM reveals information on
the higher level of abstraction like: which attributes are good/bad for particular
use-cases, what discretization ranges are good/bad for semantization purposes,
what places (how many) users usually visit, etc. This phase should give the
designer better insight into the data and allow to experiment and rapidly prototype fragments of software that later will be deployed in a real-life application,
possibly with an usage of automated methods.
For the future work we plan to develop tools that will automatically generate XTT2 rule models used by HeaRTDroidfrom the ContextViewer systematization conﬁguration ﬁle. This will allow to reuse the information already
provided by the designer/research into the ContextViewer and speed up the
prototyping process.
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Abstract. Over the years, our research group has designed and developed many self-adaptive multi-agent systems to tackle real-world complex problems, such as robot control and heat engine optimization. A
recurrent key feature of these systems is the ability to learn how to handle the context they are plunged in, in other words to map the current
state of their perceptions to actions and eﬀects. This paper presents the
pattern enabling the dynamic and interactive learning of the mapping
between context and actions by our multi-agent systems.
Keywords: Self-organisation · Context · Learning · Adaptation · Multiagent system · Cooperation · Machine learning

1

Introduction

Real-world problems oﬀer challenging properties, such as non-linear dynamics,
distributed information, noisy data, and unpredictable behaviours. These properties are often quoted as key features of complexity [10]. Dealing with the complexity of the real world is an active research ﬁeld. Complexity implies that
models are insuﬃcient. Systems designed for real-world have to be able to learn
and self-adapt, they cannot rely on predeﬁned models.
Thanks to their natural distribution and ﬂexibility, self-organizing MultiAgent Systems (MAS) are one of the most promising approaches [14]. A good
way to design MASs for this type of problems is to decompose the problem
following its organisation [13]. For many applications, such as bio-process control
[19], engine optimization [3], learning in robotics [17], and user satisfaction in
ambient systems [9], this decomposition leads to a crucial sub-problem: mapping
the current state of the context with actions and their eﬀects. Context is a word
used in many domains and each domain comes with its own deﬁnition. There is
several proposals for a deﬁnition of what context is [2]. In the ﬁeld of problem
solving, Brezillon [5] deﬁnes the context as “what constrains a step of a problem
solving without intervening in it explicitly”. This paper stems from the ﬁeld of
multi-agent systems. Agents are autonomous entities with a local perception of
their environment. In this paper the context refers in this paper to all information
c Springer International Publishing Switzerland 2015

H. Christiansen et al. (Eds.): CONTEXT 2015, LNAI 9405, pp. 91–104, 2015.
DOI: 10.1007/978-3-319-25591-0 7

92

J. Boes et al.

which is external to the activity of an agent and aﬀects its activity. It describes
the environment as the agent sees it [9].
In general a system is coupled to its environment by a cycle of observationaction. For instance for a self-adaptive system plunged in a dynamic environment, the observations become the inputs of the system and the actions its
outputs. The goal of the system is to ﬁnd an adequate action for the current
state of inputs coming from the environment. This current state of inputs is the
context. This is a mapping problem, where the current context must be mapped
to an action.
When we solved the context mapping sub-problem in diﬀerent applications,
we have highlighted a recurrent pattern. This pattern is an abstraction of the core
of several adaptive systems applied to various real-world problems and sharing
the context mapping sub-problem. This recurrent pattern is named Self-Adaptive
Context-Learning Pattern (SACL) in this paper. It is composed of an Adaptation Mechanism coupled with an Exploitation Mechanism. The Adaptation
Mechanism feeds the Exploitation Mechanism with information about possible
actions in the current context, while the Exploitation Mechanism is in charge of
ﬁnding the most adequate action. Both mechanisms can be implemented using
diﬀerent approaches. In this paper, we propose an implementation of the Adaptation Mechanism based on adaptive multi-agent systems. This implementation
is composed of a set of adaptive agents. Each agent represents the eﬀects of a
given action in a given context, the three of them being learned at runtime, in
interaction with both the Exploitation Mechanism and the environment.
First, Sect. 2 details motivations and the structure of the Self-Adaptive
Context-Learning (SACL) pattern. Section 3 proposes an implementation of the
Adaptation Mechanism based on the AMAS approach. Section 4 shows how the
Self-Adaptive Context-Learning pattern and AMAS4CL are used in two of the
aforementioned applications. Finally, Sect. 5 explores an interesting relation with
schema learning, before Sect. 6 concludes with some perspectives.

2

Self-Adaptive Context-Learning Pattern

The Self-Adaptive Context-Learning Pattern is composed of an Exploitation
Mechanism and an Adaptation Mechanism both in interaction with the environment. The SACL environment is every entity which is outside SACL but
aﬀects its behaviour. So a distinction has to be done between SACL environment and the local environment of an agent (see Sect. 3). These entities can be
data coming from sensors, messages from other software, eﬀectors or systems to
control. The data perceived by the pattern are called percepts. The Exploitation Mechanism is the acting entity. It has to decide and apply the action which
has to be performed by a controlled system in the current context. Its decision is based on its own knowledge, including constraints from the application
domain, and additional information provided by the Adaptation Mechanism.
The function of the Adaptation Mechanism is to build, maintain, and provide
reliable and useful knowledge about the current context and possible actions.
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Fig. 1. The Self-Adaptive Context Learning Pattern

To gather this knowledge the Adaptation Mechanism has to correlate the activity of the Exploitation Mechanism to the observation of the environment. In
order to acquire and to keep this knowledge up-to-date with the dynamics of the
Exploitation Mechanism and the environment, the Adaptation Mechanism has
to learn and self-adapt.
The Adaptation Mechanism and the Exploitation Mechanism are coupled
entities and form a control system (Fig. 1). Adaptation Mechanism acquires
(arrow 1) and provides information (arrow 3) about actions (arrow 2) made
by the Exploitation Mechanism relatively to the context, while the Exploitation Mechanism relies on the information given by the Adaptation Mechanism
to make these actions. Moreover, the Exploitation Mechanism sends feedback
(arrow 4) to the Adaptation Mechanism to indicate whether or not the previous
received information was useful. This usefulness is computed from its perceptions
(arrow 5). The feedback includes two information: the last action done by the
Exploitation Mechanism, and a binary qualitative evaluation of the usefulness
of the previous received information.

3

AMAS4CL

The law of requisite variety states that the complexity of a control system must
be greater or equal to the complexity of the controlled system [1]. This means
that to control a complex system, one has to build an even more complex system. Hence, to deal with real world complexity, the SACL pattern has to be
implemented with approaches able to generate and handle complex behaviours.
Our proposal for an implementation of the Adaptation Mechanism is based on
such an approach, called Adaptive Multi-Agent Systems (AMAS). It relies on the
cooperative self-organisation of agents, and is called AMAS for Context Learning
(AMAS4CL).
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Adaptive Multi-Agent Systems

The Adaptive Multi-Agent Systems (AMAS) approach aims at solving problems
in dynamic non-linear environments. This requires learning and self-adaptation.
The approach uses the self-organisation of agents as a mean to learn and selfadapt. This self-organisation is a process driven by cooperation principles [16].
The approach relies upon the classiﬁcation of interactions between a system and
its environment from Kalenka [11]. An interaction can be:
– Cooperative, i.e. helpful for both the agent and the environment ;
– Neutral, i.e. without consequences for the environment or the agent ;
– Antinomic, i.e. detrimental to the agent and/or the environment.
In the AMAS approach, an agent is said to be in a cooperative state if all its
interactions with its environment are cooperative, otherwise it is said to be in
a Non-Cooperative Situation (NCS). An agent in a cooperative state executes
its nominal behaviour, the behaviour that makes it fulﬁll its task. When the
agent detects a NCS, a speciﬁc behaviour is triggered instead of the nominal
behaviour. An agent is designed to be aware of several types of NCSs:
– Incomprehension if the agent is unable to extract any information from its
perceived signals ;
– Ambiguity if the agent can interpret its perceived signals in several ways;
– Incompetence if the decision process of the agent cannot be applied to its
current internal representations and perceptions;
– Improductivity if the decision process of the agent leads to no action;
– Conﬂict if the agent estimates that its action is antinomic with its environment
(including other agents);
– Uselessness if the agent estimates that its action has no eﬀect on its environment (including other agents).
It has been shown that if all the agents of a MAS are in a cooperative state, then
the MAS is functionally adequate, i.e. it is properly fulﬁlling its task [6]. Hence,
the challenge is to design agents able to eliminate NCSs, in order to reach a
cooperative state, and to always try to stay in this state despite changes in their
environment. To solve the NCSs the agent changes the way it interacts with its
own environment. These changes can be of three types (or any combination of
them):
– Tuning: the agent adjusts internal parameters ;
– Reorganisation: the agent changes the way it interacts with its neighborhood,
i.e. it stops interacting with a given neighbor, or it starts interacting with a
new neighbor, or it updates the importance given to its existing neighbors.
– Openness: the agent creates one or several other agents, or deletes itself.
These behaviours are applied locally by the agents, but they have an impact on
activity of the whole system. Hence, they are self-organisation mechanisms.
Applying this approach to the problem of context learning leads to a speciﬁc type of agents, called Context Agents. They are created at runtime, and
self-adapt on-the ﬂy. These agents are the core of our proposition for an implementation of the Adaptation Mechanism of the SACL pattern, described in the
next section.
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AMAS4CL Agents

AMAS4CL has two types of agents: Context Agents and a Head Agent.
The Head Agent is a unique agent created at the beginning allowing interactions between the Exploitation Mechanism and the inner agents in AMAS4CL. It
is basically a doorman allowing messages to come in and come out. Its behaviour,
described in the Sect. 3.3, enables the interoperability of the Adaptive Mechanism with any kind of Exploitation Mechanism. Although this agent performs no
control over the system, its observatory position enables it to detect and repair
some NCSs (see Sect. 3.4).
AMAS4CL starts with no seed, no predeﬁned Context Agent. They are all
created at runtime (see Sect. 3.4). A Context Agent has a tripartite structure:
<context, action, appreciation>. The ﬁrst part, the context, is a set of intervals
called validity ranges. There is one validity range for each percept of the Context
Agent.
Definition 1. A validity range rp , associated to the percept p, is valid if vp ∈ rp ;
where vp is the current value of p.
By deﬁnition, a Context Agent is valid if all its validity ranges are valid. When
a Context Agent is valid, it sends an action proposition to the Head Agent.
The action is a modiﬁcation of the environment. For instance, it can be the
incrementation or decrementation of a variable. It can also be a high level action,
such as “go forward” for a robot. It is domain dependent.
The appreciation is an estimation of the eﬀect of an action at the creation of the Context Agent. It may be for example the expected eﬀects of the
action on the environment, the estimated gain following a given measure, a relevance score, or a combination of these, etc. A Context Agent has to adjust this
appreciation. For this, it possesses an evaluation function determining after a
proposal if the appreciation is wrong or inexact. W rong means that the diﬀerence between the estimated appreciation and the observed eﬀect is unacceptable
(from the designer point of view) whereas inexact means that the error is tolerable. Because the appreciation depends on the application domain, the estimation
function is given by the designer.
A Context Agent can be seen as a tile delimited by its validity ranges. When
a Context Agent sends a proposition, it basically says: “here is what I think of
this action in the current context”. The Exploitation Mechanism receives several
propositions and uses them to decide what is the best action to be applied. This
is detailed in Sect. 3.3.
3.3

Nominal Behaviour

The nominal behaviour is the behaviour enabling the agent to perform its tasks
in a cooperative situation [4]. According to the AMAS approach, we can model
the nominal behaviour of an agent through a Perception-Decision-Action cycle.
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Nominal Behaviour of Context Agents:
– Perception:
– 1: Receives from the environment a set of variable values (percepts).
– 2: Receives the feedback from the Exploitation Mechanism. This
feedback is composed of a binary qualitative information about the
information provided by AMAS4CL at the previous decision cycle
(EN OU GH/N OT EN OU GH) and the last action performed by the
Exploitation Mechanism.
– Decision and Action:
– 1: The Context Agent checks whether it is valid or not by comparing the
current set of variable values to its context.
– 2: If the Context Agent is valid, it sends an action proposition associated
with the appreciation of this action to the Head Agent.
Nominal Behaviour of Head Agent:
– Perception:
– 1: Receives the feedback from the Exploitation Mechanism.
– 2: Receives action propositions from Context Agents.
– Decision and Action:
– 1: Gathers all the action propositions and sends them to the Exploitation
Mechanism.
– 2: Forward the feedback from the Exploitation Mechanism only to the
Context Agents that had proposed the action contained in the feedback.
There are several cases where these behaviours fail. These cases are NCS. To
solve them, the agents have to self-adapt, i.e. to modify their behaviour. This is
detailed in the next section.
3.4

Non-Cooperative Situations

NCS are described in two parts: the detection of the NCS, and its resolution.
These mechanisms of detection-resolution are completing the behaviour of Context Agents.
NCS 1: Conflict of a Context Agent (wrong Appreciation)
– Detection: Thanks to the feedback from the Exploitation Mechanism, a Context Agent knows when its action is being applied. When its action is being
applied, the Context Agent observes the eﬀects of the action, to check if its
appreciation is correct. If the agent evaluates that it has given wrong information to the the Exploitation Mechanism, it is a conﬂict NCS. The interaction
between the Context Agent and the Exploitation Mechanism is ﬂawed and
prevents one of them to fulﬁll its task.
– Resolution: The Context Agent estimates that it should not have been valid.
To solve this NCS, the Context Agent reduces its validity ranges to avoid to
make a proposal in a context where it is unable to give a good appreciation.
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NCS 2: Conflict of a Context Agent (inexact Appreciation)
– Detection: This NCS is similar to the conﬂict NCS of wrong appreciation.
If a Context Agent considers that its appreciation is inexact, it is also conﬂict
NCS. The inexactitude of the appreciation prevents an optimal activity of the
Exploitation Mechanism.
– Resolution: This NCS is less harmful, the Context Agent estimates it
was still right to make a proposal, it only needs to give a more accurate
appreciation. Thus, the agent does not change its validity ranges, but adjusts
its appreciation, using information from the feedback of the Exploitation
Mechanism and from the observation of the environment.
NCS 3: Uselessness of a Context Agent
– Detection: Sometimes, after successive adjustments of their ranges, Context
Agents may have one or more range greatly reduced. If this range becomes
smaller than a user-deﬁned critical size (for instance: zero, or very close to
zero), the Context Agent considers itself as useless, since it has no chance of
being valid again.
– Resolution: The agent self-destroys.
NCS 4: Improductivity of the Head Agent
– Detection: If the Head Agent receives a feedback containing an action that
was not proposed at the previous step, the decision leads the agent to forward
it to no one. It is an NCS of improductivity. It occurs when no proposal
was received by the Head Agent (for instance, at the start, when there is no
Context Agent in the system), or when none of the proposed actions were
applied by the Exploitation Mechanism. This NCS means the Exploitation
Mechanism had to explore by executing a new action. This exploration is
domain dependant.
– Resolution: If the Head Agent had received proposals with the action contained in the feedback earlier in its lifetime, it requests the Context Agents
that had sent it to expand their validity ranges toward the current context.
If nobody is able to do that (Context Agents may reject this request if the
adjustment is too big), the Head Agent creates a new Context Agent with the
new action received in the feedback, and initializes it with the current context
and a ﬁrst appreciation that depends on the domain.

4

Applications

This section gives examples on how the context-learning pattern is used to solve
real-world problems. We focus on two diﬀerent applications: ALEX, a multiagent system that learns from demonstrations to control robotic devices and
ESCHER, a multi-agent system for multi-criteria optimization.
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ALEX

Service robotic deals with the design of robotic devices whose objectives are to
provide adequate services to their users. User needs are multiple, dynamic and
sometimes contradictory. Providing a natural way to automatically adapt the
behaviour of robotic devices to user needs is a challenging task. The complexity
comes with the lack of way to evaluate user satisfaction without evaluating a
particular objective. A good way to handle this challenge is to use Learning from
Demonstrations, a paradigm to dynamically learn new behaviours from demonstrations performed by a human tutor. With this approach, each action performed by a user on a device is seen as a feedback. Through the natural process
of demonstration, the user not only shows that the current device behaviour is
not satisfying him, but also provides the adequate action to perform. Adaptive
Learner by EXperiments (ALEX) [17] is a multi-agent system designed to face
this challenge.
System Overview. Our approach considers each robotic device as an
autonomous agent in interaction with other components, humans and the environment through sensors [18]. An instance of ALEX is associated with each
robotic device composing the system (basically one by eﬀector). For example
in the case of a two wheeled rover, each wheel has its own controlling system.
ALEX receives a set of signals coming from sensors and the activity of the human
tutor performing the demonstration. The tutor can perform at runtime a demonstration by providing to ALEX the adequate action to perform. The problem is
then to map the current state of sensors to the activity of the user in order to
be proactive the next time a similar situation occurs and the tutor provided no
action. ALEX is built on the SACL pattern and AMAS4CL (Fig. 2).

Adaptive Learner by EXperiments

Action

Values

Sensors

Feedback

Exploitation
Mechanism

Action

Action : Confidence

AMAS4CL

Robotic
Device

Tutor

Fig. 2. ALEX is based on the Self-Adaptive Context-Learning Pattern using
AMAS4CL
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Fig. 3. Number of collected boxes each 5 min. The step 0 corresponds to the reference
score.

AMAS4CL must provide to the Exploitation Mechanism the adequate action
to satisfy the tutor. However, tutor satisfaction is not directly observable and it
is diﬃcult to correlate the eﬀect of an action on tutor satisfaction without evaluating an a priori known objective. The appreciation part of Context Agents is a
dynamically built conﬁdence value. This conﬁdence value is increased each time
a Context Agent is activated and proposes the same action as the tutor’s, and
is decreased otherwise. Each Context Agent dynamically manages its conﬁdence
value thanks to the feedback from the Exploitation Mechanism. Then, at each
decision cycle, the action proposed by the activated Context Agent with the
utmost conﬁdence is sent to the Exploitation Mechanism. More information on
the implementation of this conﬁdence value can be found on previous works [9].
Results. ALEX has been tested both on simulation and on a real Arduino based
robot [18]. The experiment is a collecting task involving a two wheeled rover
inside an arena. A user performs a ﬁve minutes demonstration of a collecting
task allowing the rover to learn the desired behaviour. The number of collected
artifact is computed during the demonstration and this score is compared to
the score performed by the rover. Experiments have shown that ALEX increases
system capacity to perform this task: the rover often collects more artifacts than
the user (see Fig. 3) [18].
4.2

ESCHER

ESCHER, for Emergent Self-organized Control for Heat Engine calibRation, is
a multi-agent system able to learn in real-time how to control another system. It
was used to ﬁnd the best control for heat engines in order to calibrate them [3].
The main problem is to ﬁnd which action will increase the satisfaction of a set
of user-deﬁned criteria, regarding the current state of the controlled system. In
other words, the problem includes the mapping of the controlled system statespace with actions and their eﬀects, hence the use of the SACL pattern.
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ESCHER
SACL Module 1
Values

AMAS4CL

Actions/Forecast
Feedback

Controller
Agent

SACL Module 2
Values

SACL Module N

Actions

Variable
Agents
&
Criterion
Agents

Values
Observations

User-defined
Control Criteria

Controlled System

Fig. 4. ESCHER is based on the Self-Adaptive Context-Learning Pattern using
AMAS4CL

System Overview. The environment of ESCHER is composed of the Controlled System along with the user’s criteria for the control, such as setpoints,
thresholds, and optimization needs. ESCHER performs closed-loop control, while
simultaneously learning from its interactions with the environment. This learning
is handled by several distributed SACL modules, implemented with AMAS4CL.
Figure 4 shows an overview of ESCHER. There is one SACL module per
input of the Controlled System. The Exploitation Mechanism of each module is
an agent called Controller Agent, in charge of applying the most adequate action
on its associated input of the Controlled System. Along with SACL modules,
ESCHER includes an internal representation of its environment in the form of
Variable Agents and Criteria Agents. There is one Variable Agent per input and
output of the Controlled System. A Criterion Agent represents an optimization
need, a threshold to meet, or a setpoint to reach. A Criterion Agent expresses
its satisfaction in the form of a critical level: the lower the better, zero means
the criterion represented by the agent is fully satisﬁed.
ESCHER works with continuous systems and has an explicit representation
of criteria. This has led to the following characteristics for the Context Agents
of AMAS4CL instances:
– The context part of a Context Agent is a set of adaptive range trackers, a
speciﬁc tool to learn value ranges with simple binary feedback;
– The action part is a modiﬁcation of an input (+δ or −δ);
– The appreciation part is a set of forecasts about the variation of the critical
levels.
Controller Agents receive action proposals with their expected eﬀects on the criteria satisfaction, and select the most adequate action to apply, meanwhile sending appropriate feedback to the Context Agents. When no proposal is received,
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Fig. 5. An engine optimization performed by ESCHER

a Controller Agent applies a new action, chosen randomly. When no received proposal includes an adequate action, it does the same, but excluding actions known
for their bad eﬀects. There are several additional NCSs to the four of AMAS4CL.
In particular, Context Agents are able to adjust their proposed action.
Results. ESCHER has been experimented on both artiﬁcial and real cases. Here
are only presented the results of an experiment on a real 125 cc monocylinder
fuel engine. More detailed results can be found in [3] and will be published in
future papers. The goal of this experiment is to perform a classical optimization
of the engine: maximizing the torque, minimizing the fuel consumption, and
meeting pollution thresholds. ESCHER controls three parameters: the injected
mass of fuel, the ignition advance, and the start of injection. Thus, there are
three instances of SACL/AMAS4CL.
Figure 5 shows the evolution of the outputs of the engine over time: the
Indicated Mean Eﬀective Pressure (IMEP, an image of the torque), the fuel consumption, and the two considered pollutants: hydrocarbons and carbon monoxide. At the beginning, ESCHER has no Context Agent. Controller Agents make
mistakes: during the ﬁrst dozen of lifecycles, the IMEP drops, and the fuel consumption rises. After a while, ESCHER has acquired enough knowledge and
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is able to maximize the IMEP and to minimize the fuel consumption. During
the optimization process, pollutants sometimes rise over their threshold. But, in
the end, ESCHER ﬁnds a conﬁguration where IMEP and fuel consumption are
optimized, and pollutants under their respective threshold. The obtained result
is equivalent to the calibration, which currently is only manually performed by
experts with full knowledge of this particular engine.

5

Related Work

AMAS4CL learns without any global evaluation function about it activity, but
only local evaluation functions at the level of agent. Thus, every approach using
objective or global evaluation functions (like neural networks or genetic algorithms) are considered as not related.
SACL pattern was designed from the beginning as a self-organized, bottomup approach to solve real-world problems. The Context Agents structure, associating context/action/prediction, does not try to mimic nature, human brain
or way of thinking. At opposite, other work gets inspiration from human behaviour to build intelligent artiﬁcial systems and propose some patterns which have
interesting similarities with AMAS4CL.
Drescher proposed the schema mechanism [8] as a way to reproduce the
cognitive development of human during infancy as it was described by Piaget.
The main part of this approach is the notion of schemas. Each schema asserts
that a speciﬁc result will be obtained in a speciﬁc context by the application of
a speciﬁc action. This is similar to our Context Agent structure (Fig. 6).

Schema :

Context

Context
Agent:

Context

Action

Result

Action
Appreciation

Fig. 6. Schema and Context Agent structures

Schema mechanism is able to learn about its environment by three means:
induction (creating new schemas to express regularity in the environment),
abstraction (creating new actions as a combination of primitive actions) and
conceptual invention(creating new elements to represent unknown state of the
world). As AMAS4CL, schema mechanism does not use any objective function
and can learn with very few speciﬁcations about the environment. Some of the
limitations of the schema mechanism were improved by later works, in particular
(but not restricted to) the intense need for resource by Chaput [7] and Perotto
[15], or the diﬃculty to handle a continuous environment [12].
Even if AMAS4CL and constructivist learning approach share some properties, their learning strategies are strongly diﬀerent. It is interesting that two
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approaches, one starting from a representation of the child’s cognitive development, and the based on cooperative interactions between agents, stemming from
system theory, converge towards a similar structure for information-carrying
entities (schema and Context Agent).

6

Conclusion

This paper presents the Self Adaptive Context Learning Pattern designed to
handle real-world non-linear problems. This pattern relies on two parts: the
Exploitation Mechanism which acts on the environment, and the Adaptation
Mechanism which provides information to the Exploitation Mechanism. The
Adaptation Mechanism acquires and adjusts these information by the observation of the environment.
AMAS4CL is a multi-agent system which enables this adaptation, through
the use of cooperative agents. By minimizing the need of assumptions on the
studied system, the approach is generic and was used in a wide variety of complex
real-world problems, like complex systems control [3], robotics [18], or ambient
systems [9].
The ability to handle real-world complexity could be achieved by a better
understanding of the context, and by eﬃcient mapping between current context and relevant information for the Exploitation Mechanism. But, in dynamic
environments, a static mapping is somewhat limited. The SACL pattern and its
implementation brings an adaptive approach to handle this problem.
Several works are currently underway using AMAS4CL, in the ﬁelds of networks control, generation of complex system models and human user behaviour understanding. These works are opportunities to improve AMAS4CL.
Future work includes formalisation of AMAS4CL and comparison with other
approaches, such as schema learning.
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Abstract. Currently one of the most widely used systems for GPS locating is
very suitable for outdoor environment, but in buildings is practically not
applicable. For indoor locating, the device based on Bluetooth can be used. It
can measure and determine the approximate location. This article deals with the
issue of building a network of transmitters on the basis of which the position can
be determined and presents a new method for the assessment of a layout of
individual transmitters in the building.
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1 Introduction
Fast wireless data networks, smart mobile phones as versatile and multifunctional
devices, along with the decreasing price of these components are now increasingly
talking about Internet of things. The Internet of things, i.e. interconnection of commonly used devices should greatly facilitate our lives and create smart environments.
Smart environments can then automatically respond to user’s initiatives and help
him/her solve everyday problems.
One of the characteristics of smart environments is that equipment working in it is
able to interact and “intelligently” respond to the user’s initiatives or automatically based
on the current context to predict the user’s desires. A simple example of interaction in
such an environment can be e.g. automatic dampening of the lighting in the room after a
user begins to watch a ﬁlm from the DVD player. The smart environment enables to
provide a wide range of services based on the current context (state) without asking them.
The following basic contexts are usually distinguished: [1]
•
•
•
•

Location
Identity
Time
Activity currently carried out, state

The following text will focus on the issue of localization inside buildings in order to
provide contextually relevant services.
© Springer International Publishing Switzerland 2015
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2 The Issue of Localization in Buildings
One of the most common ways of the localization is Global Positioning System
(GPS) technology, which has basically become a standard for localization in the open
ﬁeld [2]. Nevertheless, the localization using GPS module device does not have in
some cases sufﬁcient accuracy and it is difﬁcult to use it inside buildings [1, 2]. For
localization inside buildings, it is therefore advisable to choose a different technology.
Bluetooth Smart 4.0 technology, which has very low energy demands on its device
in comparison with previous types [3], has become an interesting medium for localization inside buildings. So as to be able to perform the localization using this technology some infrastructure should be created, similar to that which is used at GPS,
where the localization infrastructure is formed by satellites. Apple’s standard called
iBeacon, which was established in 2013 [4], was chosen to create such a localization
infrastructure.
iBeacon is a device - an electronic beacon, enabling to transmit certain data on
Bluetooth 4.0 LE (low energy) protocol. These data may be information on the current
ongoing discounts in the shop on a certain type of goods, data with the position etc. The
device consists of a small transmitter powered with a 1.5 V-hour battery that can supply
the device according to required performance for several years. The battery life varies
from manufacturer to manufacturer [5, 6].
For the localization a device which can process Bluetooth 4.0 LE signal is needed.
Theoretically, only Bluetooth 4.0 support is required, but practically the support in the
actual operating system device is necessary. As the author is Apple, support in iOS
version 7 and above is exemplary. The most widely used Google Android system
supports this technology without restriction from version 5.0 and the third most frequently represented Windows Phone integration is not even in Version 8.1. iBeacon
transmitters can be used for both possibilities of targeted ads and the possibilities for
localization providing proper positioning of each transmitter.
Each iBeacon has its own unique identiﬁer. With the ability to measure the signal
strength from the iBeacon or more iBeacons, the position of the device which receives
the signal/signals can be determined. This positioning system requires a functioning
digital map of the area in which the localization will be carried out and also the well
known position of individual transmitters. Nevertheless, determining the position based
on the signal strength from of each iBeacon may be hiding certain issues in the form of
difﬁculty in determining the correct position of each iBeacon in covering space.

3 Related Work
The accessible literature describes many ways of localization based on the method of
collecting and processing ﬁngerprints of signals. Two basic groups can be identiﬁed
[7]:
• A calculation based on the location of the transmitters of signals.
• Triangulation method is used to determine the positioning.
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• Comparing the measured values of received signal/signals with stored reference
ﬁngerprints in the database. It can be further divided into [9]:
• The nearest neighbor
• K-nearest neighbors
• Probabilistic method
• Method of Neural Networks
• Support vector machine
• Smallest M-vertex polygon
Due to the diversity of different algorithms and particularly with regard to their
accuracy and resistance to accidental impacts, various solutions, how transmitters
should be distributed/placed, can be found in the literature [8, 13, 14].
Some solutions are based on observations of radio signal spread used when measuring the signal strength at different locations [10]. Therefore, in principle, it is an
identiﬁcation of locations of transmitters based on power, noise level and signal
quality. To ensure reliable results, the measurement must be repeated several times.
Another approach is to use discrete mathematical methods. It is a distribution of the
covered area with a cell grid. Particular transmitters are then placed in the middle of the
cells. It is very important to select an appropriate accuracy of the grid [13–18].
Some models use both of these approaches. To optimize the deployment, a signal
loss (path loss) or the signal strength (power) can be used. Model based on signal loss
can be built on different properties which are known to spread the signal. It may be, for
example, the average loss of signal on the path, the maximum loss or convex combination [19].
The model can be used both for calculating the coverage of the area of the transmitter, but also for determining the maximum distance between two transmitters.
Convex combination of average and maximum loss is given by [19]:
F1 ða1 ; . . .; aN Þ ¼

M
1X
min gðaj ; ri Þ
M i¼1 j

F2 ða1 ; . . .; aN Þ ¼ max min gðaj ; ri Þ
i

j

ð1Þ
ð2Þ

where F1 is a function of the average signal loss and F2 is a function for maximum
signal loss. Other variables are explained in Table 1. The functions of convex combination is then the following:
F3 ¼ wF1 þ ð1  wÞF2

ð3Þ

for which the following applies:
min gðaj ; ri Þ  gmax 8i ¼ 1;    ; M
j

Relationship of convex combination of F1 and F2 is then:

ð4Þ
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Table 1. Description of the various variables in the formulas.

Variable
aj
ri
d(aj, ri)
g(aj, ri)
gmax
Pt
Pr
Rth
µ
ψ 2 [0,1]

Signiﬁcance
Transmitter
Receiver
Distance between the transmitter (aj) and the receiver (ri)
Loss path from the transmitter (aj) to the receiver (ri)
Maximum tolerated loss path
Transmit power
Received power
Received threshold
Limiting parameter for selecting the maximum allowable loss
Convex combination of coefﬁcient to deﬁne the sum of a maximum function

!


M
1X
F3 ða1 ; . . .; aN Þ ¼ w
mingðaj ; ri Þ þ ð1  wÞ max min gðaj ; ri Þ
i
j
M i¼1 j

ð5Þ

The referred relationship describes that the signal loss is assessed against the
maximum allowable gmax loss. This limitation ensures that the quality of the received
signal will always be above a certain threshold. Determining thresholds can be done by
the following relationship.
gmax ¼ Pt  Rth

ð6Þ

To determine the number (N) of required transmitters, the following algorithm is
used. The initial setting N = 1:

1. Attempt to solve the problem (1) – (2)
2. Is there any solution?
a. Then N is a number of transmitters needed
b. Else N = N + 1
3. Repeat step 1
Just right the number of transmitters can be a signiﬁcant parameter for the future
draft of the optimum deployment of iBeacons [21], because for localization purposes,
at least three transmitters should be seen at each site [19, 20]. Particular tools for
deployment of transmitters for localization purposes in the interior are presented below.

3.1

Ekahau - Optimum AP Deployment for Wiﬁ Signal Emission

Ekahau company focuses on providing a system for determining the position via
received Wi-Fi signal called Site Survey. This system seems to be appropriate for a
number of similarities between Wi-Fi and Bluetooth technologies. Based on the map of
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covered area and after deﬁning the required parameters the Site Survey system is able
to propose appropriate deployment of Wi-Fi Access Points. Deﬁned parameters are as
follows: [21].
•
•
•
•
•
•
•

3.2

Minimum signal strength of the most powerful AP (Wi-Fi Access Point)
The minimum signal to noise ratio (SNR)
Minimum data transfer rate
Minimum number of APs in range
Channel Overlap (the maximum number of audible APs on the same channel)
Minimum Ping Round Trip Time
Packet loss (% of packet losses calculated from the last 10 packets). The system
uses visualization of the estimated signal emission in the map to determine the
optimal deployment of AP in the area. With this tool, it is possible to observe a
number of parameters such as the number of clients per AP, access to each AP,
capacity visualization, the overall coverage, data rate or the expected locations with
noise. An interesting visualization is a number of audible AP at the site.

Creation of HeatMap

To search the appropriate position of transmitters, it is possible to use relatively
accurate but a computationally demanding method called HeatMap formation that is
formed as follows. Firstly, a 2D model building outlining the individual rooms is
created while it is not necessary to record any parameters on the barriers affecting the
spread of the radio signals. Then we record measured values of signals at various points
of the building in the HeatMap. The values are recorded in the prepared model.
Obviously, it is not possible to perform measurements at each point of the building,
but the more measurement is taken, the more accurate model is obtained. Based on
these measurements, the coverage for each point in the building is calculated then. The
basic algorithms work under the assumption of a linear signal loss. If we make measurements before the obstacle/barrier, the algorithm records these very different values
of the received signal and is also able to process the HeatMap.
The advantage of this method is high accuracy, which is affected only by the
amount of measurements performed. The main disadvantage is the difﬁculty of conducting a number of measurements while search for the optimal deployment was
necessary at every change of deployment of transmitters to create a new HeatMap.
The advantage of this method is high accuracy, which is affected only by the
amount of measurements performed. The main disadvantage is the difﬁculty of conducting a number of measurements while searching for the optimal deployment, it was
necessary to create a new HeatMap at every change of deployment of transmitters.

4 Optimum Location of iBeacon
Indoor localization can be performed in a four-wall windowless room where it would
work reliably, however real and unstructured. The environment in the form of various
types of walls and other obstacles can result in complications that make it difﬁcult to
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ﬁnd an appropriate placement of iBeacon to get the most accurate outcome. To cover
the largest possible amount of practical situations, model situations, in which measurements are created, will be developed. The measurement results will serve as a basis
for further research in the use of iBeacon.
In each model situation the following data will be recorded:
•
•
•
•
•

room layout (plan),
masonry materials (concrete, glazing, etc.),
density of built-up area (computer lab, auditorium, etc.),
arrangement of objects in the room,
potential sources of interference.

In the speciﬁc case, for example, it is a rectangular room where the tables and
computers are placed.
Model situations will serve as a data source for subsequent assessment and resulting
determination of the optimal placement for a particular situation. Several test scenarios
that differ both in deployment of iBeacon equipment and in their settings will be ready
for each model situation. The aim is to monitor how the signal power and other
parameters of the source transmitter are changing. The main assumption, which must
be met to determine the appropriate deployment of iBeacons, is visibility of three or
more devices with sufﬁcient signal power from most of the possible positions in the
model situation.

4.1

Transmitted Data by iBeacons

Localization of the mobile device can be performed on the basis of broadcast data by an
iBeacon transmitter. The data transmitted by iBeacon are described in detail in the
following text.
Bluetooth operates in the ISM 2.4 GHz frequency band (similar to WiFi).
According to [11] the communication itself consists of two parts of promotion (advertising) and connections (connecting). The promotion is one of the ways to make
devices well-known. Subsequently iBeacon sends so called Transmit Packet at interval
of 20 ms to 10 s. The actual packet has a length of 47 bytes. Its structure is shown in
Fig. 1.
The data is further divided into:
•
•
•
•
•

iBeacon preﬁx (9 B)
Proximity UUID (16 B)
Major (2 B)
Minor (2 B)
TX power (1 B).

TX power value that indicates the strength of the transmitted signals is the most
important for localization. On the basis of the intensity of the transmitted signal (TX
power) and the received signal intensity (RSSI), approximate location can be determined [22].
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Fig. 1. Packet structure transmitted by iBeacon.

5 The Method of Optimum Allocation of iBeacon Position
The task of the proposed method is to cover as much space by the least number of
iBeacon (transmitters). To obtain the optimum solution, at ﬁrst the model will be
created, which will then be tested in a real environment.
The proposed model is based on the division of the area, which is intended to be
covered with a signal, to square shaped cells of a predetermined size. The size of cells
in the model corresponds to the accuracy that is required for positioning of proposed
solutions. It is recommended to choose a network of cells so that the interface of each
cell coincides with obstacles in the space, e.g. the wall of a building or other obstacles,
signiﬁcantly suppressing electromagnetic radiation.
If the obstacle is located within a cell, similarly as it is shown in Fig. 2, the cell
must be split at the point through which an obstacle passes.

On this place the cells
must be divided

Fig. 2. Covering space (Curved corridor), divided into cells.

In the second stage, the model is equipped with transmitters whose location is
chosen with respect to adequate free space around individual transmitters. Based on the
predicted signal damping with increasing distance from the transmitter and on the basis
of the radiation characteristics of the transmitter, the individual cells are rated on a scale
expressing the estimated signal strength in the middle of the cell. The largest value is
determined as the evaluation of the cell which is in reach of more than one transmitter.
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If the cell is divided by an obstacle into several parts, every part of the cell is evaluated
separately.
In Fig. 3 there is an example of evaluation of a model situation. The values are
rounded to whole numbers by the following relationships. Evaluation of the cells in
Fig. 3 is deﬁned as the RSSI level of estimated intensity of received signals in the cell,
according to the formula expressing the signal fading with increasing distance [12]:
CRSSI ¼ ð10  nÞ log10 ðdÞ þ A;

ð7Þ

where n is a signal propagation constant, d is a distance from the transmitter and
A is a set value of the transmitted signal power (Tx Power). Based on experimental
testing, the value n ¼ 3; 5 was determined. The value of Tx Power was set to A ¼ 74.
Signal attenuation caused by the barrier must be determined experimentally regarding
the character of the obstacles. The calculation may be further reﬁned with respect to the
transmitter radiation characteristics.
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Fig. 3. Transmitters (gray polygons) positioned in covering area and the cell assessment
according to the estimated signal strength in the cell.

In such a model we are trying to place the transmitter so as to achieve the greatest
value of the variable S, deﬁned as:
m X
n 
X
ci;j 2 C
S¼
;
xi;j 2 X

ð8Þ

i¼1 j¼1

where c is evaluation of the undivided cell, C is a set of retained cells, x is a weighted
average of the evaluation of all parts of the undivided cells, X is a set of all cells divided
and m and n is a number of cells in the model in horizontal and vertical direction.
Calculation of the weighted average x is given by:
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x ¼ i¼1

xi  ssci
sc

;

113

ð9Þ

where n is a number of parts of the cell, sc is an area of the whole cell, si is an area of
the i-th part of the cell, and xi is evaluation of the i-th part of the cell. By ﬁnding the
maximum of S value, the optimum area coverage by transmitters will be obtained.
K coefﬁcient is then calculated from the total sum. The coefﬁcient expresses the level of
coverage area, as deﬁned in the following relation:
K¼

S
;
mn

ð10Þ

where n is a number of cells in the horizontal direction and m is a number of cells in the
vertical direction.

6 Validation of the Model
The model of transmitters deployment has been tested on a set of model situations
(Fig. 4) using test scenarios. All measurements were carried out by 6 Nexus telephone
with Android 1.5. Estimote (from the manufacturer) and the Locate Beacon applications were used for measurements. When calculating the values in the model, obstacles
were taken into account. The expected value in the cell model and the actual measured
value at a particular location were always compared for each model situation.
The measured and calculated values of a signal for the situation in Fig. 4a re
depicted in Table 2 (values in the table are in the shape of measured value/calculated
data).
From the result of measurement, it is evident that the signal does not reach from the
ﬁrst person to the third iBeacon over the corner of the room. Another interesting fact is
that the signal attenuation between the ﬁrst person and the ﬁrst iBeacon is higher than
−100 dB, but between the ﬁrst person and the second iBeacon is −98 dB, while the
difference in distance is at least ﬁve times greater. On the other hand, for the fourth
person and the third iBeacon, the attenuation corresponds to the theoretical assumptions. In the second case (Fig. 4b) there has been a selection of the situations. The
chosen situation corresponds to the model detecting the presence of a person in
the room and has brought a lot of knowledge about the signal propagation through the
walls of the building. The aim was to determine whether a person is inside the room or
not. Theoretically iBeacon should be able to cover the entire room without any trouble,
and at the same time not to pass through the wall. Even through around 30 cm thick
walls, the signal attenuation spreads out into the hall. Measured and calculated values
are recorded in Table 3.
The results have shown that differences in signal attenuation are minimum and little
reveal whether the user is inside or outside the room. Fault limit was −100 dB but
attenuation of −98 dB is very close to this limit.
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Fig. 4. (a), (b), (c), (d). Model situations in which the measurement was performed.
Table 2. Measured and calculated values for the model situation in Fig. 4a
Person1
Person2
Person3
Person4

iBeacon1
−103 dB/−85 dB
−90 dB/−91 dB
−95 dB/−98 dB
−103 dB/−104 dB

iBeacon2
−98 dB/−98
−80 dB/−85
−83 dB/−91
−77 dB/−95

dB
dB
dB
dB

iBeacon3
—/−106 dB
−97 dB/−95 dB
−95 dB/−91 dB
−81 dB/−82 dB

Table 3. Measured and calculated values for the model situation in Fig. 4b.
Person1
Person2
Person3
Person4
Person5

iBeacon1
−98 dB/−90 dB
−98 dB/−100 dB
−92 dB/−93 dB
−101 dB/−105 dB
−100 dB/−104 dB

In Fig. 4c there has been a selection of a room where two walls were formed by
glass. The glass is metallised, which signiﬁcantly influences the signal propagation.
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Table 4. Measured values for model situation in Fig. 4c
Person1
Person2
Person3
Person4

iBeacon1
−100 dB/−99 dB
−92 dB/−93 dB
−100 dB/−104 dB
−96 dB/−101 dB

iBeacon2
—/−103 dB
—/−100 dB
—/−99 dB
—/−100 dB

This situation was chosen because these materials are often used for glazing for
buildings. Results are presented in the following table: (Table 4)
In the situation of Fig. 4c it was also interesting to observe how the signal is
periodically lost from iBeacon2, although it was placed as iBeacon1 1.5 meters from
the glass walls (the correct function of iBeacon2 has been several times veriﬁed).
The last measurement (Fig. 4d) was carried out at an ideal situation - a rectangular
room without any obstacles that would affect signal propagation. The ﬁrst person
should theoretically have the same signal from all iBeacons, however, the actual
measurements proved signiﬁcant differences as shown in Table 5. Paradoxically the
best result was at the third person, placed in the corner, where intensity of signals from
particular transmitters were measured as expected.
Table 5. Measured values for model situation in Fig. 4d
iBeacon1
iBeacon2
iBeacon3
Person1 −90 dB/−95 dB −96 dB/−96 dB −83 dB/−83 dB
Person2 −80 dB/−91 dB −94 dB/−91 dB −82 dB/−91 dB
Person3 −80 dB/−88 dB −92 dB/−95 dB −90 dB/−101 dB

The average deviations from the actual and measured are as follows:
•
•
•
•

Situation
Situation
Situation
Situation

in
in
in
in

Fig.
Fig.
Fig.
Fig.

4a – 4, 9 dB
4b – 3, 8 dB
4c – 2, 7 dB
4d – 5 dB

In calculating the average deviations, the condition, when the measurement could
not detect a signal from the transmitter, were not included in the calculation. The
measurement also proved an expected fact that if there are a larger number of obstacles,
which signiﬁcantly affect the propagation of electromagnetic signals, the model unlike
the reality loses accuracy caused by signal reflections.
The proposed model could very well take into account attenuation caused by
obstacles. However, due to a very difﬁcult estimate how the signal reflects from
obstacles (there are no data on the exact composition of the material of obstacles and
their properties) the errors caused by signal reflections cannot be taken into account in
the model.
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7 Conclusion
The article has introduced localization issues in the interior using Bluetooth technology, particularly the issue of deployment of transmitters of Bluetooth signal on the
basis of which reception the localization is implemented.
For designing optimal distribution of transmitters in the interior, the existing
solutions have been investigated and a new method which is able to assess the proposed deployment of transmitters for the speciﬁc situation has been proposed. The
method was further tested in a real environment, where the fact that the influence of
various reflections and signal distortion caused by walls and equipment in the building
may also occur in measuring signiﬁcant deviations from the theoretical values has been
proved.
Acknowledgement. This work was supported by the SPEV project, ﬁnanced from the Faculty
of Informatics and Management, University of Hradec Kralove.
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Abstract. Context modelling and context reasoning are widely used topics in
Context-Aware Recommender Systems research. Based on our research, the
development of context models in context-aware recommender systems is
problematic in that many domain speciﬁc and application speciﬁc context
models are developed with limited or no reuse and sharing capabilities. Furthermore, context-aware recommender systems that follow the representational
view of context, design and model the fully observable context that is known at
recommendation time but do not consider partially observable context with
unknown values at recommendation time, that can nevertheless enhance the
recommendation outcome. In this paper we deal with the above two issues by
proposing a CARS design system that enables developers: (i) to easily and
effectively design context models by deﬁning, sharing and reusing context
parameters and (ii) to utilize partially observable context at recommendation
time by using an interactional approach that incorporates user feedback by
applying a utility based algorithm on context models.
Keywords: Context modelling  Context model design  Context-Aware
recommender systems  Interactive algorithm  Partially observable context

1 Introduction
Traditional Recommender Systems (RS) use limited or none contextual information to
produce recommendations, as opposed to Context-Aware Recommender Systems
(CARS) that focus in using contextual information to enhance recommendations.
Context was ﬁrst used within recommendation algorithms and methods by Adomavicius by proposing three approaches: the Pre-ﬁltering approach, the Post-ﬁltering
approach and the Multi-dimensional Contextual Modelling approach [1, 2].
A contextual design issue related to CARS is the development of domain speciﬁc
and application speciﬁc context models that only represent information on the particular application domain (e.g. recommendation of movies) or information regarding a
particular application. The main problem with domain and application speciﬁc models
is overspecialization, as well as limited or no reuse.
On another dimension, whether the contextual information being used by a
context-aware recommender system is known during the recommendation characterizes
the context as fully observable, partially observable, or unobservable [4, 5]. Fully
© Springer International Publishing Switzerland 2015
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DOI: 10.1007/978-3-319-25591-0_9

Designing Context Models for CARS

119

observable context refers to all contextual parameters, their structure and values being
known during recommendation, partially observable refers to only part of this information being known, while unobservable context refers to the case where the context is
unknown at recommendation time. Following a representational view of context in
CARS design [6, 7], the context is deﬁned through a predeﬁned set of observable
context parameters of static structure which does not change signiﬁcantly over time, as
opposed to the interactional view of context where the context is often unknown as it
may not necessarily be an observable feature of an interaction. From the above it is
evident that a representational view of context can be achieved only if the context is
fully observable, i.e. its parameters and their values are known at recommendation time
(can be observed, detected and retrieved) and thus the designer can include such
information in context models during design. On the other hand, if not all context
information is fully observable, an interactional view of context can be considered,
where speciﬁc information may or may not be relevant to some activity and contextual
parameters may be deﬁned in a dynamic and occasioned manner rather than a static,
predeﬁned one [6]. We argue that the most common practice in designing CARS is to
follow the representational view of context, during which CARS developers attempt to
utilize the fully observable context within their recommenders by using contextual
parameters known at recommendation time, which may result in omitting unknown
contextual information that nevertheless may be important.
In this paper we build upon prior work [8] to address the aforementioned contextual
design problems. A Context-Aware Recommender System design system is proposed
which developers can use to: (i) design and build context models at the application
layer for their recommender applications that incorporate both fully observable and
partially observable context, (ii) apply recommendation algorithms that utilize these
context models by facilitating an interactional approach for partially observable context
that incorporates user feedback. Regarding designing and building context models (i),
the system guides developers towards an easy, efﬁcient and effective selection and
usage of context parameters, allowing at the same time for sharing and reuse of context
models among recommender applications, regardless of the domain they belong to. On
applying recommendation algorithms on context models (ii), the system incorporates a
method that facilitates both fully observable and partially observable context. The
system supports the developer in specifying system actions using pseudo code to
handle the fully observable context, while it relies on user feedback to calculate the
utility of a set of possible context values for the partially observable context and
recommends the most suitable context value to be used by the system. In this work we
will refer to context information that is not fully observable at recommendation time
(i.e. its values are not known and cannot be retrieved at the time of recommendation,
although some information on the structure of the context may exists) as partially
observable context. We will also refer to partially observable context with unknown
values as “unknown context”, as opposed to fully observable context with values
known at recommendation time. The CARS design system was developed as an online
web-based system using PHP, MySQL and web technologies1.

1

Online: http://www.cs.ucy.ac.cy/*mettour/phd/CARSContextModellingSystemV3/
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Section 2 provides related work. Section 3 describes the context modelling design
process and system actions on models. Section 4 describes the methodology used in
known as well as unknown context settings. In Sect. 5 we talk about our experimentation procedure and the paper closes with conclusions and future work in Sect. 6.

2 Related Work
We have reviewed a number of context-aware recommender systems in the bibliography that use contextual and conceptual models [3, 8]. Although contextual models in
the bibliography exist that attempt to facilitate a more generic and cross-domain design
[9–12], the majority represent information that either concern particular application
domains (e.g. tourism, movies, museums), or more abstracted domains (e.g. products in
general, web services, e-learning, etc.).
Moreover, related works from the ﬁelds of Machine Learning, Data Mining and
Information Retrieval incorporate contextual information within their modelling
methods to enhance prediction accuracy [13–15]. While these context modelling
methods unquestionably enhance recommendation accuracy, their mathematical oriented models require a good understanding of the aforementioned ﬁelds by the
developer, as well as strong development skills to be implemented.
To the best of our knowledge a context design system that could facilitate the
development of reusable and generic contextual models for CARS has not yet been
proposed in the literature. The aim of such a system would be to facilitate context model
design, model reuse among developers and applications, and model extension/update
based on the needs of the developer. Such a tool would simplify the process of contextual modelling in CARS and enable context uniformity, share and reuse.
Furthermore, most of the examined systems in related work follow the representational view of context in which the fully observable context is designed in a particular
structure (e.g. using semantic models, ontologies, etc.). In these cases, context
parameters known at recommendation time are being modelled. We argue that this
practice may not consider important contextual information with unknown values
during recommendation that may be nevertheless important for the recommendation
outcome. In this paper we implement an interactional approach for including partially
observable context in the recommendation algorithms by incorporating user feedback.

3 Context Model Design
All context models in the CARS design system follow the design presented in the
ﬁgure on the main page of the system (See Footnote 1). From top-to-bottom, the level
of abstraction decreases. The “user_item_context_rating” entity represents a single
complete recommendation process [1]. For each recommendation run, a recommender
examines the utility of each item for a particular user in a certain context. The context
variable entity speciﬁes a contextual parameter and its value in a context model:
name:value, e.g. Temperature:high. The weight property denotes the importance of a
context variable. The static property refers to whether the context variable is static
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(cannot change dynamically, e.g. user’s date of birth) or dynamic (can change, e.g.
weather). A context variable may be part of the known or the unknown context. Since
the context in CARS is multidimensional [1, 2], the system is able to handle the many
dimensions of the context in a context model in an easy and scalable manner: we deﬁne
that each unique context variable name with all its values represents a unique context
dimension. A context model in the system is deﬁned as one or more context variables,
each context variable being assigned under one or more of the four context categories
(Fig. 1): itemContext, userContext, systemContext and otherContext.

Fig. 1. Application context model for the “Default Movie Recommender”

Three context models are deﬁned in the system:
The Generic Model includes all context variables currently deﬁned in the system.
The Application Context is a context model for a particular RS, e.g. a movies RS.
This is a model built by a CARS developer to model the context for a RS. An
application context model is built using a system interface via which all available
context variables in the system are presented on screen and the CARS developer clicks
on those she wants to select for her context model, or adds new context variables. It is
very likely that context variables predeﬁned by other developers are suitable for the
new application context as well, which not only saves time to the developer, but more
importantly it enables the developer to use context parameters that she may not have
thought of using, or may think is unable to use in case the particular context is
unknown at recommendation time. In the CARS design system, unknown context can
be deﬁned in the form of context variables in the same manner as known context. Note
that, since each context variable has a name and a speciﬁc value (e.g. Temperature:
high), the developer must select all needed variables with a particular name for the
model to be accurate and complete, e.g. all of the following: Temperature:high,
Temperature:medium, Temperature:low. In this manner, the context dimension Temperature is also deﬁned in the application context model.
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The Context Instance context model is a “screenshot” of the context during an
interaction between the user and the item involved in the recommendation process. For
example, for a movie recommender, a context instance is the set of context variables
that constitute the context during the event of a particular user (user = “Jerry”)
watching a particular movie (item = “Kill Bill”) at a particular time (we assume the ﬁrst
time that Jerry watches Kill Bill). Such a context instance may have title: “Jerry_KillBill_C1” (C1 results from “Context1”) and can be consisted of a number of context
variables and dimensions, e.g.: time_of_day, day_of_week, movie_IMDB_ratings,
companion_of_user (whom did the user watch the movie with), etc. In a similar way,
the context instance around the second time Jerry watches Kill Bill will have a title
“Jerry_KillBill_C2” and will again be consisted of a number of context variables and
dimensions.
Any context model in the system is accessible and can be shared, edited, extended
and reused by others. The general idea behind this concept is that, since all RS of a
speciﬁc type/domain (e.g. online movie recommenders) function in similar context
settings, having one context model for each recommender built by each developer may
be inefﬁcient; we propose the deﬁnition of one complete context model for all
recommenders.
Supported System Actions
Building Models: The system offers to developers pre-existing application context
models of similar applications to use as a baseline for their own models, instead of
building a model of their own.
Validating Models: The system supports the validation of an application context model
through one or more context instance models. An application context model should be
able to support any context instance related to the particular recommender; otherwise,
the application context model is incomplete. For example, an application context model
for a movie recommender should be able to support any movie recommender related
context instance, such as “Jerry_KillBill_C1”. Application context model validation is
a useful tool for the CARS developer to validate her application context model against
a number of context instances and thus ensure that her application context is able to
properly model the context (i.e. model any context instance of the recommender).
A context instance can be created preferably by a CARS user who will reflect her
experiences regarding the activity of watching movies in the context instance model. If
this is not feasible, the context instance model can be created by another developer. The
system provides information whether a context instance model was validated against
the application context or not and justiﬁcations.
Context Dimensions View: The system supports a context dimensions view for each
context model in the system.
Recommendation of Models: The system is able to recommend the top N (currently
N = 5) most similar context models to a particular application context model. The
comparison is based on the percentage of common context variables and context
dimensions. This informs the developer about similar context models as well as the
level of similarity. The recommendations are provided both explicitly and implicitly.
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Model Comparison: Application context model comparison is supported. Though an
easy to use user interface the system depicts common context variables, as well as those
that belong only to one of the two application contexts. Colours are used on screen for
easier comprehension of the information. The system also provides statistics regarding
the percentage of participation of each application context model to the other. If many
common variables are noted, the system proposes a merge of the models. This is
especially interesting in cases where application context models concern RS of different
domains, e.g. a movie RS and a book RS: the systems, although of different domains,
use similar contextual information.

4 Assigning Algorithms to Context Models
In order to handle the known context the system supports the developer in specifying
system actions using pseudo code. For unknown context however, the system relies on
user feedback to calculate the utility of a set of possible context values (context variable
candidates) and then recommends the context value with the highest utility to the
CARS developer in order to use it as the best context setting in subsequent system
recommendations to the user. This context value is considered as the best context
candidate for the unknown context to be used in the recommendation process.
We have implemented an algorithm as a prototype, which is based on a utility
scoring method. Given an application context model (as speciﬁed in Sect. 3), an end
user u and an item j, the system uses context utility function - CUF (1) to measure the
utility of item j for user u in relation to each context dimension in the model:
item utilju ¼ f 1  W1 þ . . . þ f i  Wi þ . . . þ f N  WN

ð1Þ

item_utilju is the context utility of item j for user u. It speciﬁes how much the particular
context setting satisﬁes user u when recommended item j. Items with the highest utility
are recommended to the user. N is the number of context dimensions in an application
model. fi*Wi represents context dimension i. fi is the description of context dimension i
for user u and item j (in computable format as explained in Sect. 4.1). Wi is the weight
for context dimension i: denotes the importance of the context dimension in relation to
the other context dimensions (an integer, values 1–5). The weights are deﬁned by the
developer based on the importance she would like to denote for each context dimension
– different applications may require different weights on context dimensions such as
location, temperature, etc.

4.1

Specifying Functionality on Fully Observable Context Parameters

To facilitate the CARS developer in incorporating a context model within a recommendation process, we provide a simple interface by which she can use pseudo code to
describe the required functionality to handle the context (Fig. 2). More particularly, for
each context dimension in an application context model (i.e. for each fi, i = 1…N in
(1)), the system supports description of the required functionality to handle the particular context dimension. The description is currently text based and has no effect in
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system decisions on context; this is planned for future work. Using pseudo code to
describe the required functionality on how to handle the context is preferred than using
linguistic text based description as it is more descriptive, it is easier for a developer to
understand what is needed to be done precisely (especially when the developer is
someone other than the context model designer), it avoids ambiguity and it can easier
facilitate a system language deﬁnition in the future.

Fig. 2. System interface: CARS developer describes functionality for “location”

The above procedure is feasible for context parameters known at recommendation
time (fully observable context), such as the location of the user. As an example suppose
the design of a restaurant RS that recommends restaurants nearby the user, hence user
location is important. User location can be detected by using GPS coordinates from the
user mobile phone. Normally, the developer would specify in her application context
model a single context parameter for location, e.g. user location; in our system, she can
deﬁne context variable name/value pairs so that the context is more descriptive and less
ambiguous. Let’s suppose she has deﬁned three context variables as one context
dimension in her application model: context variables: location:home, location:work,
location:other, context dimension: location. In this setting the developer denotes that
user location at home and user location at work constitutes important context and
should be handled explicitly. On the contrary, user location in other cases other than
home or work are not equally important and can be handled collectively. The developer
threfore needs to deﬁne the functionality for the context dimension location (noted as
flocation below) and specify the system functionality for each of the three possible
context values, e.g.:

Designing Context Models for CARS

125

The above code is clear as to what needs to be done: do speciﬁc tasks if user is at
home or work, or another task if somewhere else. Note that the system requests from
the developer a functionality description for the context dimension flocation instead for
each of the context variables (e.g. flocation:home) for simplicity and to avoid repetition.
Describing system functionality as in the above example is valuable when the
CARS developer does not want to deal with implementation details at that moment, or
has no full knowledge of the platform requirements. Moreover, omitting implementation details that would otherwise be essential for software development saves time
and enables the developer not to be precise, as she might not yet be fully aware of other
context parameters, their values and their role in the recommendation process. Moreover, it can be the case that the CARS designer is not a software developer and thus
cannot code; in such cases ordinary text can be used.
Applying the Context Utility Function. If all context dimensions are known at recommendation time, then Eq. (1) is straightforward: the utility of an item equals to the
sum of the context dimension descriptions multiplied by their weights. Of course,
context dimension descriptions must return computable values so that the total utility of
the CUF for each item can be computed. For example, the CUF for the restaurant RS
above can utilize context dimension location as follows (the following code is to be
appended in function flocation):

The return values of context dimension descriptions are expressed as the percentage
item j ﬁts the particular context dimension for user u. In the above example it is
assumed that a walking distance of 2 km is the maximum convenient walking distance
to a restaurant for the average user
. The utility item_util of each item is
computed and the items with the highest utility are recommended to the user.
A variety of CUFs can be speciﬁed for each application context model, each of
which will differ in context dimension descriptions fi and/or the assigned weights Wi.
These context utility functions can be implemented and incorporated in the RS. The
variety of CUFs produced based on the above process are stored in the system and can
be shared and reused among CARS developers regardless of application domain.

4.2

Specifying Functionality on Partially Observable Context Parameters

Not all contextual information is known at recommendation time. An example is the
context parameter user companion that speciﬁes with whom the user is at a particular
time. This contextual information may be important for a movie RS (recommendations
on what movie to watch heavily depend on whether the user is with her partner, a
friend, a family member or alone), a restaurant RS (a partner’s gastronomic preferences
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can be as important as the user’s if they are dining together), etc. User companion
cannot be known to the system unless the user explicitly states it or in cases where
location information of the person being with the user is known.
To the best of our knowledge in situations of partially observable or unobservable
context, the case with systems following a representational view of context is that such
context is not deﬁned or used in their context models. On the other hand, systems
following an interactional view of context can better cope with unobservable or partially observable context as context may be deﬁned in a more dynamic manner [5].
The interface of the CARS design system includes a button “Press if Unknown” in
the case of an unknown context dimension such as user companion (Fig. 2). When
pressed, it is speciﬁed that the particular context dimension is unknown at recommendation time and that user feedback should be utilized for its value to become
known.
Applying the Context Utility Function. Suppose that unknown context “user companion” is deﬁned within an application context model as follows: context variables:
user_companion:partner, user_companion:friend, user_companion:familyMember;
context dimension: user_companion. While a context dimension may be currently
unknown, the context-aware recommender system could have utilized this contextual
information within the recommendation process, had it been known. For instance, there
are no technological means to acquire the value of the context dimension user_companion, but had there be any; the CARS developer would have been able to exploit this
information to enrich the recommendation outcome. In the case of context dimension
“user companion”, the proﬁle of the user’s companion u΄ can be used in combination
with the proﬁle of user u to produce recommendations. This provides added value to
the outcomes of a movie RS, a restaurant RS, as well as RS of various domains where
user companion is important. For each context variable candidate of an unknown
context dimension funknown the CARS developer is expected to deﬁne and implement
the desired functionality so that it returns a computable value, as stated in Sect. 4.1. In
this manner, each one of the three context variables of context dimension “user
companion” can participate in (1) as a context variable candidate of
fuser_companion_unknown.
Given a CUF of an application context model (active CUF) and a user u, we deﬁne
as Context Utility Function run (CUF run) the following steps:
i. the computation of item_utilju for each item j using Eq. (1)
ii. the recommendation of the item(s) with the highest utility score to user u
iii. user u provides feedback on the recommended item, in the form of a rating score,
integer from 1 (min) to 10 (max)
Considering an unknown context dimension funknown, in step i. above the available
context variable candidates are used as possible values for funknown. One candidate is
used for each CUF run, initially in a random manner. After user u provides feedback in
step iii, this rating score is used as an evaluation metric for the context variable
candidate. In this manner the system evaluates each context variable candidate of an
unknown context dimension based on the received user feedback.
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Recommendation of Unknown Context

The system uses a prediction algorithm that recommends to the CARS developer the
best context variable candidate for an unknown context dimension to be used in
subsequent CUF runs. This method retrieves the user feedback for each CUF run and
calculates a score for the context variable candidate. After many CUF runs, the system
is able to recommend the context variable candidate with the highest score. The prediction algorithm also considers:
– CUF runs of other CUFs of the same application model: other CUFs may have been
deﬁned to facilitate other situations
– CUF runs of CUFs of other application context models
Note that, for using other CUFs than the active one it is necessary that these CUFs
include the unknown context variable candidate that is being evaluated as well.

5 Experimental Evaluation
We have evaluated our system by using partially observable context parameters and
simulating CUF runs and user feedback.
Experimental Assumptions. For simplicity reasons we have selected an application
context model with 1 unknown and 2 known context dimensions: assume an online
movie RS that recommends movies to users based on their proﬁle preferences and the
context parameters: network capabilities (nc), time of day (td) and user companion (uc).
Let the network capabilities and time of day be the 2 known context dimensions, while
user companion is unknown. The CUF for item j is:
item utilju ¼ f nc  Wnc þ f td  Wtd þ f uc

unknown

 Wuc

For simplicity reasons we let Wnc = Wtd = Wuc = 1. The descriptions of the two
known context dimensions fnc and ftd have been deﬁned in the system in pseudo code
in a similar manner as the location was in Sect. 4.1. We assume these context factors
are computable and hence the utility of the recommended item j for user u concerns
only the unknown context:
item utilju ¼ ½some computable values þ f uc

unknown

ð2Þ

Assume that fuc_unknown has 7 context variables: user_companion:partner, user_
companion:closeFriend, user_companion:socialFriend, user_companion:familyMember, user_companion:colleague, user_companion:otherPerson and user_companion:
none. For each of the above context variables the CARS developer deﬁnes appropriate
functionality in her system so that when a context variable is selected as a candidate for
fuc_unknown, the corresponding functionality is executed and a computable value is
returned to be used in (1) that depicts the utility of the item regarding the particular
context dimension. For instance, if “user_companion:partner” is selected as a candidate,
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provided that the partner is a user with a proﬁle known to the system, the recommender
can combine both user proﬁles into one extended user proﬁle and calculate the utility of
each restaurant for the extended user proﬁle. Similarly, the functionality for the other
context variables can be deﬁned.
Based on (2) the following assumption is valid (user feedback assumption): the user
feedback on the recommended item j (item with highest item_utilju) corresponds to the
current context variable candidate used for the unknown context dimension fuc_unknown.
In this manner, user feedback score evaluates context variable candidates, enabling the
system subsequently to recommend to the developer the candidate with the highest
score.
Running Simulations. We have used a program to simulate CUF runs in order to show
that the prediction algorithm is able to discover the preferred context variable and
recommend it to the CARS developer to use in subsequent CUF runs. CUF runs are
simulated by assigning user feedback scoring on unknown context variable candidates
(user feedback assumption and (2)). User feedback reflects user preferences via an
integer score from 1–10.
Consider a user that watches movies online and uses the online movie RS to receive
movie recommendations. We assume that most of the times the user is with her partner
(user_companion:partner) and hence this context setting is often favourable, otherwise
a random companion (1 of the 6 remaining context variables). We have deﬁned the
following probabilities for this user:
where
the probability the user submits feedback score x.

The rationale is that, when the context-aware recommender system randomly
selects to use fuc_unknown = user_companion:partner, the user is more likely to rate
higher the recommended movie (selecting a score ranging from 5 to 10) than otherwise.
This happens since the particular context variable ﬁts the user’s real context, as
opposed to any other context variable (since they watch movies together), which will
positively affect the recommendation outcome in recommending more suitable movies.
Based on various tests with similar probability values and to maintain our argumentation on logical assumptions, we argue that a probability of 15 % instead of 10 % for a
high score and a probability of 5 % instead of 10 % for a low score in a preferred
context setting are within logical boundaries.
The simulation program executes a number of CUF runs with the above probabilities and stores the user feedback for each run in the system.
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6 Results
As stated in Sect. 4.3, the best context variable candidate for an unknown context
dimension is recommended by a prediction algorithm that considers CUF runs from
various context utility functions and application contexts. Our experiment uses the 7
context variables candidates for the context dimension user_companion presented in
Sect. 5. For each of these 7 context variables, the algorithm considers a number of CUF
runs, calculates the score for each context variable candidate and recommends the one
with the highest score. Assuming that the user prefers movie recommendations computed considering the context variable user_companion:partner (i.e. in the context “user
companion is the user’s partner”), we consider a valid answer only if the prediction
algorithm returns user_companion:partner.
We have conducted three experiments. Initially we have used only CUF runs of the
active CUF (Experiment 1, Table 1). Following, we have additionally used CUF runs
of other CUFs of the same application model, as well as CUF runs of CUFs of other
application context models (Experiment 2, Table 2). At this point note that other than
the active CUF mentioned above were deﬁned in the same manner as the active CUF
(i.e. based on the user feedback assumption), ensuring that these functions and their
application context models utilize the same unknown context dimension user_companion. Finally, we have conducted experiments with random number of CUF runs to
simulate more realistic settings (Experiment 3, Table 3).
Table 1. Experiment 1
# CUF runs
200
175
100

Table 2. Experiment 2

Prediction accuracy
0.867
0.8
0.6

# CUF runs
200
150
75
40

Prediction accuracy
1.0
0.98
0.833
0.633

Table 3. Experiment 3
# CUF runs
Random (350–700)
Random (150–350)
Random (100–150)
Random (75–100)
Random (35–75)

Prediction accuracy
1.0
0.9
0.833
0.8
0.633

We argue that a minimum prediction accuracy of 80 % (0.8) is needed, meaning
that in a real scenario that a user provides feedback in line with the probabilities of
Sect. 5, the system recommends the correct context variable to the CARS developer to
use in subsequent CUF runs 8 out of 10 times.
The experiments show that accuracy is enhanced when more CUF runs are used.
Experiment 1 needs more than 175 CUF runs to meet the accuracy threshold. This
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suggests that the context-aware recommender system must provide to the user 175
recommended items within the context speciﬁed by the particular CUF, and the user
must provide feedback for each of these recommendations for the system to meet the
accuracy threshold. Experiments 2 and 3 need considerable less CUF runs to meet the
accuracy threshold because the prediction algorithm considers in addition other CUFs
than the active one.
Finally, when attempting random CUF runs it is observed that at least 75 CUF runs
are needed to meet the accuracy threshold. Moreover, it is noted that for experiments 2
and 3 at least 35 CUF runs are needed for the prediction algorithm to achieve 60 %
success. This means that, to be successful more than once out of two times, the
context-aware recommender system must provide to the user at least 35 recommended
items for feedback.

7 Conclusions and Future Work
The CARS design system presented in this paper aims to provide to CARS developers
an efﬁcient and effective way to select and use known, as well as unknown at recommendation time context information for building their own application context models,
allowing at the same time for sharing and reuse of context models and information
among applications, regardless of the domain they belong to. The novelty of the system
relies also in applying a utility-based recommendation algorithm that utilizes these
context models by facilitating an interactional approach for partially observable context
that incorporates user feedback. The system supports the developer in describing fully
observable context, while it relies on user feedback to calculate the utility of a set of
possible context values for the partially observable context and recommends the most
suitable context value to be used by the system in future recommendation attempts.
Experiments in simulating CUF runs using simple probabilities depicting user
feedback patterns have shown that accuracy is enhanced when more CUF runs are
used. Less CUF runs are needed if the prediction algorithm considers in addition other
context utility functions of the same, as well as other application contexts. In the latter
setting, at least 75 CUF runs are needed to meet the accuracy threshold (80 %), while
35 CUF runs are needed for the prediction algorithm to achieve at least 60 % success.
The experimental evaluation described in this work serves as a proof of concept that
the CARS design tool, if used in real settings by CARS developers building application
context models and context utility functions, can provide valuable recommendations
regarding unknown context dimensions. We argue that the assumptions made in this
paper are realistic, but ﬁne tuning of the system will be needed in real settings.
As future work we plan to evaluate the system by involving CARS developers,
initially people from the university premises. This evaluation will serve as a proof that
the system is able to function in real settings and rely on user feedback to recommend
partially observable context information to be used within context-aware recommender
systems. In addition, we plan to incorporate more recommendation algorithms to the
system and experiment in more ways of handling partially observable context, as well
as unobservable context. We argue that well known recommendation algorithms can be
used within our tool with promising results.
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Abstract. Unsupervised indoor localization has received increasing attention in
recent years. It enables automatically learning and recognizing the significant loca‐
tions from Wi-Fi measurements continuously collected from mobile devices in a
user’s daily life, without requiring data annotation from professional staff or users.
However, such systems suffer from continuous Wi-Fi collection, which results in a
high power consumption of mobile devices. These problems can be addressed
through activating Wi-Fi collection when it is necessary and deactivating Wi-Fi
collection when “enough” data is collected. By using the acceleration readings from
the embedded accelerometer sensor, a motion detection algorithm is implemented
for an unsupervised localization system DCCLA (Density-based Clustering
Combined Localization Algorithm). The information of motion states (i.e. a mobile
device in motion or not in motion) is then used to automatically activate and deacti‐
vate the process of Wi-Fi collection, and thus save power. Tests carried out by
different users in real-world scenarios show an improved performance of unsuper‐
vised indoor localization, in terms of location accuracy and power consumption.

1

Introduction

The location of a mobile device or a user is one of the most essential pieces of information
for emerging location-based services (LBS) and applications. For outdoor localization,
Global Positioning System (GPS) has been widely used. For indoor localization, Wi-Fi
ﬁngerprinting is a promising technique. Wi-Fi ﬁngerprinting ﬁrst senses the Wi-Fi
measurements at desired locations and generates Wi-Fi ﬁngerprints for each of these
locations. The correlated relationship between Wi-Fi ﬁngerprints and locations is later
used to locate mobile devices or users by comparing the current Wi-Fi measurement and
learned Wi-Fi ﬁngerprints. The phase of generating the Wi-Fi ﬁngerprints is called the
learning phase. The phase of determining the current location is called the positioning
phase.
In the learning phase, the conversion approaches of the Wi-Fi fingerprinting technique
usually rely on an extensive site survey with data annotation for the Wi-Fi fingerprint
generation. Recently, many research groups focus on generating the Wi-Fi fingerprint
without the need of data annotation, i.e., in an unsupervised manner, which is known as
unsupervised localization. A typical unsupervised localization system is DCCLA (Densitybased Clustering Combined Localization Algorithm) [1]. It can automatically learn and
recognize the significant locations from Wi-Fi measurements continuously collected in a
© Springer International Publishing Switzerland 2015
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user’s daily life, without the requirement of data annotation or an explicit burden on users.
Significant locations are locations where a user stays stationary for a while (e.g., at least
10 min).
Given Wi-Fi measurements continuously collected in a user’s daily life, we observe
that when a user remains stationary in a location, the Wi-Fi measurements collected are
similar to each other. Consequentially, the similar Wi-Fi measurements collected at a
signiﬁcant location show a high density. On the other hand, when a user keeps moving,
the Wi-Fi measurements are dissimilar to each other, showing a low density. The density
diﬀerentiation allows DCCLA to discover the signiﬁcant locations in an unsupervised
manner. Once a signiﬁcant location is discovered, the Wi-Fi measurements collected is
used to generate the Wi-Fi ﬁngerprint of the location. As the generation of the Wi-Fi
ﬁngerprinting does not require data annotation, the system DCCLA is an unsupervised
localization system.
However, since a user often visits the same locations (e.g., home or office) and stays
there for a long while, DCCLA suffers from significant power consumption for mobile
devices because of the continuous Wi-Fi collection. The problem can be addressed through
activating Wi-Fi collection when it is necessary and deactivating Wi-Fi collection when
“enough” data is collected. Specifically, the system enables activating Wi-Fi collection
when a user stays at a significant location and deactivating Wi-Fi collection when optimal
Wi-Fi collection duration is achieved and when the device is motion.
In this paper, we proposed to activate or deactivate the Wi-Fi collection based on
the motion information of smartphones. The motion information is detected by using
the acceleration readings from the embedded accelerometer sensor. The improved
system beneﬁts from saving power by only activating Wi-Fi collection when a user stays
at a signiﬁcant location and the system needs a learning dataset. In addition, we exper‐
imentally investigate the optimal Wi-Fi collection duration at a location to trade oﬀ the
power consumption. The improved unsupervised localization system DCCLA with
motion detection is tested by diﬀerent users in real-world scenarios. The results show
an improved performance of unsupervised localization, in terms of localization precision
and power consumption.
This paper is organized as follows. In the next section, the works related to unsu‐
pervised localization and motion detection are presented. We then introduce the core
idea of DCCLA and the motion detection algorithm for DCCLA. The performance of
the system without and with motion detection is evaluated in the following section. In
the end, the paper gives a conclusion.

2

Related Work

While outdoor localization is well supported by GPS, indoor localization, although
attracting much attention, is still a research challenge. Wi-Fi networks provide a poten‐
tial solution for indoor localization without additional costs of hardware installation.
Some commercial software based on Wi-Fi ﬁngerprinting localization has come to the
market, including the Mobile Google Map [2], and Skyhook [3]. They usually generate
a global database containing Wi-Fi ﬁngerprints, known as a ﬁngerprint database, by
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driving streets in cities and collect the Wi-Fi data at certain locations. However, these
systems and applications require time-consuming and labor-intensive site surveys with
explicit data annotation.
To eliminate the pre-deployment eﬀort of site surveys, many research groups focus
on learning signiﬁcant locations from data collected in a user’s daily life (e.g., GPS,
GSM, Wi-Fi, or Bluetooth signals) implicitly. Such approaches do not require manual
data annotation.
comMotion [4] is one of the earliest systems for discovering significant loca‐
tions based on continuously GPS readings. The GPS signal is lost when a user enters
a building. If the signal has been lost within a given radius (e.g., 100 meters) on three
different occasions, the system infers that the location (building) is significant. The
approach from Ashbrook and Starner [5] discovers significant locations, where the
GPS readings have a continuous gap of at least 10 min. Such approaches based on
GPS reading gaps provide building-level accuracy since the GPS signal is lost within
buildings.
BeaconPrint [6] works based on collected Wi-Fi measurements and GSM readings,
under the assumption that the user stays in a signiﬁcant location if the measurements
remain fairly stable during a pre-deﬁned time window (known as a stable state). Once
the criterion of a stable state is satisﬁed, the location is discovered as a signiﬁcant loca‐
tion. SensLoc [7] is a similar system, but reduces false location detection by exploiting
received signal strength (RSS) changes. However, the approaches of discovering signif‐
icant locations by detecting a stable state are sensitive to the Wi-Fi signal variations and
noise during a short time.
In recent years, Density-based clustering [8] has been proposed to address the prob‐
lems caused by signal variations and noise. It works under the observation that the
Wi-Fi measurements at a location, although suﬀering from signal variations, are quite
similar to each other. When a user stays at a location for a while, the location can be
discovered based on the high-density of similar measurements. Examples of such
systems include ARIEL [9] Place Learning [10], and DCCLA [1]. These systems can
automatically learn, and later recognize the signiﬁcant locations where a user stays for
a while. However, such systems suﬀer from consuming quite some power for continuous
Wi-Fi collection.
The embedded accelerometer sensor is utilized to assist localization in some systems
by detecting user movements. In most cases, the acceleration data can be used for step
counting, displacement estimation or reachability between diﬀerent areas [11–13],
which is further utilized to improve the performance of localization in term of improving
the location accuracy.
The accelerometer sensor is also used to save power by determining the moment a
procedure of positioning should occur. Shafer, et al. [14] have proposed a strategy that
the positioning only occurs when the system detect a user has moved to a new location.
However, while such systems save power for positioning when using ﬁngerprint data‐
base provided by others (e.g., Google, Skyhook), the power consumption for ﬁngerprint
learning is not considered, which is a huge amount when building their own ﬁngerprint
database. Diﬀerent from many previous works, we utilize the accelerometer sensor to
save power for both learning and positioning.

Unsupervised Indoor Localization with Motion Detection

3

135

DCCLA with Motion Detection

DCCLA is an unsupervised indoor localization system using the Wi-Fi ﬁngerprinting
technique. “Unsupervised” indicates that the Wi-Fi measurements are implicitly and
continuously collected in a user’s daily life without requiring users’ attention or data
annotation. By processing the Wi-Fi measurements, the system can automatically
discover and learn the signiﬁcant locations where a user stays for a while (e.g., at least
10 min), and then recognize the locations when the user re-visits them.
A significant location is a location where a user stays stationary for a while (e.g., at
least 10 min). The original DCCLA discovers significant locations by analyzing the Wi-Fi
continuously collected. When the Wi-Fi measurements show a high-density distribution, a
significant location is discovered.
When using an accelerometer sensor, the signiﬁcant locations can be detected when
a mobile device keeping in a stationary state at a location for at least 10 min. Based on
motion detection, the unsupervised localization system activates Wi-Fi collection when
a mobile device stays in a stationary state, and deactivates Wi-Fi collection when a
mobile device stays a moving state.
When “enough” data is collected for place learning in a stationary state, more Wi-Fi
collection consumes more power. The system enables deactivating the Wi-Fi collection
when the optimal collection duration is achieved.
3.1 DCCLA
The localization procedure of the original DCCLA includes three phases: a collection
phase, a learning phase, and a recognition phase. More details are available in the previ‐
ously published paper [1, 15–17].
Collection phase: The smartphone periodically collects Wi-Fi measurements from
surrounding APs (Access Points). Wi-Fi measurements consist of a current timestamp,
MAC (Medium Access Control) addresses and RSS (Received Signal Strength) values
from all detectable APs.
Learning phase: DCCLA performs a density-based clustering algorithm. We deﬁne an
RSS value from an AP in a Wi-Fi measurement as a point p. A set of points in the learning
dataset, whose Euclidean distance (e.g., the absolute value of the diﬀerence of two RSS
values) to the point p is smaller than a speciﬁc distance threshold Eps, is the neighbor‐
hood of p. The density-based clustering algorithm works as follows:
• For a point p, if the number of the neighbourhood of p is equal to or larger than a
density threshold MinPts, the point p and his neighborhood generate a cluster.
• For a point p, if the number of the neighbourhood of p is smaller than MinPts, the
point p is regarded as noise.
• If any two clusters contain the same point(s), the two clusters are merged into one cluster.
A set of learned clusters, which belong to diﬀerent APs related to the same timestamp
of a Wi-Fi measurement, are combined to form a Wi-Fi ﬁngerprint of a location.
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Recognition phase: As the user visits a location, the current Wi-Fi measurement with
n points is compared to the Wi-Fi ﬁngerprints. If at least n-1 points in the current
Wi-Fi measurement belong to a Wi-Fi ﬁngerprint, the Wi-Fi ﬁngerprint related to a
learned signiﬁcant location is recognized. Thus, DCCLA can recognize learned loca‐
tions when the user re-visits them.
3.2 Motion Detection
The accelerometer sensor, embedded in smartphones, can be used to detect a mobile
device’s/a user’s current motion state (i.e., in a stationary state or a moving state).
Knowing the motion state, the system enables detecting a signiﬁcant location and opti‐
mizing the Wi-Fi collection duration.
We implement a motion detection algorithm for DCCLA based on the continuous
acceleration samples. It works based on the observation that the variation of the accel‐
eration samples is large during a moving state, whereas the variation is small during a
stationary state. In other words, a set of successive samples within a time window can
be used to determine the motion state.
We select 4 s as the time window size. There are two reasons for the selection. First,
the Wi-Fi collection frequency in DCCLA is 0.2 Hz. Thus, motion detection occurs at
least once between two Wi-Fi collections. Secondly, according to our investigations,
the time window of 4 s can tolerate some quick activities within a short period (e.g., to
stand up and sit down quickly). The pseudo code of the motion detection algorithm is
presented as follows.
Input: A set of acceleration samples

; a threshold

Output: the motion state.
1) Label state as stationary.
2) Add the successive acceleration samples in 4 seconds
into a sample list
3) for each acceleration sample At in the list, do
1)

Calculate the standard deviation (
and

) of

,

4) end for
5) Calculate the standard deviation

6) if the
1)

of the set of

is smaller than or equal to

Label the motion state as stationary.

7) else, do
1)

end.

, do

Label the motion state as moving.

,
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The acceleration samples used in two successive time windows have a 50 % over‐
lapping that can achieve improved precision than detecting without an overlapping.
In order to determine the optimal sampling frequency, we evaluate the precision of
correctly detecting the motion states by using accelerometer readings with diﬀerent
sampling frequencies 5 Hz, 10 Hz, 20 Hz and 32 Hz (32 Hz is a high sampling frequency
for activity detection).
Table 1. The precisions of motion detection using diﬀerent sampling frequencies.

Sampling
frequency

5 Hz

10 Hz

20 Hz

32 Hz

Precision

99.53 % 99.53 % 99.76 % 99.77 %

The result in Table 1 shows that the increase of the sampling frequency does not
signiﬁcantly improve the precision of correct detection. With the consideration of power
consumption in the next chapter, a low sampling frequency of 5 Hz is optimal for the
motion detection.
Based on the motion detection output, the system enables automatically activating
and deactivating Wi-Fi collection. The Wi-Fi collection is activated only when the
current state is stationary, and the last state is either moving or no state (i.e., the system
just starts). It indicates the mobile stays at a ﬁxed location from the moment on. The
Wi-Fi collection is deactivated in the following two situations: (1) the current state is
moving, and the last state is either moving or no state. It indicates the mobile leaves a
ﬁxed location from the moment on. and (2) the Wi-Fi collection duration at a location
is longer than the optimal Wi-Fi collection duration. It indicates “enough” data is
collected for learning.

4

Experimental Evaluation

The reasons for using an accelerometer sensor in the unsupervised localization system
are to save power. As such, we need to evaluate the optimal collection duration and the
power consumption without and with motion detection. We have designed three experi‐
ments to:
• Determine the optimal collection duration Dopt, which provides an optimal perform‐
ance, when trading oﬀ with the power consumption;
• Investigate how much power can be saved with the motion detection algorithm;
• Evaluate the performance of DCCLA with motion detection by diﬀerent users in realword scenarios.
We select an oﬃce area with adjacent rooms for the investigations. The Wi-Fi meas‐
urements from available APs in the surrounding are collected with a sampling frequency
of 0.2 Hz. The oﬃce area is located on the second ﬂoor of a three-storey building. The
area consists of ﬁve oﬃce rooms next to each other. The layout of the oﬃce area is
shown in Fig. 1.
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Fig. 1. The oﬃce area and the Wi-Fi collection locations, i.e. the positions of smartphones used
for the evaluation.

The location accuracy of DCCLA is room-level. The room-level accuracy means
the system is likely to be able to locate a mobile device in a room where the mobile
device or an occupant is. The room-level accuracy, in the most cases, indicates 3–5 m
error distance. DCCLA can learn and recognize a room correctly without having it
mistaken for another room, even though the rooms are adjacent.
To evaluate the performance of achieving room-level accuracy, we deﬁne a set of
evaluations metrics. Correct means a smartphone is in a room, and the system recognizes
it is in this room. False means a smartphone is in a room, but the system recognizes it
is in a diﬀerent room. Missed means a smartphone is in a room, but the system does not
recognize where it is.
Recognition Precision (RP) is deﬁned as the number of “Correct” recognitions divided
by the number of recognized attempts. It indicates how well the DCCLA can recognize
a room correctly.

Response Rate (RR) is deﬁned as the number of “Correct”s divided by the number of
the total attempts. It indicates how often the Wi-Fi measurements from a given room
are correctly recognized.
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4.1 Optimal Wi-Fi Collection Duration
In order to determine the optimal Wi-Fi collection duration Dopt, we learn the loca‐
tions (i.e., rooms) using datasets of the following Wi-Fi collation durations D: 5, 10,
15, 20, 30, 45, 60, and 120 min in each room. The recognition phase is performed
using the subsequent 60 min of Wi-Fi measurements from each room. The results are
summarized in Fig. 2. From previous evaluations of DCCLA without motion detec‐
tion [1], we deduced that the ideal MinPts is approximately one-third of the total
number of Wi-Fi measurements. This parameter can be dynamically set when the
Wi-Fi collection duration is controlled by the motion detection algorithm.
The results in Fig. 2 show that the optimal Wi-Fi collection duration is between
10 min and 30 min, when observing both RP and RR performance. Based on the
experimental observations, we keep the Wi-Fi collection duration in our experi‐
ments between 10 min and 30 min. When a user stays at a location for less than
10 min, the Wi-Fi measurements are discarded. When a user stays at a location for
more than 30 min, the Wi-Fi measurement is deactivated to save power, and 30 min
of Wi-Fi measurements are used for location learning.
Percentage

100%
90%
80%
70%
60%
50%
40%
5

10

15
20
30
45
60
120
Wi-Fi Collection Duration (Minutes)
Recognition Precision
Response Rate

Fig. 2. The performance of recognition precision and response rate with diﬀerent collection
durations (Minutes) (Color ﬁgure online).

4.2 Power Consumption
The power consumption of DCCLA with motion detection consists of two parts: the
Wi-Fi measurement and the accelerometer sampling. To test the power consump‐
tion, we installed the experimental setup as shown in Fig. 3. To measure the power
consumption, the experimental setup consists of a combination of hardware and
software. The hardware includes a Samsung Galaxy S2 smartphone with a battery
of 3.7 V and 1650 mAh capacity, two Peaktech digital-multimeters. The software
running on a laptop is to record the voltage and current measurements, respectively.
The recording frequency is 2 Hz.
Experiments are carried out in three diﬀerent settings. In each setting, we take 10 min
as measurement duration. We measure each setting three times, respectively.
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Power Consumption (mW)

Fig. 3. The experimental setup to measure the power consumption of Wi-Fi measurement and
accelerometer sampling.
350
300
250
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50
0,03
0,05
0,1
0,2
Wi-Fi measurement Frequency (Hz)
Power Consumption of the Wi-Fi scan

350
300
250
200
150
100
50
1
5
10
20
32
Accelerometer Sampling Frequency
(Hz)
Power Consumption of the accelerometer

350
300
250
200
150
100
50
0,03
0,05
0,1
0,2
Wi-Fi Measurement Frequency (Hz)
DCCLA without the accelerometer
DCCLA with the accelerometer

Fig. 4. The power consumption of Wi-Fi measurements (upper right) and accelerometer sampling
(upper left), as well as the power consumption of DCCLA without and with motion detection
(lower).

Setting 1: A smartphone periodically collected the Wi-Fi measurements with diﬀerent
frequencies of 0.2, 0.1, 0.05, and 0.03 Hz.
Setting 2: A smartphone periodically read the accelerometer samples with diﬀerent
frequencies of 1, 5, 10, 20, 32 Hz.
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Setting 3: A smartphone collected Wi-Fi measurements without and with the assistant
of accelerometer readings. The Wi-Fi measurement frequency for both systems with
and without motion detection is 0.2 Hz. The accelerometer sampling frequency for the
system with motion detection is 5 Hz.
The power consumptions for Settings 1, 2 and 3 are shown in Fig. 4. We can
observe that the acceleration acquisition consumes 73 mW with a sampling
frequency of 5 Hz, whereas it consumes 134 mW with a sampling frequency of
32 Hz. For the Wi-Fi measurement with different measurement durations, the power
consumption is at least 280 mW. However, the acceleration acquisition consumes
less power than Wi-Fi measurement even with a high accelerometer sampling
frequency of 32 Hz. Based on the observations we compare the power consumption
of the system without and with the assistant of accelerometer readings. We assume
with the assistant of accelerometer readings, the Wi-Fi measurement duration can
be reduced to half compared to DCCLA without the assistant of accelerometer read‐
ings. In such case, compared with the power consumption of the system without
motion detection, the average power consumption for the system with motion detec‐
tion saves power of almost 30 %.
4.3 Tests in the Real-World Scenario
The real-world tests were carried out in the student activity area as Fig. 5 shows. The
area includes a computer pool 2417, a kitchen 2414 and a meeting room 2413, where
students spend a part of their day. Smartphones were carried by three diﬀerent users,
whose motion patterns were diﬀerent.

Fig. 5. The student activity area, where the system was tested by three diﬀerent users.

For each user, the learning dataset in each location was collected in the first 30 min
during the stationary state detected based on accelerometer readings. The recognition
dataset was the subsequent 15 min from each location after each location is automatically
learned.
Figure 6 shows the test results. We can observe that DCCLA without motion detec‐
tion performs unsupervised localization with an average RP of 78.60 % and an average
RR of 68.20 %. DCCLA with motion detection achieves a better performance with an
average RP of 99.93 % and an average RR of 64.08 %. The results indicate that DCCLA
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Fig. 6. The comparison of DCCLA performance without (right) and with motion detection tested
(left) by three diﬀerent users.

with motion detection can learn and recognize a room with improved recognition preci‐
sion, while maintaining the response rate.

5

Conclusion

While the unsupervised localization system DCCLA can automatically learn and recog‐
nize the signiﬁcant locations from the continuously collected Wi-Fi measurements, the
system usually suﬀers from consuming large amounts of power of mobile devices caused
by continuous Wi-Fi collection. With motion information (i.e. in a stationary state or in
a moving state) determined by acceleration readings, DCCLA with motion detection
enables automatically activating Wi-Fi collection when the mobile device stays at a
signiﬁcant location and deactivating Wi-Fi collection when the mobile device keeps
moving or “enough” data is collected at a signiﬁcant location. As such, the system can
reduce the power consumption.
Our experiments have shown that DCCLA with motion detection saves almost 30 %
power when the Wi-Fi measurement duration is reduced to half compared to DCCLA
without motion detection. The system has been tested in a real-world scenario by three
diﬀerent users. With the assistance of accelerometer readings, DCCLA achieves roomlevel accuracy with a recognition precision of 99.93 %. Thus, the unsupervised locali‐
zation system DCCLA with motion detection can reduce the power consumption, while
maintaining the localization performance of the unsupervised localization system.
Acknowledgments. This work has been [co-]funded by the Social Link Project within the Loewe
Program of Excellence in Research, Hessen, Germany.
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Abstract. This paper describes a study that was carried out in an Intensive Care
Unit at a hospital in Malaysia. The objective of our work was to deﬁne what
constitues the context of error during the ward round practice of patient care
management considering how artifacts are used during the communication. Thus
the work focused on the analysis of communication patterns. As research
method, we have applied the ethnography method and used situated cognition as
an analytical perspective to synthesize the communications patterns. In this
paper we focus on reporting the empirical analyses of the communication patterns in which errors had occurred. The analyses had highlighted how a clinician
team conceptualized information and what majorly constitutes the context of
error was that the clinical information on the artifacts were represented ‘without
a context’.
Keywords: Context and communications  Situated cognition  Medical error 
Health information technology  Patient safety

1 Introduction
In the intensive care unit (i.e., ICU) setting, the frequent need for urgent critical and
life-saving decision-making potentially creates an environment within which medical
errors may happen. In our work we refer to [10] on the deﬁnition of medical error,
which is deﬁned as the failure of a planned action to be completed as intended or the
use of a wrong plan to achieve an aim. Due to the nature of the patient group (i.e., the
most critically ill) present within the ICU, the ICU is an environment in which there is
less margin for error and less favorable circumstances exist for error recovery [8, 9].
The basic assumption is that error arises within highly complex medical care systems of
people, information systems, workflow, and clinical procedures and follows a flow of
work practice pattern that can be uncovered [6]. Uncovering these patterns of errors
would allow clinicians to eliminate or recover from them as soon as possible before the
© Springer International Publishing Switzerland 2015
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errors turn into an actual adverse event1 [6]. It has been reported that health information
technology (HIT) can reduce the risk of serious injury for patients during hospital stays
[6]. However, its true potential for preventing errors remains only partially realized
and, as has been demonstrated in a recent article [7], some systems may even give rise
to hazards of their own. Thus, the critical care setting is a uniquely complex ﬁeld for
which computing technology needs to be developed according to novel and often
unprecedented design principles [6]. How well the design of the system complements
its intended setting and purpose is critically important for patient safety [6]. Patient
safety has been deﬁned as “the prevention of harm to patients.” Its emphasis is placed
on the system of care delivery that: (1) prevents errors; and (2) learns from the errors
that do occur [3].
Thus we put forward the following research question - how can the patient safety
element in our use of HIT translate into a design principle? To begin with, the
objective of our research is to study the patterns of what constitues context of error,
that is, the work system context in which errors occur during patient care management.
By studying the context of error, it will reveal the limitations of the system.
A well-deﬁned modeling and representation of context of error will reveal speciﬁcally
how and when artifacts in work practice frequently lead to error. This would enable us
to identify safety elements which are required in the design principles that can reduce
or eliminate those erroneous situations that may lead to adverse events.
Therefore, we have carried out an ethnography study in an ICU in a studied hospital
in Kuala Lumpur, Malaysia for several weeks. Communication exchanges were
recorded during the morning ward rounds and analysed using situated cognition theory
to synthesize the medical staff communication patterns. The ward rounds involved a
clinician team that reviews the patients’ cases in the morning to make decisions on the
patient care management for the rest of the day.
In this paper we focus on reporting the empirical analyses of the communication
patterns in which errors had occurred. The analyses had highlighted how a clinician
team conceptualized information. We found that what majorly constitutes the context
of error was that the current information on the artifacts were represented ‘without a
context’ (absence for what the patient is being treated for). Thus this paper is organized
as follows. We discuss related work, followed by research methods. Then we will
illustrate the empirical ﬁndings. We summarise the paper with discussion and perspective on future work.

2 Related Work
There are various approaches to studying the use of HIT in improving the patient care
management in the ICU and can be mainly divided into two major viewpoints. The ﬁrst
viewpoint looks into the existing clinician work practice to mainly understand the
nature of their work practice to derive and/or improve methodologies and theories.

1

Any injury due to medical management, rather than the underlying disease. Example of an injury
would be a rash caused by an antibiotic [10].

The Communication Patterns in the Context of Error

149

For example, the work of Abraham et al. [2] looked into conceptualizing a communication model during handoffs in critical care handoffs as communication failure has
been reported as the leading cause of medical errors and adverse events. Meanwhile the
authors Vimla et al. [8] investigated what are the natural constraints in the ICU
environment imposed on error detection and correction during team’s decision-making
process in patient care management planning.
The second viewpoint looks into the study of the information technology used as part
of the work practice in the ICU for the purpose of designing better information system.
The work of Thursky and Mahemoff [11] explored the use of user-centered design
techniques for developing the requirements for an antibiotic decision support system in
ICU. Meanwhile the authors Gibson et al. [5] looked into how general practitioners
interact both with their patients and computers with the aim of facilitating the detailed
understanding of how GPs use their computers while in consultation with patients.
Our work intertwines both viewpoints. First we would like to understand and
capture how the HIT in the studied ICU is used during the clinician team ward rounds.
Secondly to uncover what constitues context of error during the ward rounds.

2.1

Study Site, Participants and Data Collection

The data was collected at a 30-bedded post-operative adult intensive care unit in a large
hospital in Kuala Lumpur. It looks after approximately 2000 admissions per year.
A decision support system and paper records were concurrently used for patients care
documentation in the unit at the time of study. Three clinicians team from the ICU were
included in this study during our 3-day study. Each team consisted of a resident doctor,
an intensivist, a nurse, and the ICU clinical director (with once or twice a week participation). This is the common composition of a clinical team participating in the
morning handover ward rounds. A total of 10 individuals participated in the 3-day study.
Data was collected during the morning ward rounds, where the patient care planning sessions were done in the ICU. The ward rounds are held twice daily during
medical staff shift rotation (0745 and 1800 h) in addition to a more formal morning
(0900). The ﬁrst author followed the team on their formal ward rounds. During these
sessions, the clinical team discussed each patient’s health status. The resident doctor or
the clinical director will lead the ward round to review and decide collaboratively on
the patient care management for the day. Each round lasted approximately 3 to 4 h and
the ﬁrst author spent 3 h a day for 3 days consecutively shadowing and observing the
clinical teams. Team interactions were video-recorded. Field notes, photographs of
artifacts, and interviews with the clinicians and support staff complemented the video
recordings. The video interaction records of the morning ward rounds amounted to a
total of 9 h.
2.2

Data Transcription Annotation and Coding

We have developed the following steps for relating the clinical communication to the
context of error, which was analysed together with the second author.
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1. Selected transcriptions were analysed using discourse analysis. An utterance is
marked with who is the speaker and listener and the medium (i.e., paper, decision
support system) used to mediate their communication, and the topic of their communications [1].
2. The analysed utterances are then applied with a high-level coding of case management and error coding [8] to capture the clinical content. For example, “Klebsiella esbl…..must be carbopenum….carbopenum..where is the carbopenum” is
coded as ‘information loss’. Details to follow in the next section.
3. Situated cognition theory was applied to synthesize and explain the clinician team
communication analysis and patterns [4].
For data coding, we have applied a high-level coding process using codes from the
work of Patel et al. [8]. The authors [8] applied an open coding process, where each
clinically relevant utterance exhibiting common strategies used during case management was coded for content (e.g., information interpretation). Furthermore, the authors
[8] had also developed a coding of errors in communication (including clinical content). If an utterance contained or was related to an error, the authors categorized it as
either “generated error”, “resolved error” etcs. Please refer to the Appendix for the
complete coding deﬁnitions. The coding developed however did not look speciﬁcally
into the notion of context. Thus in our work we have incorporated a contextual analysis
to relate how artifacts are used during the ward rounds and how it constitutes part of the
work system context in which error had occurred. The coding were applied to capture
the kind of actions that the clinician team formulated in context of errors, and using the
contextual analysis to capture how artifacts are used during these contexts.
2.3

Analysis of Context – Conceptualization

In situated cognition [4] context for a person is viewed as a mental construction studied
from the notion of conceptualization and contextualization, and is studied from a
moment-by-moment analysis.
Conceptualization is considered from both a social and neuropsychological perspective. In our work, we ﬁrst focus on the notion of context from the perspective of
social psychology. ‘Context’ from this perspective is explained by conceptualization
i.e.: how a person conceptualizes his role considering his situation, and activity - ‘What
I am Doing Now’. For example, a resident doctor on the ward round is conceptualising
what he is doing now: ‘making decision whether the patient has a heart failure’ in
constructing his behavior. From a neuropsychological perspective, the notion of conceptualization involves a composition of higher-order categorization processes at the
perceptual-conceptual level that is responsible for our coordinated activity in time. For
example, at the perceptual level, a resident doctor at the ICU when he is situated in a
context, the way he perceives the context is always through categorizing the details. As
an example the resident doctor categorises the details from ‘the patient’s skin color,
blood test results on paper and the nurses speaking about the wounds’ in the environment. These categorized details are then given a description or semantic label, as an
example ‘patient is improving’. At the conceptual-memory level, which is a
higher-order categorization process – the details, which are also given descriptions, are
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then conceptually categorized, as an example ‘these are clinical evidence’. Thus,
conceptualizing can be viewed as a dynamic process of reconstructing a person’s action
relating perceptions to higher-level concepts in memory as part of how experiences are
formed. Thus physical re-coordination such as taking a paper chart, and reading from it
while speaking about is viewed as part of the basis in speaking and comprehending
text. The notion on conceptualization is used as a method to synthesize the communication patterns.

3 Results –Communication Analysis
In this paper, we will illustrate the results from our communication analysis of a
speciﬁc event between the resident and the ICU clinical director in which errors were
generated and unresolved for about 15 min. The errors (of information) were subsequently revealed and managed appropriately but only after a period of time deliberating
and discussing the erroneous points. First we will describe the work setting, followed
by the artifacts in use and a brief background of the event. Figures 1 and 2 shows an
example of a bedspace at the studied ICU and the mock design of the decision support
system correspondingly.

Fig. 1. ICU bedspace.

Fig. 2. Mock up of the decision support system

The computer is located on the left hand side at the end of the bed (not shown in
Fig. 1), facing away from the bedspace. The system (see Fig. 2) allows users to enter
the ICU daily plan, and view the progress of the post-operative vital signs in a time
based flow chart. The flow chart shows the reading at different time intervals of the
haemodynamic (blood pressure, heart rate, etc.) variables, itemized input and output of
the patient (fluids, medications, etc.). The clinical team also refers to an X-ray system,
which will include the most recent as well as previous radiological (i.e., X-ray)
investigations. Other artifacts in use are the blood gas report, pathology report and
microbiology paper record. Figure 3 is an example of a microbiology paper report
while Fig. 4 shows an example of the prescription chart.
We give a brief background of the event. The resident doctor had committed an
error when referring to the patient record from the decision support system and thus the
resident doctor was presented with two contradicting information about his patient. One
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Fig. 3. Microbiology report

Fig. 4. Prescription chart

was about the patient in the next room viewed on the decision support system, and
another is of the correct patient at that bedspace presented on the paper documents (i.e.,
microbiology lab result).
We shall refer to the next room patient as patient B, and the correct patient as
patient A. Patient B has been diagnosed with an infection “extended-spectrum
beta-lactamase (i.e., ESBL) bacteria”. Patient A’s medical treatment did not indicate
that he was diagnosed with the ESBL bacterial infection. Patient A actually had “e-coli
bacteria” identiﬁed in a healing wound and was being treated with an antibiotic for
“corynebacterium bacteria” identiﬁed in his sputum. However these facts were not
mentioned in the artifacts but instead the drug prescribed for Patient A was mentioned,
which was tazocin. For the next 15 to 20 min, the resident doctor and the consultant
doctor were engaged both in trying to reconcile the contradictory information by
communicating and recalling their clinical knowledge about the ESBL diagnosis, and
what’s being taught about its medical treatment. Based on their medical knowledge,
tazocin is not usually the preferred choice of treatment for an ESBL infection. We show
an excerpt of the transcribed communications below:
Resident doctor: “Klebsiella esbl..must be carbapenem, carbpenem, where (looks at the blue
folder of drugs prescription) is the carbapenem?”
Resident doctor: “This patient..surgeon request to extubate but still has op-pneumonia..klebsiella pneumonia isolate before //”
ICU clinical director: “//When was the last positive culture?” (continues)…

Applying step 1 (refer to section on Data Transcription and Annotation Coding),
the transcribed communications has been annotated with the turn taking, including
gestures, artifacts, and the details that the doctors were focused at during the communications. Details could refer to the artifacts, or a concept in the mind (e.g., focused
at the detail in the mind about ESBL). Notation such as “//” indicates overlapping of
utterances between speaker and listener. The Table 1 below depicts correspondingly at
each utterance: (i) the activity-artifact (i.e., paper, computer) referring to which
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patient’s information; (ii) the high-level coding of the actions coded by the categories
of the case management, and (iii) if and what are the categories of error that had
occurred during the different ‘actions’. Situated cognition was applied to give a
moment-by-moment account of the communications considering the relationship of
details in the artifacts.
Table 1. The annotated utterances applied with case management and error coding.
Lnn,
Spkx

Utterances

Activity-Artifact

Details

Comment

Case
management

Error

1, H

Klebsiella esbl..
must be
carbopenem..
where is the
carbopenum..

Carbopenum
(a drug)
and ESBL
(a type of
bacteria)

H verbalising outloud
looking for the
bacteria culture
report and its
treatment on the
chart pages by
pages

Information loss
type of
failure to
follow up

Generated
error

2, H

This patient
surgeon
request to
extubate but
still has
op-pneumonia
klebsiella
pneumonia
isolated
before//
//when was the
last positive
culture?

Looked at
microbiology
report on
system
(Patient B)
Flipping
through Paper chart
(Patient A)
Assessing -X-ray
and the paper
chart
(Patient A)

Condition of
patient’s
lung

H refers to historical
evidence
consisting of the
X-ray to look at
the lungs, and to
the paper chart on
reported test
results

Information
interpretation

Generated
error

ESBL,
shadows
in the
lung ﬁeld

SH is listening to H’s
assessment of
patient’s history

Additional
information

N/A

ESBL,
shadows
in the
lung ﬁeld
ESBL,
shadows
in the
lung ﬁeld
ESBL,
shadows
in the
lung ﬁeld

Shared representation

Information
aggregation

N/A

Shared representation

Information
interpretation

Generated
error

Shared representation
but SH did not
agree with the
assessment

Information
interpretation

Corrected
error

7, Sh

this is 19, this is
today

Standing and
looking –
computer
report
(Patient A)
Looking- X-ray
(Patient A)

8, H

slightly better
(nodded)

Looking -X-ray
(Patient A)

9, Sh

not much

Looking -X-ray
(Patient A)

3,Sh

The case management coding allowed us to identify the kinds of actions (i.e.,
information interpretation) that the clinician team formulated in the context of error. At
Ln1, the resident doctor was referring to the microbiology report on the decision
support system indicating Patient B had ESBL, at the same time flipping through the
prescription chart of Patient A to look for carbopenum, a drug treatment for patients
that have ESBL. His action was coded with case management ‘information loss’ of
type ‘failure to follow up’. Previously he was inquiring about the patient’s A diagnosis,
however it was not followed up. Thus he went to look for details of carbopenem that
would indicate that the patient A does have ESBL. At this time, it had led to ‘error
generated’ in which the result of his seeking of information was still not being followed
up. Thus it has led him to continue to believe that the patient A had an ESBL infection.
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At Ln2, the case management was ‘information interpretation’ to ﬁnd evidence
from the information loss that the patient A does indeed have ESBL (to conﬁrm his
diagnosis). Based on the x-ray results, historical records, and the prescription chart he
interpreted that the patient A had klebsiella, a bacteria that can have the ESBL property.
This led to further ‘error generated’ because the resident doctor made assumptions that
the patient A had a klebsiella infection, which was incorrect still. At Ln3, the ICU
clinical director had applied ‘additional information’ case management strategy after
listening to the resident doctor’s interpretation of the patient’s A drug treatment and
assessing the X-ray. At this moment, the ICU clinical director would like to get past
information on how long the infectious disease (i.e., ID) team have isolated the
organism, as this would inform him what the patient actually has. From Ln7 onwards
until Ln9, the resident doctor and the ICU clinical director were both referring to the
X-ray, which becomes a shared representation for both. Both of them were focused at
analyzing the details of the ‘shadows in the lungs’ that would indicate physiologically
that the lungs of patient A have improved.
3.1

Patterns of the Communication Analysis – a Clinician Team’s
Context

In the previous section we have illustrated how the clinician team formulated actions
during a speciﬁc event where errors had occurred. Speciﬁcally the term action in our
work encompasses the coordination and communications on the use of the artifacts. In
this section, we will discuss the communication patterns that had emerged from our
analysis. From the communication analysis, we have found that the “error generated”
occurred during two types of case management categories: information loss type
‘failure to follow up’ (3 times) and information interpretation (2 times), shown in
Table 2 below. Thus in total we had identiﬁed 5 occasions in which a context of errors
had occurred.
Refer to Table 2, we identiﬁed the general patterns that has emerged from the
category ‘information loss’ of type failure to follow up:
• The prescription chart (i.e., paper artifact) was used to get historical information on
the kind of drugs that have been prescribed to the patient, this was followed by;
• X-ray which (i.e., digital X-ray) was used to get clinical evidence that the lung has
physiologically improved.
• Microbiology full report on the paper artifact was used to get the complete results,
i.e., full sensitivity report for the microorganism, which is the reaction of the
microorganism with different types of antibiotics.
• Microbiology quick report on the decision support system was used to get the report
on the name of the microorganism that is grown.
The category ‘information interpretation’ that is interpreting evidence in hand
exhibits the following pattern:
• Digital X-ray which was used to interpret if the lungs had improved and;

The Communication Patterns in the Context of Error

155

Table 2. Type of case management categories in relationship to errors.
Lnn
1

Categories
Information
loss

Activity-Artifact
Prescription chart
on paper (Patient
A)

Information
Shows list of drugs
prescribed to
patient

20

Information
loss

Microbiology lab
results on paper
(Patient A)

36

Information
loss

Patient, ventilator,
microbiology lab
report on the
decision support
system (Patient
B), X-ray system
(Patient A)

2

Information
interpretation

X-ray system,
prescription chart
on paper (Patient
A)

8

Information
interpretation

X-ray system
(Patient A)

Shows results on
the
microbiology,
hematology and
biochemistry
Patients
demonstrate
clinical evidence
of health,
ventilator,
decision support
system window
showed the
microbiology
report, X-ray
shows lung
evidence
(improving or
not)
X-ray shows lung
evidence
(improving or
not), shows list
of drugs
prescribed to
patient
X-ray shows lung
evidence
(improving or
not)

Details
Carbopenum (a
drug) and ESBL
(a type of
bacteria)
Drug (tazocin)

Improvements in
patients – drug
dosage, lungs,
clinical evidence
(skin, alertness
in patient)

Drug (tazocin)

Shadows, drugs

• Prescription chart on the paper was used to interpret if the drug treatment have
indeed improved the lungs, thus would help clinicians to infer the patient’s infectious disease.
The X-ray is used as a ‘physiological evidence’ that the lungs has improved and the
prescription chart is used as an evidence that the drug treatment is indeed the correct
one that is improving the lungs.

156

N.N.B. Abdullah and S.A. Arifﬁn

4 Discussion and Future Work
The objective of our study has been to study what constitues context of error. In the
previous sections we have illustrated at a moment-by-moment analysis how the clinician team used the artifacts during the context in which error had occurred. To synthesize the conceptualization process, we refer to situated cognition notion [4] of
conceptualization. Thus, in this section we will discuss our synthesis of the ﬁndings.
The ﬁndings had revealed a very complicated work practice interaction among the
decision support system, ventilator setting, paper records, and the clinician team
clinical knowledge and procedure in conceptualizing “what is the patient being treated
for and is he/she improving?”. The conceptualisation process demonstrated an act of
‘coupling’ in the coordinating of using the artifacts while speaking about the drugs, and
their knowledge on the medical treatment. The coordination here refers to how the
actions of assimilating, interpreting and aggregating information are used to coordinate the team’s decision-making process on the patient’s care management.
At the coordination-artifacts coupling level, the clinicians access the information,
which was represented on the artifacts as different levels of details to conceptualise
their next actions (i.e., what does this information represent and where do I go next to
seek evidence?). At the artifacts-speaking coupling level, the details from the artifacts
were formed conceptually in the mind (e.g., the patient has EBSL) and the details from
the environment were also constructed (e.g., seeing the physical signs on the patient)
while speaking. These actions had demonstrated that the clinicians were ‘trying to ﬁt’
what is being presented as information, and interpreting and aggregating it (model of
what is represented in the world) with what they have learned as ‘clinical knowledge’
and from their experiences on the treatment (model in their mind). This has further
revealed that the conceptualisation of the clinicians showed that the formulating actions
of perceiving, interpreting, and aggregating was about contextualising all possible
details from the environment on different levels of coupling. What we refer to as ‘all
possible details’ refers to the action of getting details that can replace the most signiﬁcant information loss that was ‘what has the patient been treated for currently?’.
This information loss was not recorded anywhere on the artifacts.
The synthesis viewed from the perspective of situated cognition highlighted most
importantly that the current information was represented ‘without a context’ (absence
for what the patient is being treated for). This has revealed the limitations of the present
work system design – and the complexity of the decision making process involved,
because of the nature of patient care management in critical care settings. It has also led
us to further question - why was the work system (e.g., paper records and artifacts not
recording what the patient has) designed in such a way? The initial study of observing
context of error had enabled us to highlight the common patterns in the use of artifacts
that had led to errors. The observation can lead to design principles that consider safety
elements, for example a principle could be that a decision support system must be able
to have an alert mechanism. Thus our future work would be conducting longitude
studies to obtain a general ﬁnding so that the modeling and representing of context of
error can be developed.
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Appendix
Categories of
case
management
coding
Information
aggregation

Information
interpretation
Information
loss

Categories of error
coding
Generated error

Corrected error

Description

Example

Patient information aggregated by
the presenter prior to the its
interpretation by the entire team;
multiple instances of information
aggregation possible depending
on the number of ongoing
medical issues in the case
Patient information interpreted
based on the evidence at hand

“MICU day no.3, she was exubated
yesterday. Her problem include
mental status, hep C, withdrawal,
UTI stage 2 DQ ulcers”

1. Inaccurate recall: Recalled
patient information that is
inaccurate, where correct
information is loss
2. Failure to follow up: Question
posed by team member but never
addressed in discourse

“Because of her size, I can pretty
much guarantee you, what’s in
there is probably a Bovina”
1. Team member discuss patient
having a history of diabetes,
when the information available
did not show this history
2. Team member asked if patient
was passing urine, but this
question was never followed up

Description
1. When the information uttered by a team has something that is
incorrect or doubtful
2. Anything that is categorizes as relevant information loss, inaccurate
interpretation, of faulty decision making
1. When participants themselves or someone else corrects an error
2. When a mistake is detected and corrective actions are taken
3. When an incorrect interpretation or decision is corrected
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Abstract. Patients 2.0 increasingly inform themselves about the quality of medical services on physician rating websites. However, little is
known about whether the reviews and ratings on these websites truly
reﬂect the quality of services or whether the ratings on these websites
are rather inﬂuenced by patients’ individual rating behavior. Therefore,
we investigate more than 790,000 physician reviews on Germany’s most
used physician rating website jameda.de. Our results show that patients’
ratings do not only reﬂect treatment quality but are also inﬂuenced by
treatment quality independent factors like age and complaint behavior.
Hence, we provide evidence that users should be well aware of user speciﬁc rating distortions when intending to make their physician choice
based on these ratings.
Keywords: Health 2.0 · Rating behavior
physician rating websites

1

· Patient opinion mining on

Introduction

Provider rating websites become facilitators for patients in health-related
decision-making [10] and hence, it is not surprising that physician rating websites (PRWs) are becoming increasingly popular [6]. A recent study [7] revealed
that already more than one third of the Internet users are searching for a physician directly on PRWs. However, “research on these information tools is in its
infancy” [11]. So far, only little is known about “the number, distribution, or
trend of evaluations on PRWs” [6] as well as about “the content and nature
of narrative comments” [7]. Moreover, it is unclear, “whether PRWs have the
potential to reﬂect the quality of care oﬀered by individual health care providers”
[3,20]. However, knowledge about these issues is quite important, because PRWs
are likely “to inﬂuence the image of doctors in society and the self-understanding
of both doctors and patients” [20] and could be shown to have a considerable impact on physician choice making [7,8]. We therefore analyzed data from
jameda.de, the physician rating portal playing potentially “the most important
role in the German physician website movement” [6]. The intention thereby was
c Springer International Publishing Switzerland 2015
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to present the ﬁrst study on German PRWs analyzing complaint behavior as
a treatment quality independent factor, in order to get a more unbiased and
comprehensive understanding of patient opinions. We therefore decided to make
a proof-of-concept by selecting waiting time for an appointment or in a practice
as a prototype for a cause of complaint which is not inﬂuenced by the physician’s treatment but maybe by age (Subsect. 4.1), health insurance aﬃliation
(Subsect. 4.2) or grading behavior (Subsect. 4.3).
This paper is organized as follows: In Sect. 2, we give an overview of related
work. In Sect. 3, the data set (Subsect. 3.1) and the methodology (Subsect. 3.2)
of our empirical study are described. Section 4 then presents our results which
are evaluated in Sect. 5. Finally, we conclude in Sect. 6 and provide possible
directions for future work.

2

Related Work

Since PRWs are becoming more and more popular [9], they have also gained
increasing attention in the scientiﬁc literature [8]. There are studies dealing with
the PRWs themselves. That is, with their quality [3,5,9,21–23], their perception
in the scholarly and public debate [2,11] as well as with data protection [17]
and ethical issues [11,24] that go along with these websites. Moreover, their
inﬂuence on the quality of treatment [26] and on doctor-patient relationships
[16] have been discussed as well as the question how physicians should deal with
physician rating websites [9].
Other research concentrates on proﬁling users of PRWs. In particular, these
studies investigated the motivation for physician rating website usage [2,18] as
well as the socio-demographic [1,8,25] and psycho-graphic [25] characteristics of
users. Also the health status aﬃliation of users of PRWs was examined [8,25].
Moreover, evaluation criteria, that are relevant for users when reviewing their
physician online, were investigated [7].
Furthermore, the ratings themselves have also been topic of research. On the
one hand, there are studies that deal with their overall sentiment [2,9,12,19]. On
the other hand, there are other studies that conducted pure numerical analysis
of the ratings in order to ﬁnd out the percentage of physicians that has been
rated, the average number of ratings on the PRWs [9], as well as the average
amount of assessments per physician [2,12].
However, research on the rating behavior of PRW users remains scarce.
Gao et al. [12] conducted an analysis on more than 386,000 ratings from the
PRW RateMDS from 2005 to 2010 and investigated what characteristics of physicians (such as specialist ﬁeld, time of graduation, attended medical school, etc.)
increased their likelihood to be rated. However, ﬁrst of all, this analysis is based
on non-actual data. Second, the data set is rather small compared to our one.
Third, Gao et al. [12] investigated an U.S. physician rating website and thus
no German texts. Fourth, they rather concentrated on the characteristics of the
physicians that inﬂuence the rating behavior instead of the characteristics of the
patients (age, health insurance aﬃliation, complaint behavior) that aﬀect rating
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behavior. However, there are also studies that are based on more actual and
German data. Emmert and Meier [6] analyzed 127,192 reviews and ratings that
were posted on jameda.de in 2012 and Emmert et al. [4] also investigated ratings on jameda.de from 2012 to 2013, whereby the latter only considered ratings
on dentists. Both investigations concluded that older patients give better grades
than younger patients and that privately health insured patients rate better than
statutory insured patients. However, both studies (1) are not based on actual
data, (2) rely on a far smaller data set than our analysis and (3) do not consider
the inﬂuence of complaint behavior on patients’ ratings.
Thus, so far, there is no actual investigation of reviews and ratings of German user generated physician reviews and ratings, that considers patients’ rating
behavior under simultaneous consideration of age, health insurance aﬃliation
and complaint behavior. Besides, the investigated amount of ratings and physicians is unique in the existing research on German PRWs.

3

Empirical Study

3.1

Data Set

Our corpora were created by gathering data from jameda.de on which more than
90 % of German physicians are registered.1 The data acquisition took place from
October 2013 to January 2015 and resulted in a collection of 797,651 reviews on
397,590 physicians that were posted in the time period from January 2009 to
January 2015. The distribution of review texts per physician ranges from 0 to
223, whereof less than 2 % are only quantitative reviews with no textual remarks.
Most of the reviewers commented on general practitioners (14 %), followed by
internists (11 %), dentists (8 %), surgeons (6 %) and psychotherapists (6 %) – to
mention only the 5 most frequently reviewed specialties on jameda.de. For example, psychiatrists are rarely reviewed although more than 11,900 are registered
on this PRW.

Fig. 1. Sample review on jameda.de translated from German
1

jameda GmbH, “FAQ”, http://www.jameda.de/hilfe/?show=user,08/15/2015.
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Descriptive metadata, such as age or the type of health insurance, was
attached to each review in order to provide classiﬁcatory information for a better
understanding of the reviewer’s background [14]. Each review consists of a qualitative and a quantitative part (cf. Fig. 1). The qualitative part contains the title
and the review text. In general, the reviews texts are rather short (51 words on
average) and the longest one consists of 348 words. Additionally, around 1.2 %
of the collected reviews comprise a response of the particular physician. Next to
this qualitative part, the quantitative part contains up to 16 numeric rating categories (e.g. health education, equipment). Each of these categories can be rated
by using a grading system (best: 1.0 – worst: 6.0). Besides the grades, the quantitative part also contains metadata (e.g. age, insurance). In total, 60 % of all
physician reviews provide details about the statutory health insurance (SHI) or
the private medical insurance (PMI). Furthermore, the corpora contain personal
information about the physicians such as name, address and specialty.
Before this data was processed, non-physician data records such as veterinarians and pharmacies as well as biased reviews were excluded from the data
set. Our data set initially contained reviews on 68 % physicians, 8 % health practitioners, 7 % psychotherapists and 6 % physical therapists. Thanks to previous
research [13,14], where we developed an approach to automatically recognize
individual inconsistencies in the rating behavior by comparing the sentiment
scores of the qualitative part to the grades of the quantitative part of a review
[13], we could ﬁlter out the biased ones in order to improve data quality.
3.2

Method

First of all, information extraction was performed [15]. That is, we automatically
identiﬁed and extracted relevant information from the review texts and transformed them into a structured representation (i.e. predeﬁned templates). The
patterns for the recognition of sentences containing waiting time information
were a priori deﬁned when studying a sample of 200 review texts that was randomly selected from the whole collection. That way, we could make the following
assumptions in order to design the right extracting rules:
1. Waiting time in a doctor’s oﬃce covers the time someone spends sitting in
the waiting or even both in and in front of the consulting or treating room.
2. Waiting time in a doctor’s oﬃce is given in minutes or hours by a reviewer.
3. Waiting times stated in days, weeks, months or years are commonly exaggerations and will not be considered.
4. Waiting time for an appointment is not usually expressed in minutes or hours,
but in days, weeks and months.
5. All mentioned waiting times will be rounded up. That means that e.g. 20 min
are considered as maximum waiting time in the statement “I’ve never been
waiting longer than 20 min” and 4 hours are taken as upper bound from the
following utterance “waiting 2–4 hours at the doctor’s oﬃce”.
6. Statements without concrete indications of any waiting time (e.g. “I was
waiting for hours”) are ignored.
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Table 1. Samples of n-grams for waiting time with surrounding context information
# n-gram

Context trigger(s)

1 “nach 10 Minuten Wartezeit”
(“after a 10 min waiting time”)

“im Wartezimmer”
(“in the waiting room”)

2 “noch 50 Minuten gewartet”
(“had still 50 min to wait”)

“trotz Termin”
(“despite appointment”)

3 “noch nie länger als 20 Minuten”
(“never more than 20 min”)

“gewartet”
(“waited”)

4 “45 Minuten im Wartezimmer verbracht” –
(“spent 45 min in the waiting room”)
5 “trotz Termin 30 Minuten gewartet”
(“waited 30 min despite appointment”)

–

6 “etwa einer Stunde Wartezeit”
(“about one hour waiting time”)

“Wartezimmer”,“Praxis”
(“waiting room”, “practice”)

In our case, the starting point for the generation of the regular expressions
was to go through the physician reviews on jameda.de and look for repetitive
patterns (i.e. phrases), containing waiting times. For example, “... had to wait
X hours in the waiting room ...” or “... got an appointment already after X
weeks” were phrases occurring quite often in the review texts. The most frequent phrasal patterns (in the length of 3- to 5-grams) were then listed in a
candidate list. Since numbers are highly ambiguous when interpreting them
without their embedding, we decided to create phrasal patterns considering surrounding context information. Even limited context information such as time
units (minutes, hours, days, weeks, months) is not suﬃcient because the corresponding activity itself is still ignored. Moreover, the phrase structure is
essential for the correct information extraction. Since keyword spotting in a
window size of, for example, 8 words could even recognize the wrong temporal information for waiting time at a doctor’s oﬃce as it is shown here:
“Because of [two1 minutes2 at3 the4 doctor s5 a6 waiting 7 period8 ] of up to one
hour! This could not happen when the predicate-argument structure of a phrase
represented in extraction patterns, such as “waiting period of (up to)?
([\d]{1}) hour(s)?” and others shown in Table 1 together with so-called context triggers. These are string sequences (n-grams) describing the situation of
complaint.
The recognition of phrasal patterns was conducted on sentence level in order
to assign the identiﬁed waiting times to the right physician(s). That is especially
important in cases when more than one physician is mentioned in a review:
“Ich bin zu Herrn Dr. X gewechselt, da ich hier nie mehr als 20 Minuten
warten musste. Ich kenne andere Ärzte, wo ich bis zu 5 Stunden im
Wartezimmer saß.” (“I switched to Dr. X because I never had to wait
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Table 2. Grading behavior per age group dependent on waiting time
< 30 years 30–50 years > 50 years
Avg. Minutes 75

79

84

Avg. Grade

2.1

2.0

2.2

more than 20 min. I know other doctors where I stayed up to 5 hours in
the waiting room.”)
From these most frequent n-grams, regular expressions were built which were
then applied on the jameda.de review corpus. Depending on the results gathered
by these regular expressions, they were reﬁned and again applied on the review
texts in order to ﬁnd out, how to further elaborate them. That is, when we
observed for example, that the regular expression “had to wait ([\d]{1,5})
hours”2 failed to cover a considerable amount of waiting time descriptions
because reviewers oftentimes expressed their waiting time in minutes, then
we adapted our regular expression. In this case, the regular expression would
have been adapted to “had to wait ([\d]{1,5}) [hours| minutes]” combined with a context trigger such as “waiting room”. Hence, our information
extraction process was conducted by means of iterative adaption of our regular
expressions (i.e. bootstrapping). Finally, the waiting times that were expressed
in other time units than minutes were converted to minutes (i.e. normalization)
in order to make the diﬀerently expressed waiting times comparable.

4

Results

The results of the information extraction process (described in the previous
section) are presented in the following. After ﬁlling the extracted and normalized
temporal information in the above mentioned templates for waiting time at a
doctor’s oﬃce and for an appointment per physician, we correlated our ﬁndings
with the reviewers’ age (Subsect. 4.1), health insurance aﬃliation (Subsect. 4.2)
or grading behavior (Subsect. 4.3).
4.1

Age

When considering the rating behavior of the three age groups (“below 30 years”,
“30 to 50 years” and “above 50 years”) not per specialist ﬁeld3 but per perceived
waiting time (cf. Table 2), it becomes clear that younger patients are more strict
than older patients.
While patients below 30 years on average give a grade of 2.2 for a waiting
time of 75 min, older patients between 30 and 50 years give a better grade (2.1)
2
3

[\d]{1,5} denotes that we look for a number with at least one and up to ﬁve digits.
In the following, the specialist types “psychiatry” and “psychology” are subsumed
under the specialist category “neurology”.
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Fig. 2. Average rating per age group by specialist ﬁeld

even for a longer waiting time (79 min). The patients older than 50 are even less
strict, since they give a 2.0 on average for a waiting time of 84 min.
In order to investigate the inﬂuence of patients’ age on their rating behavior,
we looked at the grades given on jameda.de by patients separated in these three
age groups. Results showed that younger patients are more critical when rating
their doctors than older patients (cf. Fig. 2). The higher the grades on the y-axis
are, the more critical the patients are. Only in the case of “anesthesia”, patients
in the age group “below 30 years” and “30 to 50 years” gave the same grade on
average. The second exception is observed in the category “neurology”. There,
the patients aged between 30 and 50 years rated better than the patients above
50 years. However, the rating diﬀerence was just minor. Anyway, we assume that
more strict rating behavior of younger patients compared to the rating behavior
of older patients is due to the fact that they have – due to less made experiences
– higher expectations.
4.2

Health Insurance Aﬃliation

A further factor that was shown in previous studies to have some inﬂuence on
patients’ rating behavior is the health insurance aﬃliation. As expected, private
patients do not have to wait as long as patients insured by the statutory health
system (cf. Fig. 3) and hence give better grades (cf. Fig. 4).
On average, PHI patients have to wait 70 min and give a 1.6 while SHI
patients on average have to wait 88 min and give a 2.1.

166

M. Geierhos et al.

Avg. waiting time (min.)

100

90

80

70

di
ra

op

ne

ur

ol

ol

og

og

y

y

y
er
su

ur

di
pe

rg

og
ol

at

ol
lm

y

s
ric

y

in
ic
ed

ht
ha

m
al
rn

in
te

ne
ge

og

e

gy
lo
co
ne

gy

ra

de

rm

lm

at

ed

ol

ic

og

in

y

e

60

SHI

PHI

Fig. 3. Average waiting time by specialist ﬁeld per insurance (in min.)

2.4

Grade

2.2
2
1.8
1.6

n

y

io
at

ol

lit

di
re

ha

bi

ra

ur

ol

og

og

y

y
er

s
rg
su

ric
at

og

di
pe

m

ol

ol

al

ht
h

ur
ne

ed

y

y

in
ic

op

in
te

rn

al

m

ne
gy

og

e

gy
co

ic
ed

lo

in

y

ge

ne

ra

lm

at

ol

og

ia
es
th

rm
de

es
an

e

1.4

SHI

PHI

Fig. 4. Average rating by specialist ﬁeld per insurance

4.3

Grading Behavior

A further aspect we investigated is the inﬂuence of individual complaint behavior on patients’ ratings. We assumed that variations in (communicated) opinions
(i.e. given ratings) do not only depend on the actual perceived treatment but
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rather also on the individual grading behavior. To prove this, we ﬁrst grouped
the generated waiting time templates per physician by specialty in our data set.
Then, we iteratively assigned the corresponding grade for waiting time (appointment) given in the quantitative part of each review to the waiting time extracted
from the review text (cf. Fig. 1). After that, we calculated the mean waiting time
per grade and per specialty over all reviews.
Table 3. Grading behavior dependent on waiting time
Grade 1 Grade 2 Grade 3 Grade 4 Grade 5
Dermatology

20 min

43 min

67 min

77 min

84 min

General medicine 30 min

48 min

72 min

83 min

102 min

Gynecology

24 min

49 min

73 min

80 min

96 min

Internal medicine 19 min

55 min

71 min

84 min

95 min

Neurology

49 min

51 min

70 min

95 min

97 min

Ophthalmology

31 min

77 min

74 min

78 min

94 min

Pediatrics

26 min

44 min

70 min

65 min

103 min

Radiology

11 min

47 min

78 min

100 min 101 min

Surgery

25 min

53 min

70 min

87 min

99 min

Urology

27 min

41 min

72 min

81 min

101 min

The results conﬁrm our initial assumption (cf. Table 3). We observed that the
same perceived waiting time led to diﬀerent ratings. For example, a waiting time
of 49 min is graded with a 1 (excellent) in case of a neurologist while in case of
the gynecologist a waiting time of that length is rated with a grade of 2 (good).
This diﬀerence in rating behavior becomes even more clear when looking at the
waiting times at the ophthalmologists and the dermatologists. While a waiting
time of 77 min at the ophthalmologist is graded with 2 (good), it is graded with
4 (acceptable) at the dermatologist.
This shows that the grading behavior is highly context-dependent: On the
one hand, patients expect diﬀerent waiting times for the various specialties and
therefore give diﬀerent grades for the same time period. On the other hand,
the waiting times are not monotonically increasing for higher grades in every
specialist ﬁeld (e.g. ophthalmology, pediatrics) which illustrates the subjectivity
of patients’ grading behavior. In brief, you cannot predict longer waiting times
in general when the grades are getting worse (i.e. higher).

5
5.1

Evaluation
Evaluation Track

In order to test the accuracy of our approach, we took a random sample of 200
reviews and manually veriﬁed whether the waiting times were correctly extracted

168

M. Geierhos et al.

from the text. We proved, for example, that the number 45 is recognized as the
waiting time and not the 7 in a review text containing the sentence “I had to wait
45 min with my 7 years old son”. Furthermore, we checked that, within a review
text like “I had to wait 2 h in the waiting room”, the temporal information (2 h)
is correctly converted into 120 min.
5.2

Evaluation Results

The manual evaluation revealed that our system works quite accurate. Only in 15
of 200 sample reviews, we observed mistakes. This again corresponds to an error
rate of 7.5 %. We aimed at covering a great variety of paraphrases expressing
waiting time by means of regular expressions. However, errors occurred in some
cases. For instance, we had problems with the recognition multi-word time units
in the reviews text, which were only extracted in parts and therefore falsely
converted: “I had to wait 1 h and 25 min despite appointment” was normalized
to 60 min (for 1 h) instead of 85 min. Before the ﬁrst evaluation round we have
not considered those complex temporal expression, but now we do.
Furthermore, in other cases, even the human reader may have diﬃculties in
understanding the reviewer’s statement: “Waiting for an appointment 6 weeks
waiting at the doctor’s 1 h 10 min, should have been waiting additional 15 min.”
Since the review is written without interruption, we cannot identify the correct
sentence boundaries in the absence of end of sentence points. The misinterpretation of the grammatical rules leads to the extraction of only 15 min. While
the error can be simply ﬁxed by adding another regular expression covering this
syntactic structure, others are still unsolvable: “Finally, again a good experience
with a spontaneous preferred date. [...] Others expected me to wait 4–5 h”. This
patient is happy because he/she got an appointment with short waiting time
but he/she compares this situation to others with longer waiting times. Since
our system is not able to diﬀerentiate between on-topic and oﬀ-topic time statements, it extracts 5 h. This error type occurs three times in the investigated
sample of 200 reviews. So this result still leaves room for improvement, but is
quite promising.

6

Conclusion and Outlook

The increasing use of physician rating websites has raised concerns whether
the information on these sites truly reﬂect the quality of health care providers.
However, this is quite important due to their considerable inﬂuence on physician
choice and on the image of doctors in society and the self-understanding of both
doctors and patients [20]. Therefore, we have investigated – based on 790,000
physician reviews – in how far ratings are inﬂuenced by factors that do not have
anything to do with health care quality. Our results are in line with [4,6] in terms
of that age and health insurance aﬃliation have an impact on patients’ ratings.
Furthermore, our analysis revealed that patients’ ratings are not only inﬂuenced
by the received treatment quality itself but also by complaint behavior. Thus,
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we provide evidence that users should be well aware of user speciﬁc distortions
of ratings and hence should be careful when making their health care provider
decision based on these ratings.
In future research, we therefore plan to investigate (1) what further treatment
quality independent factors inﬂuence patients’ ratings and (2) what evaluation
criteria are more important for patients than others when rating their doctors
online. The overall goals are to get a better understanding of patients’ rating
behavior and hence in the long run being able to develop interpretation aid for
users when seeking for health care provider information online.
However, also from a technical point of view, there is potential for future
research. (1) First of all, since our manual adjustments of the regular expressions
is quite time consuming and involves the risk of overﬁtting and overgeneration,
we plan to simultaneously support our information extraction process by machine
learning techniques. (2) Second, a further intriguing task for future work would
be to create additional domain-speciﬁc dictionaries in diﬀerent languages in order
to make our approach multilingual. (3) Third, we could also develop a strategy
for dealing with oﬀ-topic opinion phrases referring to other experiences with
physicians than the one that is on-topic in the review. That is, we have to
develop a strategy, for distinguishing automatically which experiences described
in the reviews refer to the experience that is to be rated in the reviews, and
which descriptions refer to past visits or experiences that the reviewer has just
heard from but not made him or herself and hence should not be included in the
rating.
Acknowledgments. Partial support for this work was provided by the Ministry of
Innovation, Higher Education and Research of North Rhine-Westphalia, Germany.
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Abstract. Elderly drivers will be more present on the road in the next few years.
Mobility is fundamental for the elderly because it allows them to maintain an
active lifestyle. But the elderly may suﬀer from cognitive, physical or sensorial
decline due to aging. To help them to drive, context-aware systems can assess the
status of a driver and warn him or her about hazards. We present a data analysis
tool for car driving context information that includes data mining and statistical
evaluation algorithms. We applied our system to data collected by sensors into
an instrumented vehicle in realistic driving conditions. Results show that our tool
is able to store the contextual information collected and to enable an interactive
visualization of the data collected. Thanks to this tool, it is easier to share infor‐
mation among the scientists working on the data. Moreover, it makes it convenient
to store data in the cloud.
Keywords: Context-awareness · Contextual information · Analytical tool · User
modeling · Driving behavior analysis · Road safety

1

Introduction

Aging is a growing phenomenon in almost all countries of the world [1] and the
percentage of people 65 and older will more than double between 2010 and 2050 [2].
For instance, there are ﬁve millions elderly in Canada and elderly drivers could represent
nearly a quarter of the Canadian population of drivers in 2036 [3]. Such a demographic
change will have an impact on various aspects of daily life, among them road safety.
Indeed, aging has an impact on road safety. Elderly drivers are drivers aged 60 and older.
Elderly drivers have their speciﬁc safety problems, for instance they have more car crash
at intersections. In fact, they have the highest crash rates per vehicle distance of travel
[4]. Aging has several consequences for society. Therefore, it is in the best interest to
focus on this category of drivers.
In the last decade, there has been a growing interest in intelligent vehicles. A notable
initiative on intelligent vehicles was created by the U.S. Department of Transportation
with the mission of preventing highway crashes [5]. A range of new technologies allows
monitoring and driver assistance, such as automatic speed controls or blind spot moni‐
toring, to prevent motor vehicle accidents. Thus, such vehicles are equipped with
multiple sensors that can recognize driver’s current activities, and situate the vehicle in
© Springer International Publishing Switzerland 2015
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the environment. Through information provided by these sensors, it is possible to model
the context of the users and vehicles; and use these models to assist the drivers and create
new kind of driver-car interactions.
Context-aware driving systems can be especially useful to assist elderly drivers by
providing adapted assistance that takes into account the driver’s interaction capabilities,
their cognitive capabilities, the driver habits; while taking into account the cognitive
load inferred by such driving assistance [6]. By context-aware system, we mean the
ability of a system to capture, model and use speciﬁc information about the environment
surrounding the system, such as location, time, and user proﬁle [7].
This paper presents a modeling tool for analyzing the driving context. To analyze
contextual information, we used a web application and include data mining. The paper
is structured as follow. Section 2 presents related works about elderly drivers, contextaware systems and driving behavior model. In Sect. 3, we present and describe our tool.
Section 4 reports on the application of our tool to real data. Finally, Sect. 5 concludes
the paper and presents perspective and future work.

2

Related Works

Drivers have to respond rapidly to risks with good abilities like attention, perception,
motor abilities, information treatment, etc. With aging, some physiological impairment
appear and have negative impacts on driving skills [8]. The elderly suﬀer from cognitive,
physical and sensorial decline. The cognitive skills are aﬀected and lead to a longer
reaction time, a diminution of attention, and a short memory [9]. Physical abilities are
worsening with deterioration of psychomotor skills, development of arthritis, which
causes neck problems, or also vulnerability of the body [10]. And sensory functions
declines with a diminution of visual acuity, diminution of hearing or even, perceptual
ability [9, 11]. These impairments are common among the elderly with normal aging.
In addition, with diseases increasing, the elderly take medication that highlights the risk
of accidents. Medication alters the driving skills and reduces sensorimotor performance
(for example: decreased alertness, impaired vision, etc.) [10]. Therefore, some authors
purpose license restrictions to manage elderly driver safety [12]. But driving cessation
had adverse negative consequences [10, 11, 13]. It is a stressful experience, which has
an impact on quality of life. Elderly drivers want to continue to drive to maintain their
independence, even more for elderly drivers living in rural or remote areas. Mobility is
fundamental for elderly drivers because it allows them to maintain an active aging. Thus,
it is in the best interests of societies to maintain elderly adults driving as long as they
can safely do so.
So, driving is a complex and multitask processing that involves good perception and
cognition from the driver. It is necessary to have an immediate and appropriate decision
while driving. Driving task can be assisted by a context-aware system for vehicle control
or vigilance. Context-aware system can detect the status of driver and prevent him about
hazard.
Context aware system is defined as a system that uses context to provide rele‐
vant information and/or services to the user (relevancy is depending to the user’s

174

P. Ruer et al.

task) [14]. In 2005, Rakotonirainy [6] specify that context aware system assist the
driver to have a safe behavior. These systems could reduce the amount of errors and
the likelihood of accident. Indeed, driver errors are the consequences of 90 % of the
accidents and most of the accidents occur due to drivers’ behavior [15]. Errors would
be more prevalent in elderly drivers (or impaired drivers) because of a decreased
ability to perceive or quickly interpret the information due to aging [16]. Driving
errors are defined as an involuntary deviation from a rule or a norm. Planned actions
fail to achieve the desired outcome [17]. Context-aware systems have not been used
for applications for elderly drivers [13] although this system can improve vehicle
control and prevent accident. Driving behavior is a complex interaction between the
driver, the vehicle and the environment. For instance, the driver can have informa‐
tion about his/her physiological state (stress), the environment (traffic) and the car
state (speed of traffic) [6]. To achieve an interaction reliable, different types of
information are taken with different type of sensors and cameras and provide
required information to the driver when it is necessary [18]. Sensors can be catego‐
rized into three types: physical sensors (i.e. light sensor, camera, audio sensors,
accelerometers, location, temperature sensor, etc.), virtual sensors (i.e. software
applications, network event sensors, etc.) and logical location sensors (i.e. combi‐
nation between physical and virtual sensor) [19]. The best system combines all assis‐
tance functions to help the driver and produce good performance [18]. Context aware
system’s architecture is composed of a direct sensor access to provide sensing data,
a middleware infrastructure to present information to users and a context server to
manage the information’s user and to save context information for a later use [20].
In sum, context aware systems improve driving with understanding the whole driving
task (driver, environment and vehicle) and assist driver’s decision to reduce road
accidents.
But to assist the drivers, such system has to analyze the driver and predict when it
is a normal and an abnormal behavior. Indeed, the main actor of the driving activity is
the driver. So, there is a need to analyze the driver behavior in the context because the
situation impacts on the type of actions [21]. Some cognitive models exist in the literature
but they not take into account the context. Indeed, the beneﬁts of context are the explan‐
ation of driving behavior and the improvement of the generalizability and reliability of
existing driving behavior [21]. It is appropriate to develop behavior models for context
aware system. This will help the driver to produce adapted driving actions. Driving
behavior models incorporate cognitive state (attention) and behavioral state (motivation,
belief or risk assessment). A model is designed for only one particular driving situation
like fatigue [21]. Some researchers have developed context aware driving behavior
models capable to explain and predict driver’s behavior. In 2015, Bhattacharjee and
Wankhede [22] develop a context-aware architecture for a driver behavior detection
system able to detect four types of driving behavior in real-time driving (normal,
fatigued, drunk and reckless driving). Diﬀerent types of information are collected like
speed of the vehicle, yawning angle, steering wheel angle and the vehicle’s lane position.
To capture static and dynamic aspects of the driver behavior, a dynamic Bayesian
network is used. Results show an accurate detection of the abnormal driver’s behavior.
A context aware system has to integrate driver behavior model. Thus detect driver

An Analysis Tool for the Contextual Information

175

behavior, it is vital to collect contextual information about the driver, the vehicle and
environmental context; then analyze with data mining methods. In the following section,
we propose the description of a tool used to analyze the driving and the context, espe‐
cially for elderly drivers.

3

Tool Description

In the context of our research, we are using an instrumented vehicle, the LiSA (in french:
Laboratoire intelligent de Sécurité Automobile or Intelligent Laboratory on Automobile
Safety), a Nissan Versa 2008 (Fig. 1). Among other, this car is equipped with a data
logger AIM Evo4 which can collect the speed, steering movements, acceleration,
braking, 3-axis acceleration and GPS location from the car embedded computer. LiSA
also include an eye tracking faceLAB 5.0 system, a Microsoft Kinect (with a head
tracking software [23]) camera and several other camera to monitor the driver. Finally,
all the data is recorded by a computer installed on-board. Thus, LiSA is able to collect
a wide range of contextual information.

Fig. 1. The LiSA’ instrumented vehicle

To complete the contextual information with specific information on the user
profile, we are using surveys during our experimentation to collect sociodemo‐
graphic variables, such as their age, sex, driving experience, opinions toward safe
driving, etc. Moreover, in the context of our last experiment [24], we collect the
driver’s level of perceived fatigue by using a scale ranging from ‘0’ not at all
fatigued to ‘10’ very much fatigued at four times during the experimental session.
Each participant was asked his or her level of fatigue just before starting driving
(Time 1), after 15 min of driving once the experiment had started (Time 2), after
30 min (Time 3), and when the driving experiment ended (around 45 min) (Time 4).
In the case of this experiment, the focus was measuring the level of perceived
fatigue and not the physiological level of fatigue. The Table 1 presents an overview
of the contextual information collected by LiSA.
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Table 1. Contextual information collected by LiSA

Devices

Data collected

AIM Evo4

Time;
Distance;
Speed;
RPM;
Gears;
Steering wheel rotation;
3-axis acceleration;
GPS location (gyro, altitude, latitude, longitude, elevation, etc.)

faceLAB 5.0

Head position and rotation;
Eye close (left, right, calibration);
Eye gaze (left, right, rotation, calibration);
Eye blinking (left, right, number, duration, frequency);
PERCLOS;
Saccadic eye movements;
Pupil movements (left, right, diameter)

Microsoft
kinect

Head position and rotation;
Blind spot check activity

Surveys

Sociodemographic data;
Opinion toward safe driving;
Level of perceived fatigue

To analyze these contextual information we built an analysis tool that include data
mining and statistical evaluation algorithms that analyze the collected contextual infor‐
mation. The development of such tool was motivated by:
1. Building a development platform to test our algorithms on oﬄine data, which could
be later test on real-time data;
2. Getting a tool to stock the contextual information collected during our ﬁeld experi‐
ments for each participants;
3. Building a tool that will allow an easy visualization of the data collected and could
be used to make debrieﬁng session with the participants.
Thus, we built this tool using a web application approach by adopting the Node web
server technologies, the Javascript language and the MongoDB database. The choice of
Node and the Javascript language was motivated by the high adaptability of Javascript
language, where we can do server and client side computation. Most data mining and
statistical analysis algorithms can be implemented in Javascript easily and developed
algorithms can be translated into other languages (e.g. Java or Python) easily. Moreover,
there is a huge selection of visualization API available in the community, which provided
support for representing our data in graphs or diagrams.
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For the database, MongoDB was an evident choice where the noSQL approach, which
allows the indexation of data, provided by different sources in different formats (e.g.
tabular data). To not loose any information provided by the sensors and their expressivity,
we decide to upload the raw data into the MongoDB without any prior transformation.
Afterwards, we had several transformations to do on raw data prior to their analysis. For
instance, the time frames of the collected data are heterogeneous between sensors, with
different sensing rates and time format. To make the data analysis easier, we made an
algorithm that transform the data on the most common measure by aggregating the data
from sensors with an higher sensing frequency by computing the average values. Another
example is with the data provided by the faceLAB about the head position and the eye
gaze. To match the cardinal position provided by the faceLAB with the car environment,
we made a cardinal (translation) and a scaling transformation (in meters).
However, in the context of the field experiments (see next section), one of the key
transformations required to the statistical analysis of the contextual information, such as the
driving speed, is the noise reduction. All drivers are varying their speed depending of the
driving contexts (obstacle, road topology, etc.). However, even in the case of monotonous
driving in flat and straight lanes, the driving speed is varying a lot with several speed spikes
at various intensity. Such small variations are not always related to the driver behaviors and
can be related to environment and road conditions (Fig. 2) and can therefore be considered
as noise. In this example, we are not interested in these small and frequent speed variations
but in intentional variation of speeds, that we refer as speed spikes.

Fig. 2. Example of identiﬁed noise and valuable information (spike)

To remove this noises, we implemented a quasi-monotonic segmentation algo‐
rithm1 based on Lemire et al. [25] that reduces speciﬁc amounts of variation in a signal
and keeps the variation in the data that are more signiﬁcant (i.e. with a signiﬁcant
monotonicity). Intuitively, this algorithm segments a signal into pieces that are “quasimonotonic” (mostly going up or down). A segment is said to be “quasi-monotonic” if
we can approximate the data using a (truly) monotonic function that never deviates from
the actual data by more than a small threshold. From a tolerance threshold, we can
therefore construct a piecewise monotonic approximation of the original data. The
segmentation and the piecewise monotonic approximation can be computed in linear‐
ithmic time (O(n log n)). Figure 3 presents an example of a speed signal that is processed
by the segmentation algorithm, with the original signal and the signal processed with a
threshold speed value of 10 km per hour (this threshold can be set by the user). From
1

https://github.com/lemire/MonotoneSegment
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this simpliﬁed approximation, we are able, for instance, to compute the number of speed
spikes and compare it with the level of perceived fatigue, while ignoring variations that
are not judged signiﬁcant.

Fig. 3. Speed signals with the segmentation algorithm

Moreover, for the evaluation of the drivers’ behavior, we have implemented on the
web application a series of statistical tools that enable the evaluation of the contextual
information per experiment segments. They compute average speeds, standard deviation
and regression, as well as correlation quotient. These results (see next section for more
details) were particularly used for the post-experimentation debrieﬁng with the partici‐
pants. We also developed an interface to link contextual information with geographical
locations using the Google map API, while taking into consideration the temporal aspect
of these data. This interface allows an easy exploration of the collected data and is used
to validate speciﬁc events that occurred during the experimentations. This interface can
also be used to visualize a participant experimentation through a playback function.
In summary, this contextual information analysis tool represents a multimodal plat‐
form that brings several beneﬁts to the researches we conduct on road safety. Thanks to
this tool, it is easier to share information among the scientists working on the data and
it makes it convenient to store data in the cloud. The used technologies (Node.js and
MongoDB) allow an easy implementation of contextual information analysis algorithms
and give us the platform to test our algorithm on oﬄine (real) data, before testing them
within the technologies we are developing to assist the drivers in their tasks.

4

Results

This section shows the validity and eﬀectiveness of our tool. We used our tool during a
pilot evaluation with 20 participants, aged between 56 and 76 years old. The goal of the
experiment was to evaluate the intrinsic evaluation/perception of the driving fatigue for
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elderly drivers and compare it with their driving behavior. During the experimentation,
each participant drove around 50 km on a close driving circuit with the LiSA car. During
experimentation, ﬁeld data were collected into the embedded computer of the LiSA then
uploaded into the tool following the end of the driving period. During the pilot test, we
collected an average size of contextual data for each participant of 29 MB, with 8 MB
from the AIM evo4, 18 MB from the faceLAB and 3 MB from our Kinect’s software,
for 45 min of driving.
The tool enables to visualize the collected data with its graphs (Figs. 4, 5, 6, 7) and
maps (Figs. 8, 9) after the experimentation of each participant. As we said in the previous
section, the algorithm transforms data on the most common measure. We present the
results with a textual description of the graphs for the whole experimentation (Fig. 4),
for the segmentation of the speed (Figs. 5, 6), for the blinking frequency (Fig. 7) and for
the maps presentation (Figs. 8, 9).

Fig. 4. Interface’s explanation

First, for the whole experimentation (Fig. 4), we included speed, the perceived
fatigue level and linear regression of the speed during the whole time driving. We add
statistics information below the graphic with mean, variance, standard deviation, regres‐
sion equation and regression correlation.
Then for the speed’s attribute, we purpose for the driver a comparison between
normal form (Fig. 5) and segmented form (Fig. 6). We suggested four equations (in
diﬀerent colors) every 15 min and for each of them, statistics information (mean,
variance, standard deviation, regression, etc.) (Fig. 6).
For the data provided about eye and head movements, Fig. 7 shows an example of
blinking frequency with the perceived fatigue level and the regression of blinking
frequency during all the experimentation. Likewise for the speed, statistical information
are given below the graphic.
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Fig. 5. Graph Interface - Normal speed

Fig. 6. Graph Interface - Segmentation of the speed

Next, maps form (Fig. 8) gives contextual information with geographical localization
using Google maps. It is possible to explore at any time all the information collected by
the vehicle. When you click on a particular point of the map, detailed information are
given such as time, distance, speed, brake, GPS, etc. (Fig. 9). Similarly, it can be used
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Fig. 7. Blinking frequency

Fig. 8. Maps visualization

to validate a particular event that occurred during the driving (a sudden stop or a speed
reduction).
Finally, we propose a debrieﬁng solution to help the driver after driving session
(Fig. 10) to visualize their behaviors and talk about their perception of their driving
fatigue versus the collected. It also includes participant’s information (driving time,
number of kilometers, mean speed and localization), curves (participant’s speed, the
speed limit and the perceived level of fatigue of the driver) and table (divided driving
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time per 15 min of driving with the mean speed of the participants and of his/her age
group). We propose a comparison between the driver and his/her age group. We sepa‐
rated participants in two age groups: the 55–65 age group and the 66–76 age group.

Fig. 9. Maps visualization and information

Fig. 10. Debrieﬁng presentation

At the moment, we propose this temporary solution but we still work on that part to
improve the feedback. In addition, we will develop a comparison module between real
driving condition and simulator driving condition in order to verify ecological validity.
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This tool shows promising results. From real data taken during experimentations,
the tool allowed an interactive visualization of the collected data and an analysis by
diagrams and maps for the driver.

5

Conclusion

In this paper, we presented a data analysis tool for car driving contextual information
for elderly drivers. This category of drivers has impairments due to aging. To help them
to drive safely, context aware system improve driving with understanding the whole
driving task (driver, environment and vehicle) and assist driver’s decision. The tool
includes a web application approach with Node.js, JavaScript and MongoDB. These one
allow an easy implementation of contextual information analysis algorithms and give
us the platform to test our algorithm on oﬄine data, before testing them within the
technologies we are developing to assist the drivers in their tasks. We applied our system
to collect data from the sensors of an instrumented vehicle (the LiSA) in realistic driving
conditions. We used our tool during a pilot evaluation with 20 participants, aged between
56 and 76 years old. Results show that our tool is able to store the contextual information
collected and to enable an interactive visualization of the data collected for each partic‐
ipant. This contextual information analysis tool represents a multimodal platform that
brings several beneﬁts to the researches we conduct on road safety.
Two points are discussed below on the system’s outcomes. The first discussion point
is to take into account the driving workload with the tool, particularly when the tool has a
lot of information like this one. Indeed, car accidents can appear if the system diverts the
driver and if it requires too much concentration. Elderly drivers are more likely being
distracted by an interface because of the diminution of cognitive abilities due to aging. And
elderly have difficulty doing two things simultaneously (for instance: acquire information
from the environment and make right decisions about driving) [6, 10]. In addition, too
much concentration could induce tool’s incomprehension. For an acceptance by the
elderly, the interface and outcomes of the context-aware system needs to be affordable and
easy to understand to be accepted [6, 10, 13]. Therefore, to improve the tool, we will work
on ergonomic characteristics and design aspects directly with elderly drivers.
The second discussion point is in our current experiments the size of the collected
data is relatively small; we can see that in our next projects, where the number of partic‐
ipants will increase substantially (100+) as well as the duration, the quantity of collected
data will become more important. Moreover, we are planning to add other types of
contextual information, such as physiologic data (e.g. heartbeat, EEG), which will even
increase the quantity of data to manage and analyze. Our future work in this area will
use this platform as an implementation and analysis base of contextual information.
Furthermore, it will be interesting to develop an algorithm able to categorized normal
and abnormal driver behavior. Indeed, with the analyze tool, that is possible to monitor
the behavior and alert the driver when there are change in driver’s behavior for example.
Acknowledgments. We want to particularly thank the Canadian Automobile Association (CAA)
Foundation, Section of the Quebec Province, for funding the research works behind this paper.

184

P. Ruer et al.

References
1. United Nations, Department of Economic and Social Aﬀairs, Population, Division: World
Population Ageing 2013. Technical Report, ST/ESA/SER.A/348 (2013)
2. Sivak, M., Schoettle, B.: Recent changes in the age composition of drivers in 15 countries.
Traﬃc inj. prev. 13(2), 126–132 (2012)
3. Statistiques Canada. http://www.statcan.gc.ca/pub/91-520-x/91-520-x2010001-fra.pdf
4. Bordeleau, B.: Les collisions mortelles des 65 ans ou plus. Direction des études et des
stratégies en sécurité routière. Technical Report, Société de l’assurance automobile du
Québec (2007)
5. Emery, L., Srinivasan, G., Bezzina, D., Leblanc, D., Sayer, J., Bogard, S., Pomerleau, D.:
Status report on USDOT project – an intelligent vehicle initiative road departure crash
warning ﬁeld operational test. In: 19th International Technical Conference Enhanced Safety
of Vehicles, Washington DC (2005)
6. Rakotonirainy, A.: Design of context-aware systems for vehicle using complex systems
paradigms. In: Tijus, C., Cambon de Lavalette, B. (eds.) Workshop on safety and context in
conjunction with CONTEXT 2005, CEUR Workshop, Paris (2005)
7. Ryan, N., Pascoe, J., Morse, D.: Enhanced reality ﬁeldwork: the context aware archaeological
assistant. Bar International Series 750, 269–274 (1999)
8. Oxley, J., Langford, J., Koppel, S., Charlton, J.: Senior driving longer, smarter, safer:
enhancement of an innovative educational and training package for the safe mobility of
seniors. Technical Report, Monash University Accident Research Centre, Monash Injury
Research Institute (2013)
9. Anstey, K., Wood, J., Lord, S., Walker, J.G.: Cognitive, sensory and physical factors enabling
driving safety in older adults. Clin. Psychol. Rev. 25(1), 45–65 (2005)
10. Eby, D.W., Molnar, L.J.: Has the time come for an older driver vehicle? Technical Report,
University of Michigan, Transportation Research Institute (2012)
11. Owsley, C., Mcgwin, G.: Vision and driving. Vis. Res. 50(23), 2348–2361 (2010)
12. Langford, J., Koppel, S.: Licence restrictions as an under-used strategy in managing older
driver safety. Accid. Anal. Prev. 43(1), 487–493 (2011)
13. Rakotonirainy, A., Steinhardt, D.: In-vehicle technology functional requirements for older
drivers. In: The 1st International Conference on Automotive User Interfaces and Interactive
Vehicular Applications, pp. 27–33. ACM, New-York (2009)
14. Dey, A.K.: Understanding and using context. Pers. Ubiquit. Comput. 5(1), 4–7 (2001)
15. Juliussen, E.: Driver assistance system, the road ahead. In: Telematics Research Group Inc.
(2011)
16. Van Eslande, P.: Erreurs de conduite et besoins d’aide: une approche accidentologique en
ergonomie. Le travail humain 66, 197–224 (2003)
17. Reason, J., Manstead, A., Stradling, S., Baxter, J., Campbelle, K.: Errors and violations on
the roads: a real distinction? Ergonomics 33(10–11), 1315–1332 (1990)
18. Alghamdi, W., Shakshuki, E., Sheltami, T.R.: Context-Aware driver assistance system.
Procedia Comput. Sci. 10, 785–794 (2012)
19. Indulska, J., Sutton, P.: Location management in pervasive systems. In: The Australasian
Information Security Workshop Conference on ACSW Frontiers 2003-vol. 21, pp. 143–151.
Australian Computer Society, Inc. Darlinghurst (2003)
20. Baldauf, M., Dustdar, S., Rosenberg, F.: A survey on context-aware systems. Int. J. Ad Hoc
Ubiquit. Comput. 2(4), 263–277 (2007)

An Analysis Tool for the Contextual Information

185

21. Rakotonirainy, A., Maire, F.D.: Context-aware driving behavioural model. In: 19th
International Technical Conference on the Enhanced Safety of Vehicles (ESV’19).
Washington DC (2005)
22. Bhattacharjee, A.A., Wankhede, S.S.: Modeling of driver behaviour recognition and
prediction using dynamic bayesian network. Int. J. Eng. Res. Gen. Sci. 3(2), 691–694 (2015)
23. Kedowide, C., Gouin-Vallerand, C., Vallieres, E.F.: Recognizing blind spot check activity
with car drivers based on decision tree classiﬁers. In: 28th AAAI Conference on Artiﬁcial
Intelligence (AAAI-14). Québec (2014)
24. Vallières, E.F., Ruer, P., Bergeron, J., Mc Duﬀ, P., Gouin-Vallerand, C., Ait-Seddik, K.:
Perceived fatigue among aging drivers: an examination of the impact of age and duration of
driving time on a simulator. In: SOCIOINT15–2nd International Conference on Education,
Social Sciences and Humanities, pp. 314–320. Istanbul (2015)
25. Lemire, D., Brooks, M., Yan, Y.: An optimal linear time algorithm for quasi-monotonic
segmentation 1. Int. J. Comput. Math. 86(7), 1093–1104 (2009)

Cognitive Process as a Tool of Tourists’
Typology for Rural Destinations
Eva Šimková(&) and Alena Muzikantová
Faculty of Education, University of Hradec Králové,
Hradec Králové, Czech Republic
{simkova18,muzikantova.alena}@seznam.cz

Abstract. Cognitive processes for analyses of human typology, motivation and
behavior, are also widely applied in tourism for the assessment of psychographic
diversity of visitors. One of the primary psychographic methods is Plog’s model
of psychocenric and allocentric. Identiﬁcation of clients, knowledge of their
needs, motivation factors, expectations, desired destinations and decision
making process, are basis for effective planning of activities, and destination
marketing. The paper deals with the application of Plog’s model in tourism of
rural areas in the Czech Republic, including identiﬁcation of potential problems
in practice.
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1 Introduction
Tourism represents one of the most important part of global economy. This particular
segment of services is also important element of free-time activities, and as such has
great impact on life-style of the current generation. That’s why tourism represents
signiﬁcant economic, social and cultural phenomenon satisfying human needs for
leisure, contact with nature and desires to visit new places, meet other people, human
cultures, customs, heritage etc.
Due to the importance of tourism and its contribution to the regional development,
impact on the labour market, infrastructure, cultural and sport activities, natural environment, small and medium size enterprises, diversiﬁcation of activities in the rural
areas, competent authorities should create best conditions for its development. Tourism
may be beneﬁcial to almost any region and be a source of many beneﬁts. However, as
in any other activity it is also tourism that carries along negative externalities and risks,
such as environmental damages and social risks. Such negative impacts can eventually
lead to the decrease of the quality of tourism activities, tourists’ expectations and
destination attractiveness.
The recognition of positive and negative impacts of tourism in destination is a
critical factor in the decision-making process for all tourism activities. This process is
fundamental for regional development so that tourism’s sustainability in destinations is
widely ensured by competent authorities. Tourism sustainability is also the key aspect
in creation of harmonic relations between tourists, local people and the environment.
© Springer International Publishing Switzerland 2015
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DOI: 10.1007/978-3-319-25591-0_14

Cognitive Process as a Tool of Tourists’ Typology

187

In order to do so, destinations must be effectively marketed and managed. Besides
basic monitoring (such as situation analysis, SWOT analysis), deﬁnition of strategic
vision and goals, destination marketing and management includes also deﬁnition of
visitors (problems of market segmentation) and identiﬁcation of their needs, desires and
motivation factors. Knowledge and understanding of main psychological factors, as
well as prediction of tourists’ behavior is key aspect for promotion and selling of
tourism services, or a destination.
The paper describes individual phases of cognitive process in the analysis of
psychographic diversities of visitors, versatility of needs, preferences or motivation.
Authors apply one of the basic psychopgraphic methods – the Plog’s psychographic
model of psychocentric and allocentric.

2 Theoretical Background
2.1

Cognitive Process and Its Application in Tourism

A cognitive process is “collection, restructuring, storage and further application of
information by humans, part of which is also cognition, behavioral status, memory,
consciousness of quality, quantity and structure of human’s outer and inner world”
[47, p. 268]. The authors also state that cognitive processes can be influenced by many
factors, primarily by individual perception, and former experience in everyday’s life,
economic, cultural and social features.
Cognitive processes can be widely applied in tourism for their ability to identify
and understand tourists’ learning processes and then describe psychographic proﬁle.
That can be used for the deﬁnition of expectations at one hand and experience on the
other. The characteristics can be further used for the analysis of psychographic
diversity of visitors and their typology. It is the Plog’s psychographic model [35],
which works with such cognitive features.
The deﬁnition above allows for the description of a cognitive process (see Fig. 1),
where key elements from tourism psychology perspective are motivation (needs),
expectation, decision making, experience, and (dis)satisfaction, including analysis of
relations.
The ﬁgure indicates one simple thing. It is crucial to understand human needs upon
his/her own experience, and which the client receives from particular information (e.g.
media), and implication in tourism, such as services (i.e. practical use of tourism
services). It is not only motivation, but primarily relations and interconnection of
individual features where satisfaction and dissatisfaction retrospectively form the metal
picture of a destination, which subsequently drives the client’s needs and affect his
further motivation and action.
Access to information and knowledge has gradually gained competition advantage
for the entrepreneurs. It is simply because the tourists are able to evaluate information
on attractiveness and values of a destination (such as tourist services, destinations’
history, nature, crafts, genius loci – sense of place…).
Note: Basic terms applied to ﬁeld of knowledge in general (e.g. data, information,
knowledge, skills, habits etc.) are described in Hošková-Mayerová and Rosická [15].
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Mental image
of a destination
Information Knowledge Social influences Cultural influences

Motivation

Expectation

Decision-making

Experience

Dis/satistaction
Fig. 1. Description of a cognitive process (Source: authors’ own compilation)

Social impacts are represented by the attitude and opinion of an individual. These
usually relate to the position and social status and position of such individual, and these
are formed upon social interaction. Cultural impacts represent ideas, values, knowledge, traditions and morale in a particular community. Cultural impacts are the most
influential for an individual. In tourism it is meeting people from different culture,
which eventually may bring some problems or even conflicts. As Jakubíková [18]
states, cultural differences and respect are among the most important ones.
Palatková [30] states that the decision making process starts with the recognition
and deﬁnition of needs and desires, combination of which then forms his/her motivation. Motivation thus represents an internal drive that guides visitor’s behavior, e.g.
[45]. Decision making has been examined not only in relation to travelling, but also
work, sport and other leisure time activities. Motivational research usually incorporates
Maslow’s hierarchy of needs and the Iso Ahola’s motivation model [17].
Maslow’s hierarchy of needs says that people are motivated to fulﬁl basic needs
one by one. According to Zelenka and Pásková [47] the Maslow’s 5-stage theory on
motivation in tourism is extended by cognitive and aesthetic needs. It means that so
called low category needs or indispensable needs are extended by cognitive
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(knowledge and understanding of local life-style, heritage and traditions) and aesthetic
needs (such as appreciation and search for beauty and balance) - dispensable needs (so
called high category needs – “metaneeds”). It was Macintosh, who upon Maslow’s
theory speciﬁed four groups of motivation factors: physical, cultural, interpersonal, and
status and prestige [In 30].
Iso Ahola [17] performed research on a two-dimensional leisure motivation theory
in one’s personality: escaping dimension (escaping everyday environments, routine,
everyday problems, familiar environments, tension, stress and appeal of the new situation), and seeking dimension (seeking some rewards). According to Iso Ahola, both
dimensions have personal and interpersonal components. The model covers four
aspects of needs according to these main elements (escaping and seeking): escaping
personal environment, escaping interpersonal environment, seeking intrinsic personal
rewards, seeking intrinsic interpersonal rewards. The push-pull theory is another
approach that often complements Iso Ahola’s model [6]. Additionally, Crompton and
McKay [7] introduced push factors (internal motives) as escaping motives and pull
factors (external stimulus) as seeking motives.
Psychographic criteria are basis for market segmentation in strategic marketing.
That is often described as STP marketing: Segmenting, Targeting, Positioning. “Market
segmentation relates to destination split into homogenous groups (target destination) by
their characteristics (age, education, nationality, interests…)” [30, p. 92]. In contemporary tourism market segmentation is done by already mentioned psychographic
criteria, such as visitor’s motivation. The primary reason is excess of so called hybrid
clients, who use tourism services depending on actual situation, i.e. without any
planning or pattern.

2.2

Psychographic Aspects of Tourists Segmentation

Psychographic analysis deﬁnes personality, consumers’ attitudes, needs, interests,
activities, their perceptions, preferences, and lifestyle. Psychographic research has been
deﬁned e.g. by Wells [46, p. 207] as “quantitative research intended to place consumers
on psychological dimensions”. Application of psychological factors in understanding
and predicting tourist behavior has been widely used both in practice and tourism
literature. Some researchers consider psychographic factors very important in tourism
in particular (e.g. [1, 43]). Psychographic factors, esp. human values, personalities,
travel motivation, preferences for recreational activities, cultural values, lifestyles, are
also valuable tools for market segmentation. Psychographic measures enables to
identify different types of visitors (tourist segments), and provide more detailed proﬁles
of tourists. Knowledge of psychographic characteristics can help tourism/destination
marketers and managers to better understand visitors’ behavior and to be more competitive in tourism market and successfully sell destinations and their product to tourists
(e.g. [10, 31, 41]).
Some authors value psychographic data as more useful than demographics. They
claim that it is because their better description of consumers’ differences (e.g. [27, 40]).
However in order to better understand consumer market, perceive and predict tourism
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behavior, psychographic characteristics have been used together with other segmentation criteria, such as demographic, geographic, behavioristic etc. [39].
There are many psychographic studies. Psychographic issues were surveyed by e.g.
Shih [43] for using the VALS typology (values, attitudes, lifestyles) to segment tourists
in Pennsylvania. Some authors identiﬁed tourists’ lifestyle characteristics (e.g. [14, 29,
38, 41]). The importance of personality and its usage in tourism is described by e.g.
[13, 19, 21, 23, 32].
Yet, there were also studies of theory of motivation to explain visitors’ behavior
and their destination choice. It was Chon [2], who explored sociopsychological motives
(push factors) to explain tourists’ needs. Dann [8] analyzed destination attractions (pull
factors) for the description of motives for selection of a particular location as a holiday
destination. Mayo [27] examined the main reason for travelling to national parks; or to
the certain states [41]. Other researchers analyzed travelers’ preferences for recreation
activities (e.g. [12, 20]).
The importance of the psychographic characteristics was emphasized primarily by
Plog [35]. Plog was among the ﬁrst who described tourists’ proﬁle. Plog’s model is
known as tourism’s psychographic typology model for segmenting travelers. In his
research “Why destination areas rise and fall in popularity”, Plog’s psychographic
motivation theory classiﬁes tourists according to the traveler’s personality into psychocentrics at one side to the allocentrics at the other. Psychocentrics are represented
by people concerned on their own affairs, i.e. non-adventurous visitors, who often
require standard services. They are less active, most often conservative, prefer to travel
in groups, participate in common tourist activities and travel to familiar and
well-established destinations. On the other hand there are allocentrics, who are
described as independent tourists seeking for adventure or to experience new things.
They are active, motivated by novelty, discovery, participate in varied activities, and
meeting new people, and travel to unfamiliar and unique locations. Between these two
extremes are midcentrics. Midcentrics actually represent majority of tourists. These are
tourists relatively flexible in their needs. People who occupy borders with near psychocentrics or near allocentrics are called as near-psychocentric and near-allocentric.
Psychographic distribution of visitors, as described above, forms Gaussian curve.
We can now summarize the main points and deﬁne general characteristics of
psychocentrics (labeled as dependables) and allocentrics (labeled as venturers) [36, 37]:
Characteristics of Psychocentrics/Dependables:
•
•
•
•
•
•

less adventuresome and less exploring
cautious and conservative in their daily lives
restrictive in spending income
prefer popular, well-known brands of consumer products
seek well known and overdeveloped destinations
high tendency towards revisit destination if they are satisﬁed etc.
Characteristics of Allocentrics/Venturers:

• curious about and want to explore the world around them
• make decisions quickly and easily
• spend income more readily
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• like to choose new products rather than sticking with popular brands
• seek new experiences to enrich their daily lives
• seek new destinations before others have discovered etc.
Plog in his further research [36] states, that also destinations can be classiﬁed in the
same continuum as tourists. E.g. Tibet, Nepal, Amazon, Vietnam etc. represent allocentric destinations (also called as venturer), Atlantic City, Myrtle Beach, Orlando
beach resorts etc. are examples of the psychocentric destinations (dependable). Plog
also determined the preference of travellers for visiting the same type of destinations
that reflect their personal psychographic characteristics. As Litvin and Smith state, this
is very important especially for marketers, who should understand the value of aligning
destinations with psychographic characteristics and behavior of visitors [26].
According to Pásková [34] better infrastructure in a destination usually attracts higher
number of conservative visitors. Such destination, however, has usually lost its
authenticity, character and genius loci. Plog’s model was also tested and revised by
some researchers (e.g. [24, 44]).
We can mention also Cohen [5] and his typology of visitors by physical attractiveness of destinations and required safety levels. Cohen deﬁned four basic types of
visitors: “drifters” are tourists who do not want to be associated with the tourism
industry (similar to Plog’s allocentric), “explorers” arrange trips by themselves and
stays in contacts with residents, but seeks standard services, “individual mass tourists”
usually seeks help from tour operators, while “organized mass tourists” are less
adventurous, usually let others do all the work, and requires high quality services.
Yet, there are even newer researches that apply the Plog’s model in practice, e.g.:
• The relationships among psychographic factors such as human personality, cultural
values, lifestyle, motivation for travelling, and preference for doing leisure activities, was studied by Reisinger and Mavondo [39]. They analyzed psychographic
proﬁles among students who wanted to travel;
• Research of the critical view of the use of typologies in tourism planning [4];
• Litvin [24] analyzed the Plog’s model on an “ideal destination” and “most recent
destinations”;
• Merritt [28] analyzed on the basis of Plog’s model association between preferred
recreation activities of different generations of travelers and their psychographic
proﬁles;
• George, Henthorne and Williams [9] decomposed Plog’s model and identiﬁed ﬁve
smaller bell shaped curves presenting ﬁve tourist personas;
• Park and Jang [33] tested Plog’s model and veriﬁed whether this model is flawed by
deﬁning travelers in terms of a “static” category;
• Research exploring the relationship between the Big Five Factors (such as openness
to experience, conscientiousness, extraversion, agreeableness, and neuroticism) of
personality and travel personality [19];
• Litvin and Smith [26] tested effectiveness of the Plog’s model as a possible predictor of travel behavior and discussed practical marketing and destination management implications.
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Critical Assessment of Practical Application of Plog’s Psychographic
Model

As already mentioned Plog was among the ﬁrst to use the psychographic concept of
tourists’ proﬁle in understanding tourists motivation of travel destinations by personality. Now, this model is extensively used. The main point of Plog’s psychographics
model is that travelers’ personality characteristics are the key determinants of their
travel preferences. Plog’s model of allocentricity and psychocentricity is valuable tool
for understanding tourists’ behavior and marketing segmentation. Identifying different
types of visitors can help marketers to attract tourists to their destination.
However, Plog’s categorization has also gained some criticism. It was for the
following negative issues:
• model can’t predict travel behavior with different visitors motivation (e.g. [11, 16]),
• Chon and Sparrowe [3] consider model as impractical for the use in tourism,
• Litvin [25] criticized model for ignoring political factors (esp. government control)
and effective management of a destination,
• Li and Cai [22] demonstrated Plog’s personality types as weak predictors of travel
behavior,
• Park and Jang [33] veriﬁed that Plog’s model isn’t “static”, but its psychographic
segmentation may change quite rapidly, esp. if the level of satisfaction is high,
• Litvin and Smith [26, p. 6] found that “regardless of a destination type, the destinaton’s visitor count is likely to be heavily dominated by midcentric visitors”.
Another failure of the Plog’s model and other psychograﬁc models are in their
deﬁnition of motivation to travel, such as deﬁned by Seaton and Bennett [42]:
• Tourism is a heterogeneous entity with many activities and services, where destination may have minor importance than activities themselves (such as walking,
cycling, rock climbing, via ferrata);
• Sometimes it is difﬁcult to get to know the primary reason for selection of such
product (such as due to the reluctance of a respondent);
• Changes in the motivation driver, such as cultural and/or social drivers;
• Drivers for travelling are often in contrary each other, i.e. relaxation and rest at one
hand and desire for exploration;
• Motivation can be fed up in many ways;
• There are two main levels of motivation, i.e. primary (exploration, relaxation), and
secondary (safety during travelling, safety at the destination) etc.

3 Materials and Methods
The paper deals with typology of tourists upon pre-set psychographic characteristics.
The main objective of the paper is, using the Plog’s psychographic model [35], to
deﬁne the type of tourists visit rural areas in the Czech Republic and also identify
potential problems in its application in practice.
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In our survey we have tested this basic research question: “What type of tourists is
motivated for visiting rural areas?” On this basis we stated this hypothesis: “Rural areas
are visited predominantly by allocentric travelers”.
The research has been based on a survey performed at the beginning of 2015. The
survey was done by direct questioning of 150 respondents (students from the
University of Hradec Králové). In order to determine the psychographic tourists’ proﬁle
the Plog’s psychographic model was used.
Using main characteristics of allocentric and psychocentric, we have selected ﬁve
items. Also, because of our personal interest in rural tourism and development of rural
areas in particular, we have focused on main characteristics of tourists in rural areas as
an example of an allocentric destination. Research results are presented in the next
chapter.

4 Analysis of Psychographic Differences Among Tourists
Our questionnaire consisted of ﬁve primary items (see Table 1). Additionally, there
were three questions on personal characteristics. Since rural areas represent allocentric
type of destinations (according to Plog [36]), we have focused our questionnaire so that
it corresponded with general characteristics of allocentrics.
Table 1. Sample of items used in psychographic distribution of tourists (Source: authors’ own
compilation using [36, 37])
Items for psychographic tourist proﬁle
1
I prefer individual approach (I am independent
tourist)
I always seek meeting new people and environment
I seek for authenticity/genius loci
I prefer new, unexplored activities
I am an adventurous traveler

2

3

4

5

Each item was evaluated in the scale from 5 – highest score, to 1 – lowest score.
Then, using statistical calculation we have got ﬁnal score of all respondents. This
number was put into Table 2.
Distribution of respondents based upon their summed score to psychographic items
is presented in Figs. 2 and 3.
Table 3 presents research results in comparison with Plog’s model. According to
our survey results, midcentric tourists with 75 % prevail among the respondents.
Psychocentrics reached 8 % of all the respondents and remaining 17 % were classiﬁed
as allocentrics. These results approximately correspond with Plog’s projected split.
We analyzed types of tourists proﬁle for rural areas that belong to allocentric type
of destinations. Results of our survey are opposite to Plog’s philosophy [36] about
tourists’ preference to visit such destinations that reflect their personal psychographic

1

8

3

9
2

10
5

11

13

8
18
Midcentrics
75 %

12
11

14
26

15
14

16
22

17
14

18

20

11
5
Allocentrics
17 %

19

Note: Summed scores 5–11 characterize psychocentrics, scores 12–18 characterize midcentrics, scores 19–25 characterize allocentrics.

7

0
0
0
Psychocentrics
8%

Number of respondents
Tourists proﬁle (%)

6

5

Score

5

21

1

22

Table 2. Distribution of respondents upon summed score (Source: authors’ own compilation)
23
3

24
1

25
0

Total
150
100 %
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Fig. 2. Distribution of respondents - column chart (Source: authors’ own compilation)

Fig. 3. Distribution of respondents – line chart (Source: authors’ own compilation)

characteristics. Our hypothesis therefore was not conﬁrmed. On the other hand, our
results correspond with the survey of Litvin and Smith [26], who stated that regardless
of the destination type, midcentric visitors heavily dominate among visitors.
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Table 3. Research results (Source: authors’ own compilation using [26])
Type of tourist proﬁle
Research result for rural destinations Plog’s model
Psychocentric/near psychocentric 8 %
17 %
Midcentric
75 %
68 %
Allocentric/near allocentric
17 %
15 %

5 Conclusion
The paper is focused on the type of tourists in rural areas in the Czech Republic. By
using Plog’s model the authors analyze the psychographic tourists’ proﬁle. The paper
also presents cognitive process which can be used for the analysis of visitors’ typology.
According to Plog [36, p. 16] “tourists’ personality characteristics determine their
travel patterns and preferences”. Knowledge of personality proﬁles is important tool for
understanding and predicting tourists’ behaviour. It’s also true, that knowledge of the
personality scale can be beneﬁcial to destination development and its popularity. But at
the same time on the basis of broad literature review of psychographic studies and
survey results we suggest that in order to get proﬁle of tourists, it is necessary to do
more than analyze travel-related psychographic data. The analysis must be much
broader. Analysts must also search for demographic, geographic and other cognitive
items. Identiﬁcation of all elements of cognitive process, as well as effective management and marketing can ensure understanding of these relationships, provide
detailed tourists’ proﬁle, and predict tourists’ behavior and their preferences. Only
system approach to identiﬁcation of tourists’ typology can ensure effective, competitive
and comprehensive formulation of tourism strategy and policy. It is therefore a very
important tool for tourism planning of the sustainable development of the particular
region.
At the end of the paper it’s necessary to mention other ﬁndings. Our research results
indicate dominancy of midcentric travelers (similar to the survey of Litvin and Smith
[26]), and also suggest that it is necessary to provide such tourist products, services and
conditions in a destination, that meet the midcentric segment’s needs: focus on safety,
some level of comfort and average quality of accommodation, catering, and other
tourism services.
This, however, should not be generalized. In many rural areas (that can be speciﬁed
as allocentric type) there are destinations which characterized as psychocentric (dependable) destinations, are often visited by wealthy tourists or visitors of psychocentric
characteristics. These could be mountain resorts, western villages, geoparks etc.
Finding destinations having typical characteristics of allocentric (venturer) type is
prerequisite and stimulus for further research.
Although our research brought interesting ﬁndings, we have to mention that we
have worked only with a readily available sample of people. Those were students of the
University of Hradec Králové. Not all these students, however, eventually proved being
tourism oriented. Our sample of respondents was thus not fully comparable with
“average” tourists. That’s why the authors prepare additional, more extensive research.
That will be realized directly in tourist destinations and cover various types of tourists
for better ﬁndings of their personality proﬁles.
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Abstract. Domain Adaptation in Machine Translation means to take a
machine translation system that is restricted to work in a speciﬁc context
and to enable the system to translate text from a diﬀerent domain. The
paper presents a two-step domain adaptation strategy, by ﬁrst making
use of unlabeled training material through an unsupervised algorithm,
the Self-Organizing Map, to create auxiliary language models, and then
to include these models dynamically in a machine translation pipeline.
Keywords: (Statistical) Machine Translation · Domain adaptation
Self-Organizing Maps · Hierarchical clustering · Unstructured data
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Introduction

Intuitively we reply “it depends” when asked to translate a word into our native
language. Indeed the meaning of a word depends, but on what? Research into
Machine Translation (MT) is partially about making these dependencies tangible and accounted for. The dependencies in “it depends” can be seen as constraints on an MT system. Kay (1980) formulated these constraints as quality,
automation, general purpose and computational eﬃciency. While no system has
been even close to solving the unconstrained problem, Machine Translation is
successful in scenarios where some of these requirements are relaxed. Restricting the system to certain contexts, by only allowing the input text to belong
to a speciﬁc domain means relaxing the general purpose constraint. Domain
Adaptation (DA) in turn means adapting an MT system catered for a general
or speciﬁc purpose into a system capable of translating text from a diﬀerent
domain.
Faced with data from new domains and contexts, MT systems have problems, to a varying degree. Reasonably so, as some domains are closer than others, even if it can be hard to specify exactly what separates them: as language
is constantly changing and evolving, it is diﬃcult to draw boundaries between
domains. When the focus of Machine Translation shifted from rule-based to datadriven (and later hybrid) approaches in the wake of the landmark IBM Models
c Springer International Publishing Switzerland 2015
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(Brown et al. 1990), Domain Adaptation received more attention as a particular problem. In data-driven approaches, training material is a scarce resource;
hence all available data is used, without necessarily being adapted to any speciﬁc
domain.
Plank (2011) and Jiang (2008) argued that annotating more data in the
new domain is a theoretical, but not practical strategy, thus stating the goal of
Domain Adaptation as making systems usable in new contexts without needing
to annotate new data or to speciﬁcally exploit labeled data from one domain to
train classiﬁers on a new domain. Jiang (2008) also stressed a major point when
she observed that context and domain adaptation is a general problem, and that
techniques developed for Domain Adaptation are applicable to most classiﬁcation
tasks where the distributions of the training and the test sets diﬀer.
Here we aim to explore how a Machine Translation system could (a) adapt
to multiple domains without knowing the domain of the input document, and
(b) choose the appropriate domain on the basis of an entire input document
(and not only one string). This would presuppose a system that can make use
of, in principle, unlimited unsorted data, and furthermore could pre-process the
data in such a way that it could be used online. Building on an idea from
Moore and Lewis (2010), this entails addressing the question of how to segment
a large text corpus into sections that can be used for Domain Adaptation. More
speciﬁcally, the present work uses only segments of the total corpus on which a
Self-Organizing Map is drawn, but selects an auxiliary Language Model based
on the perplexity of the input document (i.e., roughly its level of ambiguity).
The rest of the paper is organised as follows: Sect. 2 discusses the background
and related work on Domain Adaptation; Sect. 3 then introduces the methods
and data sets used in the present work. In Sect. 4, Self-Organizing Maps are used
to segment text corpora into smaller portions using various hierarchical clustering algorithms; these sub-corpora are then utilized in a Machine Translation
pipeline. Section 5 sums up the discussion and concludes.

2

Background and Related Work

The discussions in Theoretical Linguistics on text types have mostly been
using the term sublanguages for speciﬁc types of texts within one language.
In the Machine Translation area, the term language domain is more frequent;
however, there is no clear deﬁnition of what a domain is. Price (1990) talks
about domains as the speciﬁcity of a sub-language. According to Kittredge and
Lehrberger (1982) sublanguages vary in terms of: subject matter; lexical, syntactic and semantic properties; grammar rules; frequency of speciﬁc constructions
(as idioms); text structure; and use of special symbols.
Karlgren (1993) pointed out the problematic sides of the mathematical readings of the terms ‘sub’ and ‘super’ in that sublanguages often will exhibit properties that are not present in the perceived superlanguage, the general language
from which a sublanguage is divided. He instead proposed the term register,
borrowed from Sociolinguistics. Registers are deﬁned as varieties of language
according to use, in contrast to varieties according to speaker or geographical
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location. This deﬁnition is therefore more process-oriented, to be understood as
properties of the speaker directly.
In Bungum and Gambäck (2011), we gave an account of domain adaptation
with a special emphasis on shared knowledge with cognitive sciences. There we
observed how much work is relating to an original domain and a new domain,
where a system suited for the former is adapted into ﬁtting the latter. In the
present work we are prototyping a system that will adapt a Machine Translation
system simultaneously to many diﬀerent domains and contexts. This means that
there is a need to translate on the document level, that is, to adapt a general
MT system according to the document properties.
Early attempts at adapting Statistical Machine Translation (SMT) models went into adapting the Language Model (LM), inspired by language model
adaptation work in speech recognition (Iyer et al. 1997); Rosenfeld (1996).
Bellegarda (2004) gave a review of the work on Statistical Language Model
Adaptation from the perspectives of Automatic Speech Recognition (ASR) at
the beginning of the Big Data era, poignantly making the case for Domain Adaptation by pointing to both that Language Models are very brittle across domains
(Rosenfeld 2000) and that a small (2 million words) corpus can be better in perplexity terms than a large (140 million words) for a speciﬁc ASR task.
Building on Information Retrieval (IR) methods, Mahajan et al. (1999) used
cosine similarity between document vectors to interpolate a general LM to a
domain speciﬁc model computed on the retrieved documents, in what they called
a Dynamic Language Model, where an auxiliary LM is built depending on the
documents similar to the input document. Eck et al. (2004) also used IR techniques, retrieving the most similar documents and sentences from a large collection. They explored two aspects of adaptation: the best amount of documents
to retrieve and the best unit of retrieval, noting that sentence level retrieval
performed best in terms of perplexity reduction, but with a weak correlation
between improvement of the LM and the overall SMT task. While this was
not strictly speaking Domain Adaptation, as all the test data was of the same
kind, the ideas and methods would still be applicable to diﬀerent text types.
IR-inspired strategies have also been applied by others, although with limited
success: Wang et al. (2014) took an edit-distance approach based on normalized
Levenshtein (1966) similarity, while Lu et al. (2007) added a log-linear interpolation of sub-models, i. e., models built on data from each of the domains.
Moore and Lewis (2010) proposed a method of selecting relevant sentences
from an out-domain corpus to build an auxiliary Language Model. They experimented on the Europarl and Gigaword corpora, with the former deﬁned as
in-domain text. The method selected sentences from the Gigaword corpus by
comparing the diﬀerence in Cross-Entropy of an LM built on the English-French
part of Europarl to one based on a random selection of sentences from Gigaword. The Gigaword sentences were then split into eight equal portions, ranked
after this diﬀerence, from which new LMs were built. The method was compared
to other selection criteria, such as ranking the sentences only on the perplexity
score from Europarl or scoring each Gigaword sentence on the log-likelihood

204

L. Bungum and B. Gambäck

of testing the Europarl corpus on unigram models built with and without this
sentence, as well as a random selection of Gigaword sentences. The method
based on Cross-Entropy diﬀerence had a lower Perplexity than all the other
methods until all data was added, but more importantly, using a only small portion of the data gave a lower perplexity than adding the whole corpus. Axelrod
et al. (2011) performed similar extraction of pseudo-in-domain sentences based
on Cross-Entropy measures; pseudo because they are similar, but not identical to the in-domain data. These extracted corpora were used to train smaller
domain-adapted translation models that performed better for the target context
than a model built on the entire material, and improved even more in combination. Discarding as much as 99 % of an original, general-purpose corpus, Axelrod
et al. (2011) achieved better results with the pseudo-in-domain model.
There have been some notable eﬀorts of injecting Domain Adaptation in a
full Statistical Machine Translation pipeline. Carpuat et al. (2012) performed
experiments on Phrase-Sense Disambiguation, a discriminative approach to MT
where the correct Phrase is chosen according to a number of criteria at decodetime. Carpuat and Wu (2007) discuss how the method can be integrated into
an SMT framework by means of dynamic phrase tables. However, the approach
yielded no improvements in their experiments. The Moses SMT toolkit (Hoang
et al. 2007) was used by Louis and Webber (2014) with cached language models
to store domain speciﬁc information, and by Sennrich (2011) to build “dynamic”
phrase tables, after an addition to a limited in-domain parallel corpus, and to
combine these with Moses’ log-linear decoding procedure. Going further, Sennrich et al. (2013) investigated the idea of using unsupervised methods to classify
text, combining them with mixture models to perform Domain Adaptation.

3

Methods and Data

We have formulated a Domain Adaptation problem that requires two steps.
First an outward-looking approach making use of additional, unlabelled training
material, and second a way to include this dynamically in a Machine Translation pipeline. An unsupervised algorithm, the Self-Organizing Map (SOM) is
employed to induce structure from an unstructured body of text and to create
auxiliary Language Models for SMT decoding. The number of clusters to be
created from the SOM is decided through bottom-up hierarchical agglomerative
clustering. The method provides n separate clusters of text, from which standard n-gram Language Models are built to be used as auxiliary LMs in Domain
Adaptation. In this way, the number of auxiliary text corpora (and later LMs)
are determined by the clustering algorithm, enabling Domain Adaptation into
the available domains, which is why an unsupervised method was chosen.
3.1

Data

Two data collections have been used in this work. The ﬁrst, the SdeWac corpus
(Faa and Eckart 2013) consists of 10,830 unorganized German web documents,
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9,056 of which were included here, comprising 8.1 G of text. Unstructured text
corpora with distinct features were extracted from SdeWac to create clusters for
later use in Domain Adaptation. Each document in the collection was vectorized with Scikit-learn (Pedregosa et al. 2011), which includes several diﬀerent
vectorizers, on word and character level. A unigram TF-IDF (term frequencyinverse document frequency) vectorizer was mostly used in these experiments.
Some tests were also run combining it with n-gram frequencies and on bigrams.
The second data collection was created from standard Statistical Machine
Translation training and test corpora. A baseline SMT model was trained on
Europarl version 7 (Koehn 2005) and News Commentary (Tiedemann 2012), containing news text and commentaries from the Project Syndicate. Two datasets
were used for development (for tuning weights), the EMEA and Subtitles corpora, while a held-out Newstest corpus was used for testing (evaluation).
3.2

Self-Organizing Map as Clustering Device

Self-Organizing Maps are created with an unsupervised algorithm that eﬀectively visualizes underlying structure of complex data in a 2D environment, in
that respect a dimensionality reduction. Pioneering research into computer simulations of self-organizing systems was conducted at the Helsinki University of
Technology (Kohonen 1982) with Kohonen et al. (1996) employing it to selforganize usenet (newsgroup) data, Kohonen et al. (2000) to cluster patent data,
and Lagus et al. (2004) the Encyclopedia Britannica.
The underlying idea has its basis in neuroscience and assumes that unordered
inputs can be mapped to a “topological order” through a self-organizing process.
The process starts with an array of randomly initialized nodes according to some
topology, each node represented by a vector of the same dimension as the training
data. During training, input samples are compared to the vectors, and the node
whose vector is closest to the input is considered winner (Best-Matching Unit).
The winner’s weights, as well as those of the neighboring nodes, are updated
to be more similar to the input sample. The degree to which the weights are
updated, both for the winning node and its neighborhood, is parameterized.
The process is repeated for a (often pre-deﬁned) number of iterations. As the
iterations progress, the learning rate (the degree at which the nodes update)
diminishes according to a parameterized function. The resulting Self-Organizing
Map gives insights into the relations between the input samples: similar samples
should attach to adjacent nodes, hence self-organizing into the same area.
The areas in the Self-Organizing Map are not delimited. In order to transform
them into actual clusters, it is necessary to perform clustering on the map,
represented as a grid of vectors. To cluster these vectors, a metric to determine
similarity between clusters is chosen, alongside a method to select which data
points the distances are measured between. According to these two facilities, the
nodes are merged successively from the bottom up. Some clustering methods
compute distances between nodes based on raw observations (node vectors), but
more commonly a distance metrics, such as Euclidean or Chebychev distance, is
used to construe a Distance Matrix containing the distances between nodes in
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the grid. Based on these distances, a Linkage Matrix is computed, that contains
the binary links between nodes. This can be represented with a dendrogram.
Clustering Methods. Hierarchical agglomerative clustering algorithms are
algorithms that successively merge clusters. Whereas a top-down approach needs
metrics to split clusters, a bottom-up approach needs criteria to merge clusters.
The number of clusters that come out as a result from the whole clustering
procedure is determined by choosing the height of the tree. At its minimum it
is only one cluster, and the maximum is the number of nodes in the tree; in our
experiments the number of nodes in the Self-Organizing Map.
The number of clusters can either be speciﬁed directly, or chosen according to
some criteria. There is no analytical way to determine the best number of clusters
(ultimately it depends on the task clustering for). Salvador and Chan (2004)
present several methods to determine the number of clusters automatically, such
as information theoretic methods that quantify the ﬁt of cluster members to
their centroids and optimize the number of clusters on this, or the elbow/knee
method, that ﬁnds the point before merging two clusters that will add the most to
the distance between clusters (i. e., the point where the marginal gain of adding
another cluster is the lowest). Determining the second derivative of the points is
one way to ﬁnd the knee, and we have used this method in our experiments.
The clustering method, that is, the algorithm that measures the distance
between two clusters, is a choice of what points to compare distances between.
The methods that have been explored in this work are single-linkage, average
distance, complete linkage, weighted linkage, Ward clustering, centroid clustering,
and median. In single-linkage clustering, the distance between two clusters is
determined as the distance between the two points in the clusters that are closest.
On the other extreme, complete linkage uses the maximum distance between two
points in the clusters, and the average method the average distance between the
points in the two clusters. The weighted method takes into account the children
of a cluster as well, using the average of the distance between the two clusters
that formed cluster A and B as the distance between the two.
Evaluation. Evaluating the unsupervised clustering process is two-fold; ﬁrst the
clustering can be evaluated intrinsically according to properties of the mathematical relation between the nodes, or extrinsically according to the performance
gain or loss on the task for which the clustering was done. For extrinsic evaluation, we applied the corpora resulting from the above clustering method and
created Language Models from them; models that were then used as auxiliary
LMs in a Statistical Machine Translation system.
For intrinsic evaluation we have used the Silhouette Coeﬃcient, which is
a measure of the clusters’ separation and how compact they are. Following
Han (2005, pp. 489–490), the Silhouette is calculated by ﬁrst determining a(o),
the average distance between an object o [o ∈
Ci (1 ≤ i ≤ k)] and all other objects
in the cluster C to which o belongs: a(o) = o ∈Ci ,o=o dist(o, o )/(|Ci | − 1), and
then b(o), the minimum average distance from the object to all other clusters to
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which it does not belong: b(o) = minCj :1≤j≤k;j=i
the Silhouette Coeﬃcient is determined by
s(o) =


o ∈Cj

b(o) − a(o)
max{a(o), b(o)}
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dist(o, o )/|Cj |. Then

(1)

The value of the Silhouette Coeﬃcient will range between [0, 1]. A higher number indicates a better clustering. The term a(o) is an indication of compactness.
A lower value indicates a more compact cluster, i. e., low distance between the
members inside a cluster, whereas b(o) describes the separation from other clusters. The larger it is, the more separated the cluster is from the others. This
means that when the Silhouette Coeﬃcient reaches 1, the clusters are compact
[low a(o)] and far away from the other clusters [high b(o)]. It would also be
possible to optimize the number of clusters based on this score.

4

Domain Adapted Machine Translation

The strategy chosen for domain adapted Machine Translation is to ﬁrst segment
large corpora with a Self-Organizing Map and then utilize language models built
on the basis of these corpus segments in a Statistical Machine Translation system.
The ﬁrst phase is conducted oﬀ-line, whereas the employment of the language
models is done on-line, while decoding an SMT model given input sentences.
When a document is input for translation, it is matched against the n created Language Models, ranked after perplexity. The Moses SMT system (Koehn
et al. 2007) allows for the use of user-deﬁned features in its log-linear model.
The LM with the lowest perplexity is selected by a new Moses feature providing
additional information for the decoder. This setup creates a platform in which
a system can do adaption to multiple domains, as the additional feature in the
SMT decoding phase can select the most appropriate auxiliary LM on-the-ﬂy.
The Language Models where built with the KENLM toolkit (Heaﬁeld 2011),
which was also used to read the LMs when decoding the SMT models.
4.1

Clustering Experiments

A quadratic layout of nodes in a Self-Organizing Map was used in the experiments, and for each sample the comparisons to all the diﬀerent vectors in the
node were done in parallel, as was the updating of the nodes in the next stage.
Each SOM was conﬁgured with a separate conﬁguration ﬁle, where the number
of iterations, the initial size of the neighborhood (given as a radius in Euclidean
space), and the initial learning rate were speciﬁed. In this ﬁle, details about the
vectorization of the document collections could also be entered.
After a pre-deﬁned maximum number of iterations was reached, the last
run of the input samples was kept, which left similar samples with the same
winning node. An agglomerative clustering algorithm was then run on the nodes
to cluster them by similarity. The algorithm chose a cut-oﬀ point in the clustering
according to the relative change in the similarity measure, as described above.
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Fig. 1. Hierarchical clustering (centroid and Ward) for a 64 × 64 SOM.

In Fig. 1, the detailed clustering of the SdeWac corpus using the ﬁrst and second knee-points is shown. The knee-points are in the ﬁrst column, the resulting
clusterings in the 2nd and 3rd columns, and the corresponding dendrogram in
the 4th. The two methods centroid and Ward exempliﬁed here illustrate the differences in results between methods. Ward’s method generally resulted in more
evenly sized clusters and was used as a basis for the further experiments. The
color codings come from Principal Component Analysis (PCA) decomposition
of the node vectors into four dimensions. These plots do not, however, show the
size of the clusters as some nodes will contain more samples than others. This
can be illustrated with heat maps, but those are left out here for space reasons.
The creation of Self-Organizing Maps is subject to many variables, such as
grid size, vectorization methods, and distance metrics. We conducted several
clustering experiments on the SdeWac corpus with diﬀerent SOM sizes, summarized in Table 1. The table shows the Silhouette Coeﬃcients for the partitionings,
with the number of clusters in each in parentheses. The two sets of experiments come from two diﬀerent vectorizations of the SdeWac data. In the ﬁrst
Table 1. Silhouette scores for corpora clustered with SOM.
Grid size

8×8

16 × 16

32 × 32 64 × 64

1st Part. (#)

0.33 (2) 0.46 (2)

0.35 (2) 0.31 (2)

2nd Part. (#) 0.23 (4) 0.31 (10) 0.31 (4) 0.29 (4)
1st Part. (#)

0.39 (2) 0.41 (7)

0.37 (3) 0.33 (2)

2nd Part. (#) 0.30 (3) 0.34 (11) 0.32 (8) 0.32 (4)
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experiments, the TF-IDF for the n-grams up to 7 were computed with a ﬁxed
vocabulary from the entire corpus, but on a subset of 1,000 documents (dimensionality 157,053). In the second set of experiments, the vectorization process
had the same cut-oﬀ points, but the n-grams were computed only from that
part of the corpus (dimensionality 53,016).
We then went on to use one of these experiments for Domain Adaptation,
presented in the next section.
4.2

Using Self-Organized Clusters for Domain Adaptation

A Statistical Machine Translation model consists of a Translation Model and
a Language Model, that are decoded to provide the optimal Target Language
string given the input. The term auxiliary Language Model denotes an additional
LM used to aid this decoding. We have shown above how the text collections are
divided into sub-corpora, through a Self-Organizing Map and an Agglomerative
Clustering procedure. A selection method among the sub-corpora is necessary
in order to test our hypothesis that building an Language Model over the most
relevant sub-corpus will give nearly as good results as using the entire text.
With training data available in the target domain, the perplexity of the
Target Language version of the development set can be used to rank the auxiliary
LMs. In the absence of such data, a two-pass solution is possible, i. e., that a
document is translated with the baseline Machine Translation ﬁrst, and the
perplexity of this translation is used to rank the LMs. This is the method we
have applied in this work. Other possible selection criteria include matching a
vectorization of the input document against the Self-Organizing Map used as a
basis for clustering, using the cluster to whose SOM node it matched at closest.
Such matching can be done on sentence, document or collection level.
An extra Language Model can be included in a Machine Translation system
in a number of ways; concatenating the text corpus with the original LM, using
an additional LM in Moses’ conﬁguration ﬁle or interpolating Language Models
directly. When using such features, their individual weights can be optimized
using the Minimum Error Rate Training (Bertoldi et al. 2009) training procedure.
When using prepared datasets for Domain Adaptation research, it is reasonable
to treat the entire sub-part of the corpus belonging to the same text type as one,
a given premise in how they are developed. Then all sentences can be tested
in the SMT system against the auxiliary LM found most relevant. However,
we also developed a separate Moses feature that uses a speciﬁc LM for each
input sentence, depending on which of them was closest according the selection
criterion mentioned above. Concretely, this information was looked up in a ﬁle
that was compiled from labeling individual sentences with the most relevant
sub-corpus (chosen as described in the previous paragraph).
4.3

Domain Adaptation Experiments

As a baseline system, we used the data presented in Sect. 3. An SMT model was
created from parliamentary text, and three domain speciﬁc corpora were used
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Table 2. Perplexity scores including and excluding OOV words. Low scores in bold.

Table 3. Domain Adaptation results on English-German text across diﬀerent LM
conﬁgurations. Highest score in bold, LM with lowest perplexity in italics.

for testing: medical text (EMEA), TV subtitles text, and a news corpus. The
auxiliary LMs came from building a SOM trained on the SdeWac corpus that
after Hierarchical Agglomerative Clustering with the Ward method resulted in
four corpora, from which Language Models were built. In order to test which LM
was the most relevant for each of the input documents, perplexity was measured
on a) the translation of each test corpus provided by the parallel corpora and
b) the translation of the test set provided by the generic SMT model.
The Ward clustering, that is, the number of clusters from the dendrogram,
from the ﬁrst partitioning (knee-point) was used in further experiments into
Domain Adaptation. This meant three clusters for this data, and accordingly
three text corpora and Language Models. The next step was to measure the
perplexity of the three in-domain corpora, to determine which auxiliary LM was
closest. The results are presented in Table 2. The EMEA corpus selected LM1,
whereas the Subs and the News corpora selected LM3 according to this criterion.
In Table 3 the results from using these Language Models in the full Machine
Translation pipeline are shown, using BLEU and Meteor evaluation. For the
EMEA and News corpora, the LM with the lowest perplexity also gave the
highest gain in MT performance of the auxiliary LMs, for the Subtitles corpus it
came second. The results are also compared to not using any auxiliary LM and
using all the text to build one large Language Model.
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Discussion and Conclusion

The work presented here introduces a solution to the Domain Adaptation problem that looks for external sources to increase the available training data rather
than exploiting some limited source of in-domain data in reﬁned ways.
The purpose of the Language Model in a Machine Translation pipeline is
to provide ﬂuency, by selecting translation candidates that are likely members
of the target language. The famous Firthian truism “You shall know a word
by the company it keeps” speaks to understanding a word from its context. By
mapping input documents to close-matching Language Models, we try to provide
this context for arbitrary input documents.
However, it is not always obvious how to distinguish text domains from each
other, where to draw the line between them and according to what dimensions
(such as writing style, topic, author or target age groups) to separate them.
An unsupervised approach to segmentation of a vast data source is a way of
enabling a Machine Translation system to respond to various input domains
also along such dimensions. The proposed Domain Adaptation method includes a
step to establish which of the auxiliary Language Models is the most relevant for
the given input document, and thereby enabling context adapted simultaneous
translation of documents of diﬀerent types.
The strategy builds on a Self-Organizing Map (SOM) approach to ﬁnding
relations within unorganized data, a strategy which has also been successfully
utilized in other application areas. Results indicate that it is possible to attain
improvements equal to—or even better than—those stemming from adding the
whole available text collection by using the most relevant part, also by unsupervised methods.
More research is necessary to establish the feasibility of the Self-Organizing
Map to extracting relations useful for extra training material for Statistical
Machine Translation models, notably into self-organizing parallel corpora.
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Abstract. Datasets are used in various applications assisting in performing reasoning and grouping actions on available data (e.g., clustering, classiﬁcation, recommendations). Such sources of information may
contain aspects relevant to context. In order to use to the fullest this context and draw useful conclusions, it is vital to have intelligent techniques
that understand which portions of the dataset are relevant to context and
what kind of context they represent. In this work we address the above
issue by proposing a context extraction technique from existing datasets.
We present a process that maps the given data of a dataset to a speciﬁc context concept. The prototype of our work is evaluated through an
initial collection of datasets collected from various online sources.
Keywords: Context extraction
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Introduction

Context-awareness is an area that has gained tremendous interest from the
research community in the latest years targeting in many cases pervasive
and mobile computing systems. Adaptive, personalized services that take into
account location as well as other user-related data predicate the existence of wellformed information with respect to users environment, referred to as contextual
information or context. Although context is in many cases mapped to location
information many deﬁnitions of context that include its diﬀerent aspects apart
from location, such as weather conditions, user proﬁle information, device and
netwotk connectivity, can be found in the literature [8,20]. However, the most
popular deﬁnition is given by Dey and Abowd [1]: Context is any information
that can be used to characterize the situation of an entity. An entity is a person,
place, or object that is considered relevant to the interaction between a user and
an application, including the user and applications themselves. The techniques
that enable the exploitation of contextual information are generally known as
context-handling techniques, while the use of context to provide relevant information and/or services to the user, where relevancy depends on the users task,
is known as context-awareness.
Various applications, where context is utilized for various purposes, can
be found and these are mainly mobile applications and the recently emerged
c Springer International Publishing Switzerland 2015
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Context-Aware Recommender Systems (CARS) that utilize context-information
to provide better recommendations to end-users [4]. Context plays also a vital
role in mobile context-aware applications for users on-the-move, where user surroundings and current activities are used for oﬀering a personalized experience
to users [16].
In order to be able to utilize eﬀectively the available context information
for given applications, context identiﬁcation is necessary. in the framework of
this work we deﬁne context identiﬁcation as the process of identifying which
information constitutes context information and which not. This process should
also include more information on the kind of context addressed, i.e., one should
also indicate whether speciﬁc context information refers to location data, data
connected to the user, data connected to hardware devices used, etc.
In this work we address the above by introducing a process that assists in
making sense of context data hidden in given datasets. Speciﬁcally, we propose
a context extraction technique from an existing dataset as input source. We
present a process that classiﬁes the existing information in a given dataset as a
speciﬁc context concept. The context concepts are based on a context taxonomy
that we introduce for this purpose, although any context model can be used
instead [6]. The prototype of our work is evaluated through an initial set of
datasets containing various ﬁles that we have collected from online sources and
research works, such as the one used in the multi-agent system for the care of
elderly people living at home on their own [13]. This evaluation serves as proofof-concept for the usefulness and the eﬀectiveness of the proposed approach.
To the best of our knowledge, context extraction from datasets is a process
that has not been adequately studied before. We are currently handling this
task in the following way: appropriate string comparisons are performed on the
dataset feature names with a context taxonomy as a reference, arguing in this
manner whether a particular feature could be used as a context element by a
context-aware application or not. At a second phase, a similar process is followed
for the feature values, but in this case concepts with a wider sense are compared
against the feature values using a lexical database that contains information on
such relations between words. Although our approach is simple, we argue that
it can serve as a ﬁrst step towards context information extraction from datasets
that can potentially enhance context-aware applications, such as Context-Aware
Recommender Systems in incorporating the extracted context in their recommendation method. Identifying which information constitutes context can be a
useful asset for making better use of the available data.
The rest of the paper is structured as follows. Section 2 presents the area of
context modeling in recommeder systems giving at the same time a brief overview
of related work on context modeling and identiﬁcation. Section 3 presents our
main contribution and the extraction steps proposed along with implementation
details. Section 4 is dedicated to the presentation of the evaluation of our work
using online datasets and to a discussion on the obtained results. Finally, Sect. 5
concludes the paper.
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Motivation and Related Work

Recommender systems use a variety of ﬁltering techniques and recommendation
methods to provide personalized recommendations to their users. The information used is mostly retrieved from the user proﬁle, from user’s usage history, as
well as from item-related information. However, these traditional recommender
systems use limited or none contextual information to produce recommendations. Instead, they only focus on two dimensions: the user and the items (also
called two-dimensional recommenders: Users and Items are used in order to produce Ratings), excluding other contextual data that could be used in the recommendation process, such as the day/time, with whom the user is with, weather
conditions, etc. A typical dataset of such recommender systems includes information on the user (user ID), information on the item (item ID, item features,
item price, availability, etc.) and ratings of users on items. Datasets that do not
include context information are known to be two dimensional.
On the contrary, Context-Aware Recommender Systems focus on using contextual information to enhance recommendations combining Users, Items and
Context to construct Ratings [3,4]. The goal is to enhance their datasets with
context information so that CARS produce better, enhanced and more personalized recommendations. Context information was ﬁrst utilized into the recommendation process by Adomavicius et al. by proposing three approaches:
the Pre-ﬁltering approach, the Post-ﬁltering approach and the Multidimensional
Contextual Modeling approach [3].
Based on the research work of Adomavicius and Tuzhilin [4], context can be
used in two ways for producing recommendations, i) the Recommendation via
Context-Driven querying and search, where systems use contextual information
from the environment (e.g., location), the user (user proﬁle) and the system
to retrieve the most relevant items to recommend (ubiquitous and locationbased systems such as systems that recommend restaurants and POIs (Points
of Interest) in the user’s proximity), and ii) the Recommendation via Contextual
preference elicitation and estimation [2], where systems focus on modeling user
preferences by using various methods, e.g., observing the user while interacting
with a system or by receiving appropriate feedback from the user regarding the
recommendations. In this paper we are dealing with the second method of incorporating the context for producing recommendations, which is used by ContextAware Recommender Systems. CARS do not use two-dimensional datasets as
with traditional recommenders; rather they face the challenge of utilizing multidimensional, context enriched datasets that include additional contextual dimensions besides ‘users’ and ‘items [2]. For more information on the two ways for
producing recommendations the reader may refer to previous works [2,3].
Based on the above, we argue that including and recognizing possible context elements in a given dataset to be later utilized in the recommendation
process in order to produce multidimensional, context-aware recommendations
by Context-Aware Recommender Systems is a useful and important process.
Any Context-Aware Recommender System that uses datasets in combination
with sophisticated recommendation methods such as those met in traditional
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recommender systems to produce recommendations should be able to produce
better results in cases where the datasets used are enriched with context information. The validity of the above statement is supported by the fact that
Adomavicius and Tuzhilin were the ﬁrst to prove that using contextual information in CARS (from context enriched datasets) indeed enhances the recommendation process [2,3] incorporating. This observation is also validated and supported by numerous works in the CARS research literature [2,4,5,10,15,21,22].
Moreover, another class of systems to be beneﬁted by context-enriched
datasets is the Ubiquitous Context-Aware Recommender Systems class (UbiCARS) [18]. UbiCARS constitute a subset of Ubiquitous Recommender Systems
[18] and utilize both ways of using context mentioned above: Recommendation
via Context-Driven querying and search to enable the provision of recommendations on location via mobile devices (e.g., identiﬁcation of near-by products),
as well as Recommendation via Contextual preference elicitation and estimation
by using context-enriched (multidimensional) datasets and context-aware recommendation techniques and methods as CARS do. UbiCARS systems can be
used for in-situ products recommendations and will potentially be able to provide better recommendations than common Ubiquitous Recommender Systems,
since, besides utilizing the surrounding context as Ubiquitous Recommender Systems do, they also consider the multidimensional context enriched datasets (as
used by CARS) in their recommendation process.
Many other related works on context have addressed the issue of context
modeling with the main motivation of using context in speciﬁc applications.
Context modeling is relevant also in the framework of the current work, since
it can provide the structure for representing the extracted context information
[6]. Since we are focusing on CARS in this work, we are not presenting in detail
context modeling techniques from other domains.

3
3.1

The Context Extraction Process
Analysis Steps

The proposed context extraction process is shown in Fig. 1. The elements of a
given dataset are indicated as features with a given name and value using the
terminology of machine learning. The usual case is for the ﬁrst row in a separate
dataset ﬁle to contain the feature names with the following rows containing the
records with speciﬁc values for each feature.
The context identiﬁcation process is divided into two distinct phases that
operate on diﬀerent level on the dataset ﬁles:
– Phase 1 - Feature names matcher : The feature matchmaking phase classiﬁes
a speciﬁc feature in the dataset as either a context or non-context value. This
phase also speciﬁes the context category the feature belongs to based on the
introduced context taxonomy (e.g., location, user, etc.).
– Phase 2 - Feature values matcher : Feature values are examined in this phase.
These values are also classiﬁed as context or non-context with an indication
of the context category.
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Fig. 1. The proposed context identiﬁcation process.

The feature names (i.e., column names in the dataset ﬁles) correspond to
the main terms whose values are contained in the dataset. These names may
correspond to context-relevant elements. For the identiﬁcation of such context
elements and for matching purposes diﬀerent string matching algorithms can be
exploited. In our work the following string matching algorithms are used in the
ﬁrst phase of feature name matching:
– The Jaro Winkler string distance calculation algorithm [9].
– Our WordNet distance similarity algorithm introduced in a previous work [14].
Wordnet is a lexical database that retrieves similar concepts to the input word
given [23]. The algorithm considers the type of connection between the examined terms. Connections of the type of same words (same), synonyms (syn),
meronyms (mer), hypernyms (hyper) and related terms (rel) are considered
in the following equation:
σ(nx , ny ) = l × σsame (nx , ny ) + p × σsyn (nx , ny ) + q × σmer (nx , ny )
+ r × σhyper (nx , ny ) + t × σrel (nx , ny )
The constants l, p, q, r and t express the importance of each similarity level
retrieved through Wordnet. At most one of the operands in the similarity
calculation will evaluate to 1.0. We have used the following values for each
weight: l=1.0, p=0.7, q=0.2, r=0.2, t=0.0. Using these values 1.0 is returned
only if the terms compared are exactly the same. If the terms are synonyms,
then a similarity score of 0.7 is assigned.
Other algorithms that could ba considered in phase 1 can be found in the
WordNet similarity algorithm from the xssm1 (XML Schema Similarity Mapping) library in Java that returns a score between terms using a preprocessed
WordNet and corpus data, and similarity based on n-grams [24].
Regarding the second phase of feature value matchmaking is performed on a
diﬀerent level than the ﬁrst phase. Instead of using string similarity algorithms,
1

https://code.google.com/p/xssm/.
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the connection of terms in WordNet is exploited. Speciﬁcally, the hypernyms of a
given term are examined for potential matching to a speciﬁc term of the context
taxonomy. If an adequate hypernym is found for the feature values, then the
respective feature name is considered context-relevant. For instance, if diﬀerent
city names (e.g., Athens, London, New York, Moscow) are indicated as feature
values, these can be matched to the same hypernym synset in WordNet town
giving an indication of a feature representing location information. Since hypernyms can reach terms in diﬀerent levels, e.g., in WordNet town is a hypernym
of Athens and municipality is a hypernym of town; hence, municipality is connected with Athens through 2 levels, we have selected an appropriate value for
level. Based on the conducted experiments, 2 was chosen as a plausible value.
Note that this second phase considers only the ﬁrst 100 entries in the dataset
ﬁle. Since many datasets contain huge numbers of entries (100,000 or more), we
have observed that this is an appropriate number of entries for drawing useful
conclusions. Examining more rows would only add to the processing time without
improving the results of the process.
Conclusions for the ﬁnal characterization of a term as context-relevant or
not are drawn by combining the results of the two distinct phases. Speciﬁcally,
in the ﬁrst phase a matching is considered succesful if the similarity algorithm
returns a value higher than 0.8, whereas in the second phase this is considered
for cases, where an exact hypernym of level 2 (or lower) is found. However, the
signiﬁcance of each phase is not the same. Phase 2 provides less accuracy, since
as we observed in many dataset ﬁles only number indications are given in feature
values (e.g., user or item ID numbers, year expressed in a number etc.). These
cannot assist in drawing conclusions on the meaning of the values and in such
cases (i.e., feature values in numeric format) phase 2 is not applied on the dataset
ﬁles. Also in cases, where features values are in text format, the results of phase
1 are considered more relevant for the ﬁnal results using the following weights:
σ(nx , ny ) = 0.8 × σphase1 (nx , ny ) + 0.2 × σphase2 (nx , ny )
Note also that important information can be found in the README ﬁles of
the dataset descriptions. These are, however, not considered in the current state
of our work due to the large heterogeneity of such ﬁles.
3.2

Context Model

As aforementioned a variety of context models tailored to speciﬁc domains can
be found in the literature [6]. The context categorization employed in the current work has resulted from our study conducted on the state-of-the-art on
context-aware systems including context-aware ubiquitous and location-aware
systems, as well as context-aware recommender systems. This context categorization includes the most important context elements we have retrieved during
our research. For the resulting context model captured in a taxonomy of 3 levels
(main context category, subcategories, and subcategory items) in Table 1 we have
used the system database from our previous work [17], as well as related literature on context models [2,4,5,10,15,21,22]. The system database of the CARS
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Table 1. Context taxonomy introduced.

Context category Context subcategory Context terms in subcategory
User

Proﬁle

Environment

Weather

Activity

Other
Time
Location

Name, age, gender, companion, marital
status, children, research interest,
social role, expertise, goal, experience,
employment status, education
preferences, contacts, payment info
People nearby
Temperature, humidity, Celsius,
Fahrenheit, rain possibility
Season, lighting, noise level, traﬃc
conditions
Date, year, month, day, hours, minutes,
seconds, timestamp, timezone

Address
GPS

System

Street, road, city, town, municipality,
prefecture, country, post code
GPS coordinates, Latitude, longitude
Battery level, computing platform,
bandwidth, network connectivity,
communication cost, nearby resources

Context Modeling System [17] includes context models presented and used by
research works in the ﬁeld of context-aware recommender systems, as well as
context models built by developers and experts on context-aware development
at the university premises.
Please note that our aim was to build a context categorization that would
be generic enough to facilitate a wide range of context-aware applications, and
that our system is developed so that it can use other context categorizations as
well, provided that these are given in the appropriate format.
3.3

Implementation Tools

The proposed context extraction process has been implemented in Java with the
assistance of diﬀerent libraries: e.g., Apache Commond CSV2 for the parsing of
the CSV ﬁles and the JWNL3 Java WordNet Library. Appropriate implemenations of the aforementioned string matching algorithms in Java were also used.

4

Evaluation and Discussion

4.1

Testing Set and Experiments

We have collected a number of datasets from various web sources. Each dataset
is composed of one or more CSV ﬁles, whereas README ﬁles with more
2
3

https://commons.apache.org/proper/commons-csv//.
http://sourceforge.net/projects/jwordnet/.
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Table 2. Datasets employed in the evaluation.
Dataset # Application use

Number
Source Number of
of dataset
context
ﬁles
features

1

Activity Recognition in Home Setting

4

[19]

1

2

Activity Book recommendations

3

[28]

3

3

Travel recommendations

1

[27]

5
a

4

Social networks: Facebook

1

online

5

Social networks: Delicious

7

[7]

6

Social networks: last.fm

7

Social networks: MovieLens

8

Microblog spamming detection

4

onlineb

8

Wireless sensor network

4

[25]

8

Climate data

1

[12]

9
10

3
17

6

[7]

9

12

[7]

24

3
c

Texting zone locations
1
online
6
https://github.com/ManuelB/facebook-recommender-demo/blob/master/src/
main/resources/DemoFriendsLikes.csv
b
https://archive.ics.uci.edu/ml/datasets/microblogPCU
c
https://catalog.data.gov/dataset/texting-zone-locations

11

a

information on the dataset use are provided in some cases. Note that, as aforementioned, although these README ﬁles may contain useful information for
the dataset, they are neglected in the current prototype implementation of the
context extraction tool due to their diversity and use of free text language that
renders uniform processing impossible.
The datasets and their domains are depicted in Table 2. Note that the majority of ﬁles in the datasets contains headers with the feature names used. For cases,
where these headers were missing, they were added by our context extractor in
order to facilitate the processing phases. All datasets used are available from
previous works or can be found online as indicated in the table.
4.2

Main Results and Discussion

In order to measure the results of our approach we have used the following three
metrics from the information retrieval ﬁeld [11,26]:
precision =
recall =

#correctM atchesReturned
#totalCorrectM atches

#correctM atchesReturned
#totalM atchesReturned

f − measure =

2 × precision × recall
precision + recall
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Some feature names and some terms in the context categories consist of
more than one words. For those cases each word is examined independently for
matching. If a match for any of the words is found, then the feature name or
the context term respectively is considered a match as a whole. Further study
of the consideration of n-grams instead of unigrams could improve the matching
results.
Note that a returned match is considered correct, if the correct context category is also indicated. If only the characterizaton as context is correct, then the
result is not considered correct. We have measured the above for the following
cases: Consideration only of Phase 1 results, and Consideration of results from
both Phases. For each of the above cases the two aforementioned string similarity algorithms were employed for the ﬁrst phase (i.e., Jaro Winkler distance, our
custom WordNet distance similarity algorithm).
An example of values returned for the third examined dataset of Travel recommendations consisting of data from TripAdvisor is shown in Table 3.The results
were the same for both examined algorithms and the second phase would not
add any additional information on the existing observations: using the WordNet
hypernyms only hotel city feature values were recognized as relevant to location.
This feature contained values of cities in the United States, such as Houston, Los
Angeles, Oklahoma City and Boston. This is a case of good context extraction,
where all relevant terms have been tagged as context-relevant but only one term
has been placed in a wrong category (i.e., user timezone has been placed under
user instead of time). Note that the terms in parenthesis in the table correspond
to the context category, if it exists.
The summary of results with average precision, recall and f-measure values
for all datasets in the testing set are depicted in Fig. 2. These initial results
indicate that the proposed approach assists in making sense of context data that
may be included in the features of the dataset ﬁles. Recall and precision values
reach 0.9 in many cases. Overall phase 2 does not improve the accuracy of the
results, due to the rare cases of encountering feature values in text format. For
this reason, we have also selected a small weight for the similarity score of phase
2. Concerning the accuracy of phase 1 better results are observed for the Jaro
Table 3. Context identiﬁcation results for the Travel recommendations dataset.
Algorithm

Terms matched

# of terms Context terms

as context by

matched as in dataset

our approach

as context

Precision Recall

correctly
Jaro-Wrinkler user(:user),
(Ph1,1+2),

user state(:user),

our WordNet user timezone(:user),
(Ph11+2)

4

user(:user),
user state(:user),
user timezone(:time),

hotel city(:location),

hotel city(:location),

hotel timezone(:time)

hotel timezone(:time)

0.8

0.8
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Fig. 2. Main evaluation results.

Winkler similarity algorithm that provides a higher number of terms macthed
as context-relevant in comparison to the dedicated WordNet algorithm.
In general, the accuracy of the results is high, but even higher values could
have been achieved. This is attributed mainly to the choice of names given to
the features of datasets and also to errors in the spelling of the features names
given by the dataset creators (e.g., temperature is spelled as tepmrature in the
Wireless sensor network dataset). Since no common terminology exists, dataset
creators are using terms that best suit their needs without conforming to any
guidelines. A similar problem appears with the use of abbreviations (e.g., for
state names of the United States). The utilization of the README ﬁle might
assist in improving the matching results alleviating the above problems, as well
as stemming or stopword removal preprocessing actions that were not employed
in the framework of our work.

5

Conclusions

In this paper we have presented our work on context information identiﬁcation
from dataset ﬁles. We have deﬁned a process of two phases for matching features in the datasets with context elements from a given context taxonomy. This
extraction process can be a useful tool for context-aware application development
and context-aware recommender systems, since it can point out context elements
from huge amounts of data. We have also performed an initial evaluation of our
process using a number of datasets from diﬀerent application domains.
As future work we would like to utilize the results of our process for assisting
software engineers in the creation of context-aware applications. We intend to
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focus this eﬀort on the improvement of context-aware recommenders by suggesting the most appropriate context ﬁelds that can be used to improve the results
of recommenders.
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Abstract. Data organization is a diﬃcult and essential component in
cultural heritage applications. Over the years, a great amount of archaeological ceramic data have been created and processed by various methods
and devices. Such ceramic data are stored in databases that concur to
increase the amount of available information rapidly. However, such databases typically focus on one type of ceramic descriptors, e.g., qualitative
textual descriptions, petrographic or chemical analysis results, and do
not interoperate. Thus, research involving archaeological ceramics cannot easily take advantage of combining all these types of information.
In this application paper, we introduce an evolution of the Ceramom
database that includes text descriptors of archaeological features, chemical analysis results, and various images, including petrographic and fabric images. To illustrate what new analyses are permitted by such a
database, we source it to a data warehouse and present a sample online analysis processing (OLAP) scenario to gain deep understanding of
ceramic context.
Keywords: Archaeology · Archaeometry · Ceramics
objects · Databases · Data warehouses · OLAP
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·

Complex

Introduction

Archaeology is a branch of humanities that investigates past societies. It includes
the study of material culture left behind by past human populations, especially
pottery, which is seen as the most common archaeological material, providing
with information on many aspects including chronology, trade, and technology.
The form and decoration of pottery changed over time, which makes it a potential chronological marker, and its circulation is an indication of exchanges and
trade. Another interesting fact about pottery is that, once a pottery was broken, it could not be recycled, unlike iron or glass, for instance. Thence, potteries
have remained to exist until today. Therefore, it is one of the most important
archaeological material to help reconstruct past civilizations.
c Springer International Publishing Switzerland 2015

H. Christiansen et al. (Eds.): CONTEXT 2015, LNAI 9405, pp. 226–239, 2015.
DOI: 10.1007/978-3-319-25591-0 17

Warehousing Complex Archaeological Objects

227

In recent years, the use of digital systems and tools in archaeological studies
developed rapidly. Using web-based databases, geographical coordinates, digital
mapping, and digital photography is becoming popular. Scientiﬁc developments
and statistical techniques have further contributed to the analysis of archaeological materials. Nowadays, digital systems are needed by archaeologists to study
a variety of archaeological information and to share them. Digital systems also
give an opportunity to study diﬀerent aspects of the same objects or categories
of objects.
Archaeological ceramics1 can be described in diﬀerent ways, by archaeologists, museum curators or archaeological scientists, e.g., through chemical,
mineralogical, and petrographic analyses. In addition, ceramics can be used
to determine contextual relationships, which help to highlight archaeologically
meaningful data from the mass of individual data. In other words, exploiting
ceramic data allows to discover patterns that are only visible in larger and more
distributed ceramic samples than can be collected about any single ceramic. In
archaeology, core data are highly contextual. Thence, ceramics and their properties can help to obtain comprehensive knowledge about technological, cultural,
and geographical information. Such information may also contribute to understand the period and provenance of ceramics.
However, information is globally very heterogeneous. Databases have diﬀerent ﬁle formats, access protocols, and use various query languages. There is no
standardized terminology, especially in terms of the description of ceramic materials and their properties. Moreover, databases have a strong focus by and large.
For instance, in Lyon archaeometric studies carried out on ceramics [1,2] led to
the development of the Ceramom database [3]. In Ceramom, whose development
began in the late 1970’s, ceramics were until recently mainly described by their
chemical composition together with a text summary of archaeological information. Eventually, databases little interoperate, most being oﬄine and the others
only providing a web interface, but no API (Application Programming Interface). Thus, combining various information about archaeological objects, such
as textual, numerical, and graphical documents, which would allow powerful
computer analyses, is at best an intricate task as of today.
Thus, in this application paper, we introduce the new Ceramom database,
which models previously little-exploited textual descriptions of ceramic samples
and includes image descriptions (technical drawings, photos, etc.) as well. This
new database aims to be the basis of powerful analyses, such as OLAP and
data mining, which should integrate various points of view on ceramic objects,
e.g., text descriptors, chemical analysis results, technical drawings, binocular
images resulting from fabric analyses, and petrographic images resulting from
petrographic analyses to be able to learn deep contextual information from all
the bits and pieces of ceramic. To this aim, we use the new Ceramom database
to source a data warehouse, which is original in its storage of data that are not
only numerical.
1

In this paper, we use both “pottery” and “ceramic” to designate all the range of
categories of these archaeological objects.
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A. Öztürk et al.

The remainder of this paper is organized as follows. Section 2 presents a selection of ceramic database projects, including Ceramom. Section 3 further details
the new Ceramom database. Section 4 deals with remodeling this database as
a multidimensional, data warehouse schema, presents a sample OLAP analysis
scenario and discusses issues in ceramic data analysis. Finally, we conclude this
paper and hint at future research in Sect. 5.

2

Ceramic Database Projects

In recent years, several databases were created to highlight diﬀerent perspectives
in pottery research. These databases have diﬀerent types of contents, depending
on the aspects of ceramics studies they focus on. Moreover, speciﬁc formats may
be implied based on diﬀerent contents, e.g., numbers for chemical analyses or
text and/or images for petrographic analyses.
Databases usually have a main type of contents, and may focus on speciﬁc
categories of ceramics, time periods or regions. Databases can be either publicly
available online or not. Additionally, interface features may also be available,
such as interactive maps, interactive 2D or 3D views, or statistical tools, the
latter being of particular interest in the context of our research. Table 1 lists a
selection of databases that we consider representative of this diversity of contents, formats, statuses and features, with some indications on their speciﬁcity.
In Table 1, primary content is indicated by X, secondary content by x, and occasional content by (x).
The Levantine Ceramics Project (LCP), directed by Boston University, proposes an archaeological database focusing on ceramic wares produced in the Levant, from the Neolithic to the Ottoman periods [4]. It mainly includes archaeological data (typological, chronological, and geographical), but also provides
with fabric and petrographic data. The format of LCP data is either text or
image. LCP is an open, interactive internet resource. Roman Amphorae: a digital resource, proposed by the University of Southampton, provides an online
introductory resource for the study of Roman amphorae, based on a rich corpus of archaeological information together with petrographic and fabric data [5].
POTSHERD is a collection regarding pottery from the Roman period (1st cent.
BC – 5th cent. AD) in Britain and Western Europe, including distribution maps
and links to complementary resources [6]. The Worcestershire On-line Ceramic
Database was designed to make available the complete pottery fabric and form
type series for Worcestershire, from the Neolithic to the early post-medieval
period [7].
Other types of databases are more centered on either archaeological data
or petrographic and fabric data. The National Roman Fabric Reference Collection (NRFRC) is the online version of a reference book providing detailed and
standardized fabric descriptions of Roman wares found in Britain [8]. FACEM
focuses on fabric data of Greek, Punic, and Roman pottery in the Southern Central Mediterranean area [9]. FACEM includes interactive maps and allows downloading detailed information. Petrodatabase is a petrographic relational database
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proposing interactive maps [10]. ICERAMM focuses on medieval and modern
ceramics in western and northern France, Belgium, and Switzerland [11]. PECL
is a project of encyclopedia for ceramics of the Mediterranean and sub-Saharian
region of all periods, including detailed archaeological contexts information [12].
ASCSA.net presents archaeological objects and contexts from the excavations of
the American School of Classical Studies at Athens in the Athenian Agora and
in Corinth [13].
There are several image databases that are designed for a larger audience,
using digital representations of ceramics. One of them, Sgraﬃto in 3D, proposes 3D reconstructions of late medieval pottery collection from the Museum
Boijmans Van Beuningen (Rotterdam, the Netherlands) [14].
Yet other databases focus on chemical data. The CeraDAT project, developed
by the Demokritos National Centre of Science Research (Athens, Greece), is a
prototype relational database including interactive maps and focusing on the
Aegean and the wider Eastern Mediterranean Region [15]. The Archaeometry
Laboratory Database of the MURR laboratory (Missouri, USA) presents chemical analysis of ceramic artifacts from many regions, including Northern, Central
and Southern America, and the Mediterranean [16]. It also gives access to “historical” chemical databases, such as the Berkeley laboratory’s. Archaeological
information of MURR data is presented as a bibliography. The Archaeometry
Research group at the University of Fribourg (Switzerland) has established several reference groups with the chemical composition of ancient ceramics from
Switzerland, Italy, France, and Germany [17]. Archaeological information is also
presented as a bibliography.
Eventually, Lyon’s Ceramom database used to be mainly a chemical database
[1,2], including only limited archaeological information. The new Ceramom 3.0
model we detail in Sect. 3 has been recentered on ceramic objects, and enriched
in archaeological and multimedia contents. It covers all periods. Ceramom is
not available online yet, but it will be soon at the following address [3]. Table 1
clearly shows that Ceramom 3.0 is one of the most comprehensive database model
for ceramic data, including enriched archaeological (geographical and graphical
descriptions) and archaeometric (numerical values of various analysis results)
data.

3

The Ceramom Database

Data may be qualiﬁed as complex if they are [18]:
– multiformat, i.e., represented in various formats (databases, texts, images,
sounds, videos);
– and/or multistructure, i.e., diversely structured (relational databases, XML
documents repository);
– and/or multisource, i.e., originating from several diﬀerent sources (distributed
databases, the Web);
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Table 1. Ceramic database features

LCP
Roman Amphorae
POTSHERD
Worcestershire Ceramics
NRFRC
FACEM
Petrodatabase
ICERAMM
PECL
ASCSA
Sgraﬃto in 3D
CeraDAT
MURR
Fribourg
Ceramom 2.0
Ceramom 3.0

X
X
X
X
(x)
x
(x)
X
X
X
x
(x)
(x)
(x)
x
X

x
X
(x)
X
X
(x)

X
X
X
X (x)
X x

x
X
x
X
X
X
x
x
(x)

x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x

x
x
x
x
(x)
x
(x)
x
x
x
x
x
x
x

Stat tools

Features
Online
Structured

Multimedia

Textual
Numerical

Fabric

Database type Data type
Archaeological
Chemical
Petrographic

Ceramic databases

x
x
x
x
x
x
x
x

x
x x

x
downloadable
x
x

– and/or multimodal, i.e., described through several channels or points of view
(radiographies and audio diagnosis of a physician, data expressed in diﬀerent
scales or languages);
– and/or multiversion, i.e., changing in terms of deﬁnition or value (temporal
databases, periodical surveys).
The Ceramom database was designed from the requirements of ceramic specialists for recording, using, and analysing data generated by diﬀerent techniques.
Thence, it stores complex data. Mineralogical and petrographical data with
extensive deﬁnitions are indeed combined with rich location data. In addition to
these data, graphical documents that are necessary to complement ceramic information are added in the new model, such as drawings and images of ceramic samples with variety of references. According to this model, the Ceramom database
is centered on pottery samples, which are described by geographical features,
several analyses, and various descriptions (Fig. 1). Each of these packages is further detailed in the following subsections. All conceptual models are depicted as
UML class diagrams [19].
3.1

Geography

Figure 2 displays the Geography package of the data model. The
LOCATION class connects geolocation data to STORAGE OUTSIDE
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Fig. 1. Ceramom conceptual schema: global view

Fig. 2. Geography package

LABORATORY, PRO-VENANCE, SUPPOSED ORIGIN, and ATTRIBUTION classes. The STORAGE OUTSIDE LABORATORY class represents where
the object is physically stored.
The PROVENANCE class bears information regarding the location data
where the object was found. The SUPPOSED ORIGIN class provides a supposed
origin before analysis. The ATTRIBUTION class indicates where the object
was demonstrated to come from by after analysis. Finally, the SITE, TOWN/
MUNICIPALITY, REGION, and COUNTRY classes represent a hierarchy of
LOCATIONS.
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Fig. 3. Status and Description package

3.2

Status and Description

The Status and Description package of the data model is depicted in Fig. 3. The
DESCRIPTION class bears textual descriptors of the object. It includes most
of the information which enable us to identify the object archaeologically. The
CATEGORY class helps categorize ceramics, e.g., “COMM”. (common ware),
“CARREAU” (tile). The PART OBJECT class collects data regarding parts
of the form, e.g., rim, base, body, etc. The WASTER class speciﬁes whether
the object is a waster. The FIRING MODE class contains data about ﬁring
mode, which are coded as mode A, mode B, mode C, etc. The STORAGE IN
LABORATORY class bears location data if the object is stored in the laboratory.
The LEGAL STATUS OF OBJECT class contains data about ownership of the
object.
3.3

Analysis

Figure 4 depicts the Analysis package of the data model. Analysis results of a
sample are represented in class ANALYSIS RESULT. Each analysis corresponds
to a series of separate records, each of which contains an individual measure. This
is due to the fact that samples may be analyzed by several techniques, such as
chemical or petrographical analyses. A given sample may also be analyzed several
times using the same technique, but with diﬀerent parameters. For examples, as
a larger number of chemical elements were determined since the 1970’s, when
a same sample was re-analyzed a given chemical element (e.g. aluminium or
calcium) would be assigned several values of concentration.
The DIFFRACTION, DILATO, PETRO, CHEMISTRY, BINO, SEM,
and additional analyses classes bear data regarding diﬀraction, dilatometry,
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Fig. 4. Analysis package

petrography, chemistry, binocular microscopy, scanning electron microscopy, and
additional, miscellaneous analyses, respectively.
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Exploring Archaeological Ceramic Data

Data warehouses are actually databases with a speciﬁc model tailored for eﬃcient
OLAP analyses. In a data warehouse, the observed data are called facts, e.g.,
sales in a business context. They are characterized by measures that are usually
numerical, e.g., quantities sold and amounts of money. Facts are observed with
respect to diﬀerent analysis axes called dimensions, e.g., sold products, store
location, and sale date. Thus, data warehouse schemas are called multidimensional schemas, or more casually star schemas, for facts are usually represented
in the center of the model, with dimensions gravitating around. Star schemas
help answer queries such as “total sales revenue of each product in Lyon in 2014”,
to go on with our business example.
Moreover, dimensions may be organized in hierarchies, e.g., a time dimension could be subdivided into day, month, quarter, and year. Such a structure
helps observing facts at diﬀerent granularity levels, e.g., “dezooming” from one
quarter of a year to said year to have a more global (aggregate) view of sales,
or “zooming” from one month to one day in this month to have a more detailed
view of sale events. These operations actually correspond to OLAP’s rollup and
drill-down operators, respectively.
Thus, to allow OLAP navigation in the Ceramom data, we must select facts
to observe, axes of analysis (dimensions) and import data from Ceramom into
the data warehouse. The result is called a cube (hypercube when the number of
dimensions is greater than 3), where dimension values are coordinates that deﬁne
a fact cell. There are a couple of interesting works done using OLAP analysis on
archaeological data [20,21].
4.1

Multidimensional Model

In this sample scenario, we choose to observe chemical dosages with respect
to ceramic sample provenance, dating, description, and groups. Our data warehouse’s star schema is provided in Fig. 5, again as a UML class diagram. Facts
are modeled as a quaternary association-class connected to dimension classes.
To make use of numerical values for analyses, the SAMPLE class from Fig. 1
is combined with the Analysis package (Fig. 4) into the SAMPLE ANALYSES
class in Fig. 5, which models our analysis facts. In our case, aggregates (summaries) are number of sample, average number of sample, and number of analyses, etc. Dimension classes are PROVENANCE, GROUPS, DESCRIPTION, and
DATING, which are the same as in the Ceramom database (Figs. 2, 3 and 4).
Moreover, the LOCATION class individually connects to all classes in the SITE,
TOWN/MUNICIPALITY, REGION, and COUNTRY hierarchy to still allow a
connection in case of missing value at one hierarchy level (Sect. 4.3).
4.2

OLAPing Archaeological Ceramic Data

Once part of Ceramom data are multidimentionally remodeled, OLAP analyses
can be done. OLAP actually helps interactively navigate the data warehouse,
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Fig. 5. Chemical data warehouse’s multidimensional schema

e.g., to discover outliers or hidden patterns. We use Pentaho Business Analytics2 ,
a suite of open source business intelligence, as our OLAP engine. Pentaho features a user console that is a web-based design environment. The console helps
to visualize and navigate hypercubes, which are created from the data warehouse
with the help of the schema-workbench tool.
As an example of OLAP analysis, let us examine the contents of a speciﬁc
chemical group coming from the GROUP class, and compare them to the initial typological classiﬁcation from the DESCRIPTION class. Samples within a
given chemical group belong to the same pottery production, i.e., they share
the same origin. They usually come from several excavations (PROVENANCE
class), and their circulation and corresponding ﬂuxes provide insight into past
contacts between populations and trade networks. When diﬀerent workshops
manufactured similar wares, classiﬁed under the same typology, chemical analysis “sorts out” the diﬀerent productions and enables archaeologists and historians
to better understand economic trends and cultural inﬂuences.
In a ﬁrst analysis, successive rollups help aggregate PROVENANCE data at
the country level to achieve a coarser view of data. We take interest in ceramics of
the Byzantine period (Medieval period in the DATING class) called “Zeuxippus
Ware” and we select the DATING, DESCRIPTION (typology), and PROVENANCE (country) dimensions and count “Zeuxippus Ware” occurrences (OLAP
2

http://www.pentaho.com.
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slice and dice operators, respectively). “Zeuxippus Ware” corresponds to a typological class that has 163 occurrences in the database. “Zeuxippus Ware” was
found all over the Mediterranean and beyond, but was also largely imitated.
In a second analysis, we slice on PROVENANCE, GROUPS, and DESCRIPTION, and dice on “Zeuxippus Ware stricto sensu”. A research program enabled
to deﬁne several distinct chemical groups, including one corresponding to the
“Zeuxippus Ware stricto sensu” (87 samples), which is the “prototype” of this
ware. We identify the features of each production, including information on its
geographic distribution, related to trade networks [22].
Figure 6 compares data with the number of samples whose description
includes the term “Zeuxippus”, i.e., including both “Zeuxippus Ware stricto
sensu” and wares imitating it or related to it typologically. In all countries,
examples of both prototype and imitations were found. It is nonetheless noticeable that a larger proportion of imitations come from Greece, a new insight that
may be signiﬁcant. In histogram, “chemical classiﬁcation”(in blue) is based on
the actual diﬀusion of ceramic products, it is related to economic factors. It conﬁrms the large distribution of this ware in countries of the Mediterranean and
Black sea areas. Although the bias introduced by the initial sampling needs to
be taken into account, the number of samples from each country gives an idea of
the abundance of this ware, e.g., only very few examples were found in France.
“typological classiﬁcation” (in red) refers to the diﬀusion of models and fashions,
and is thus more related to cultural factors. This example somehow simulates the
comparison of data obtained on the same categories of objects from two databases, focusing each on another aspect of these wares. It shows the discrepancies,
but also the added value that may be obtained when connecting information. It
also shows how OLAP analysis may contribute to the understanding of economic
and cultural relationships at the Byzantine period, thanks to its ability to bring
ceramic information back into a wider context.

Fig. 6. Distribution of samples by country, for descriptions including the term “Zeuxippus” (in red, “typological classiﬁcation”), and in chemical group “Zeuxippus Ware
stricto sensu” (in blue, “chemical classiﬁcation”) (Color ﬁgure online).
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Issues in Archaeological Ceramic Data Analysis

We have been confronted to a couple of major challenges before OLAP analyses
and when performing OLAP analyses onto Ceramom data. First, we encountered
a classical problem in databases, i.e., missing values. In our example scenario,
there is location information for provenance studies, but in practice, some information, i.e., site, town, region or country might be missing in the database.
For example, some samples relate to Sudak, Ukraine and Acre, Israel, with no
archaeological site reference. This is why we complement the geographical hierarchy with direct associations from provenance to site, town, region, and country.
Some of this missing information (town to region to country relationships) shall
be found in external sources, though.
Moreover, data about archaeological ceramics mostly consists of textual and
numerical data. On one hand, textual data include information about the characteristics of ceramics, such as form, chronological information, etc. On the other
hand, numerical data include information produced by various analyses performed on the ceramic material. Both can be warehoused. However, while classical OLAP provides a good tool for analyzing numerical data (through aggregation functions such as sum, average, minimum, maximum, etc.), it is not very
convenient for textual data, whose individual values can only be counted. Thus,
in order to gain in-depth knowledge about ceramics, there is a crucial need to
better take textual data into account in OLAP.

5

Conclusion and Perspectives

Designing comprehensive archaeological databases/tools is a challenge because
of many reasons. Various dimensions should be integrated from distant databases
that describe the same categories of objects in a complementary way. Thus, different point of views and parameters should be combined coming from diﬀerent,
heterogeneous databases.
In this paper, we ﬁrst survey representative ceramic databases and show there
is no single comprehensive resource for studying ceramic materials. Then, we
propose a new conceptual data model for archaeological ceramics. We believe this
model could be a good starting point to help ceramic databases interoperate in
the future. Moreover, we illustrate how ceramic data can source a data warehouse
to perform OLAP. Such analyses help navigate and observe data from diﬀerent
perspectives, thus enabling archaeological researchers with better insights on
their data. The main beneﬁt of the proposed approach is to identify hidden
patterns and possibly unexpected values, especially only visible in larger and
more distributed ceramic samples, in order to contextualize information and
help building up knowledge of past societies [23,24].
Our ﬁrst perspective is to include textual and graphical descriptions of
ceramic samples in the warehouse to do OLAP analyses. Some research already
address non-numerical data integration into data warehouses, e.g., by performing some preprocessing on text before storage into the data warehouse. Actually,
integration of such data might not be in textual format [25–27].
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Moreover, data mining could also be combined to OLAP to complement
data navigation with automatic pattern or structure discovery. For example,
clustering techniques could help enhance current statistical tools for categorizing
ceramics based on textual, numerical, and graphical information. Each context
allows to create a clusterer. The challenge will be to manage the collaboration
between the diﬀerent clusterers either for producing a consensus clustering or to
explain and annotate a given clustering or to identify strong forms.
In the longer run, we ﬁnally aim to build smart links between ceramic databases in order to achieve interoperability between Ceramom and partner databases, and allow cross-analyses to run over a database federation.
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Abstract. The Contextual-Graphs formalism has been conceived to
represent task realizations in the way they are actually performed. The
objective is to provide decision makers with a clear panorama of the
diﬀerent ways a task can be realized (i.e. practices), and the implications of choosing one way or another. The Contextual-Graphs formalism
has been successfully used in many ﬁelds, such as medicine, biology, and
transports, for representing task realizations involving a single actor. In
this paper we explore the representation of a group task by analyzing the
paper-submission example, from which a turns mechanism is proposed
as a way to adapt the Contextual-Graphs formalism to support this type
of tasks. Moreover, the types of interaction among actors involved in
group task realizations are studied in detail based on a set of deﬁnitions
introduced in this paper. We claim that the real understanding of group
task realizations will not just help decision makers, but will also provide groupware designer with real requirements for building successful
applications.
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Introduction

Cooperation and collaboration are two ambiguous notions that have diﬀerent
meanings across domains, and sometimes from one author to another. The difference between these two concepts seems related to the sharing of the goal in
the interaction. Collaboration means to “work together”, i.e. a joint development of a negotiated and consensual solution, thus it is a task realization in
diﬀerent ways. Cooperation means to “operate together”, it is a negotiated division of the task realization among participants (a common goal but autonomous
actions) and a pooling by the assembling of each subtask realization in a linear
way, each participant has to handle a deﬁnite part of the shared task realization. Coordination is the technical organization of the diﬀerent elements of a
task realization to enable participants to work together eﬀectively according to
a plan. If coordination has a relatively well-accepted deﬁnition across disciplines
and types of approaches, such as, cognitive (AI, psychology, etc.) or technology
(CSCW, interface design, etc.) [2,7,9], it is not the case of collaboration and
c Springer International Publishing Switzerland 2015

H. Christiansen et al. (Eds.): CONTEXT 2015, LNAI 9405, pp. 243–256, 2015.
DOI: 10.1007/978-3-319-25591-0 18

244

K. Garcı́a and P. Brézillon

cooperation. In this paper, we retain that collaboration refers to work together
while cooperation is to operate together.
We are interested in bringing the concept of context to group tasks as the relevant knowledge, regarding the task, that each actor possess and shares with the
rest of the group, as this would help understanding the way the job gets actually
done, which will bring beneﬁts to decision makers and to groupware designers. Commonly, in the technology research ﬁeld, context is restricted to a set
of physical measurements that denotes the state of the environment (e.g., location, and temperature). Our study is based on the Contextual-Graphs formalism
[5], which oﬀers a uniform representation of elements of knowledge, reasoning,
and context. This formalism has been used by Fan et al. [8] as a contextual
complement to scientiﬁc workﬂows in virtual screening, demonstrating that it is
more important to model a task realization than its theoretical model. However,
the Contextual-Graphs formalism was conceived for task realizations involving
a single actor. Therefore, we want to extend it to support group tasks, which
represents a diﬀerent challenge, as each actor involved realizes a set of subtasks
in an ordered way (e.g., an actor is able to perform a subtask after another actor
has completed theirs), such an actor also needs to share with the rest of the group
those elements that are considered important for the group task realizations (i.e.
shared context). The interaction between actors evolves, since it can start with
superﬁcial communication, but within the task realization development, it could
become a strong engagement of the actors. In order to represent such an interaction, we have explored diﬀerent ways of modeling the example of the paper
submission in a contextual model based on the Contextual-Graphs formalism.
From this analysis, it was found out that it is necessary to create a mechanism
that establishes turns between actors. During each turn, an actor realizes a set
of subtasks, and updates the shared context so the next actor understands the
state of the task and is able to contribute to the group task.
This paper is organised as follows. In Sect. 2, the Contextual-Graphs formalism as a foundation of the paper is described. Then, in Sect. 3, a series of
deﬁnitions regarding the levels of interaction among people working together are
presented. In Sect. 4, an analysis of the common known paper submission process
[1] is introduced in order to ﬁnd a suitable way to represent group tasks through
the Contextual-Graphs formalism. After exploring some options, we propose a
mechanism for turns to manage the ﬂow of this type of group tasks in Sect. 5.
Then, in Sect. 6, the practice tree implementation as a way to facilitate the
visualization of the exchange of turns is introduced. Finally, the conclusions are
presented in Sect. 7.

2

On the Contextual-Graphs Formalism

Pomerol and Brézillon [10] deﬁne context as the sum of: (1) the contextual knowledge, which is all the knowledge relevant for a person in a given decision problem,
(2) the external knowledge, corresponding to the rest of the knowledge that is not
important for the current situation, and (3) the proceduralized context, which is
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a part of the contextual knowledge that becomes important at a speciﬁc step of
the decision problem. Based on this context deﬁnition, Brézillon [4] introduces
the Contextual-Graphs (CxG) formalism for obtaining a uniform representation
of elements of knowledge, reasoning and context. Thus, a contextual graph represents the realization of a task, each path is a practice developed by an actor
in a particular context for realizing the task. A contextual graph represents the
accumulated experience of one or several actors realizing the same task.
The elements of a contextual graph are: actions, contextual elements, activities and parallel action groupings. An action is the building block of contextual
graphs. A contextual element is a pair of nodes, a contextual and a recombination one; the former has one input and N outputs (branches) corresponding to
the N instantiations of the contextual element; the latter is [N, 1] and represents
the moment at which the instantiation of the contextual element does not matter anymore. An activity is a graph by itself that is identiﬁed by actors because
it appears in the same way in diﬀerent problem solving processes. An activity
is deﬁned in terms of the actor, situation, task and a set of actions. Finally,
a temporal branching for action grouping expresses the fact that several set of
actions can be realized in parallel or in a sequential way, no matter the order.
A contextual element corresponds to an element of the nature that must be
analyzed. The value taken by a contextual element when the focus is on it, its
instantiation is considered as long as the situation is under analysis. The proceduralized context evolves dynamically during a practice development by addition
(at the contextual node) or removal (at the recombination node) of a contextual
element during the progress of the focus. Moreover, for group tasks, the shared
context is formed by persistent (known by all the actors) contextual elements
introduced by an actor, and eventually accepted by others after negotiation.
Thus, contextual elements can be used as a way to manage turns among actors
involved in a group task, as their instantiation would denote whose turn is next.
The working context corresponds to all the contextual elements of a Contextual
Graph and their instantiations [3].

3

Levels of Interaction

In the Computer Supported Cooperative Work (CSCW) research ﬁeld, the group
awareness need has been identiﬁed since early works as a requirement for applications supporting non-collocated teams [6], since variables such as presence,
availability and activity of each member of the team need to be known to coordinate activities and achieve collaboration. Thus, many applications incorporated
the availability and presence modes (e.g., busy, online, available, away), to let
others users know if the interaction they require could be possible at a speciﬁc
moment. Then, with the evolution of the ﬁeld, the creation of applications for
supporting not only non-collocated collaboration, but also collocated one, and
the increasing attention to the Ubiquitous Computing ﬁeld [12], arose a new way
of thinking about context, since current authors have embraced and developed
the view of context as any variable that characterize a situation [11]. Nowadays,
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the goal is to customize the response of an application based on the environment that surrounds the user and the user themselves. Thus, the most popular
variables considered in a group application are presence, availability, activity,
location, time and interests. This narrowed vision of context in CSCW is due to
researchers concern on building applications limited to physical and environmental features. However, group tasks can be studied at another level, by focusing
on human interaction and not just in the applications technical aspects.
We propose a deeper analysis of the interaction among users involved in a
group task. Thus, in Table 1, we illustrate through a set of deﬁnitions that there
is a large spectrum of collaboration/cooperation, which always involves a degree
of coordination. In Table 1 we present six levels in this spectrum, namely: the
task level, the task realization level, the actor level, the activity level, the team
level, and the planning level. For each level we identify the actors’ commitment
degree, then we propose a visual guide for each level of interaction, in which
rectangles depict tasks (i.e., a task can consist of several actions) performed
by a single participant at a speciﬁc moment. Finally, in the last column of the
table, we use well-known collaborative applications as examples to illustrate that
although they are all known as collaborative applications, they are targeted to
provide support to one or several levels of interaction.
As mentioned before, most works in the CSCW ﬁeld are focused on building
applications, which is probably the reason why an agreement about the collaboration and cooperation concepts has not been reached yet. However, our
objective is to provide support at a lower level, i.e. by understanding the way
people actually realize tasks together. In Table 1, we see that it is important
to diﬀerentiate the level of interaction among actors realizing a task. Since, the
over simpliﬁcation of using the term collaboration and cooperation to refer to
any task group leads to lose the essence of the interactions, in which the shared
context, the type of turns, and the degree of collaboration/cooperation varies
signiﬁcantly from one situation to another. Our conceptual framework allows
to capture some contextual features related to the management of turns that
otherwise would not be visible.

4

The Paper Submission Example as a Group Task

The submission of a scientiﬁc paper to a journal is a well-known process in
the research community. In short, an author submits a paper to the editor of
a journal. The editor may either accept the paper for reviewing, or reject it
due to mismatch between the scope of the journal and the topics covered in
the paper. An accepted paper is sent for evaluation to (at least) two reviewers.
The reviewers read the submitted paper and provide their feedback before a
deadline assigned by the editor. The reviewing process is an individual task that
the reviewer performs based on his personal knowledge, expertise and point of
view. Once the reviews are received, the editor makes a decision by comparing
the reviewers’ evaluations. This process can be long, so the editor must evaluate
their options and time constraints in order to decide the tactics to choose. If
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Table 1. Interaction between two actors’ tasks
Level of interaction

Actors
engagement

Applications corresponding to
the type of interaction

1. Task level. Actors have
independent tasks, but one
task can start only after the
completion of another. Interaction is limited to actors’
tasks coordination.

An instructor using a learning platform, such as Blackboard, is able
to upload an assignment for their
students. The instructor will be
able to give feedback and grade
the student’s work. It is a series of
tasks that require coordination at
all times.

2. Task realization level.
Several actors realize (in parallel or at diﬀerent times)
the same task. Practices are
accumulated in the same
space. This “experience sharing” leads to direct or indirect collaboration.

A wiki is created by a user and fed
by others in a synchronous or asynchronous way. Entries are shared
in a common space by people in
an indirect collaboration, except if
someone edits their entry to contribute to the content.

3. Actor level. A helping actor is responsible for
an activity in the task realization of another actor. It
is a weak cooperation since
the global goal belongs to a
unique actor. Thus, a quick
change of turns is required
when the helping actor is
involved in the task realization.

Question and answer websites and
mailing lists help people to solve
technical problems. By posting a
question a user receives multiple
answers from experts whose interest
is just in helping others.

4. Activity level. Actors
have independent tasks (and
independent objectives) in a
joint activity. In some cases,
they could be competing but
also cooperating to accomplish a common activity. Several actors’ turns are activated at the same time, but
in order to complete the joint
activity, a coordination of
turns is required at speciﬁc
moments.

Crowdsourcing for software development often leads to this type of
interaction. In a project, each participant has to realize a precise task
as part of the common general task.
The client is constantly making new
requests. Thus, at speciﬁc moments,
developers have to work together to
perform the joint task, but as their
personal goal is to maintain a good
reputation in order to be hired again
by the client, developers could compete to present the best ideas and
work.
(Continued)
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Table 1. (Continued)

Level of interaction

Actors
engagement

Applications corresponding to
the type of interaction

5. Team level. The focus
is on the team task realization. There is a strong
cooperation because, even
when the focus is on a given
actor at one moment, the
others must coordinate their
activities according to the
actor “in focus”. The shared
context concerns all the
team members who update
it frequently. Interaction is
dynamic, and turns are fast.

An application for collaborative edition of documents, such as Google
Docs, supports this level of interaction. All members of a team working on a document at the same time
coordinate their activities to edit a
paragraph. Thus, the actor in focus
changes constantly, increasing the
need of dynamism of the shared context.

6. Planning level. Interaction between actors is not
direct, a manager is responsible for the actor’s interactions in their task realizations. The manager needs
information about the schedules and actor’s plans. It
is a lose collaboration that
could lead to cooperation
once the team is constituted.
The manager’s turn can be
paused while waiting for the
termination of each actor’s
turn.

Google Agenda is an application
supporting this level of interaction,
by using it, a user is able to create
an event, add comments and documents related to it. In case the event
is shared and users are accepted
to use the agenda, any of those
users can provide feedback to interact with the people involved in it.

the paper is not rejected, the editor could: (a) conditionally accept the paper by
demanding to the authors an improved version, which is veriﬁed by the editor
or the reviewers, or (b) accept the paper with the minimal suggested changes.
If the ﬁnal editor’s decision is to reject the paper, the author is notiﬁed with
reviewers’ comments. Otherwise, after receiving the new version, the editor sends
the accepted submission to the publisher for publication. The paper submission
process requires interaction among diﬀerent actors with diﬀerent roles: author,
editor, reviewers and publisher. We choose to model the actors’ interaction in
the Contextual-Graphs formalism.
4.1

An Actor’s Task as Part of Another Actor’s Task

Figure 1 shows a fragment of a contextual graph centered in an actor’s vision:
the editor, who communicates to other actors whose tasks are embedded in
the editor’s graph. In Fig. 1 the activities 3 and 5 correspond to the reviewers’
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Fig. 1. A partial view of an actor’s task inside of another actor’s task

tasks, while activities 14 and 16 are author’s tasks. In this contextual graph,
“Document status” represents the common goal as a shared contextual element.
“Document status” may be changed by one actor and then used by another.
In this case, when a reviewer has ﬁnished or decides not to be involved in the
task realization, he will change the “Document status”. Figure 1 shows in contextual element 73, that in case the reviewers have evaluated the paper, the
instantiation of “Document status” becomes “reviewed” and the editor will be
able to continue the decision process, by comparing the evaluations. In case a
reviewer has refused to evaluate the paper, the Document status stays “to be
reviewed”, so the editor needs to ﬁnd a new evaluator. The introduction of this
shared contextual element brings some advantages, as any person could easily
understand the task realization ﬂow without having to know the general protocol, they just need to understand the common goal. Furthermore, the working
context is always denoting the current status of the process, making easy to
obtain information. However, this representation is sequential, since the editor’s
job is paused until the reviewers change the status of the shared context.
4.2

One Branch for Each Actor’s Task Realization

Another way to represent interaction between the editor and reviewers as a
working group is to consider all actors’ task realization at the same level. In
Fig. 2, each branch of the graph corresponds to an actor’s activity. The branches
correspond (from top to bottom) to the activities of the author, the editor, the
reviewer, and the publisher. Thus, an actor is selected by the instantiation of
the contextual element.
This representation becomes diﬃcult to follow when a change of actors is
needed, since the Contextual-Graphs formalism is not adapted to model group
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Fig. 2. A partial view of the paper submission problem presenting an actor in each
branch

tasks. Thus, elements for guiding the representation should be introduced.
Figure 3 shows the extended view of the editor and reviewer activities. Specifically, in action 8 the editor’s task is to inform a reviewer about their new
assignment. Once the request is sent, the next turn concerns the reviewer. This
is realized by reapplying the global contextual graph of Fig. 3 in the new working
context with reviewer as the actor in the focus. This representation, understandable in this well-known example, could become rapidly diﬃcult to follow when
jumping from one branch to another, without completing any branch. The representation is also ineﬃcient, as it is diﬃcult to know important information about
the submission, such as its current status: Is the paper in the reviewers’ hands?
Has the editor received the evaluations but has not yet made a decision? Is there
a conﬂict between reviewers? The sequence fashion of the representation and the
lack of shared contextual elements make it really diﬃcult to notice information
rapidly.
4.3

Lesson Learned

Modelling a group task realization supposes the management of several actor’s
viewpoints in order to be able to follow the development of the task. In the
framework of the Contextual-Graphs formalism, a contextual graph is the representation of a task realization. Thus, it is possible to represent the interaction
between actors as an activity representing an actor’s task realization as a clearly
deﬁned part of another task realization, as in Fig. 1. However, it is not eﬃcient
to use this approach when two actors interact several times during the group
task realization, as it supposes that an actor sending a request waits for the
completion of the recipient’s task. It is an over-simpliﬁcation of a group eﬀort.
The representation of an actor’s activity on each branch of a Contextual Graph
is not eﬃcient either for a task involving more than two actors, as it is contradictory with the deﬁnition of a contextual element with exclusive instantiations.
Moreover, many task realizations could get mixed in a single contextual graph,
violating this philosophy, which states that a contextual graph represents a single
task realization. Thus, a particular mechanism for turns management in addition
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Fig. 3. A partial view of the branches representing the editor and reviewer’s task
realization

to the use of the shared context between the actors needs to be considered. The
shared context will play the role of a virtual working context of the turns mechanism with contextual elements coming from the two working contexts associated
with the task realization of the two actors.

5

The Turns Mechanism

To address the limits pointed out in the previous sections, we propose to manage turns with a speciﬁc contextual element. Figure 4 shows a “meta graph” for
the paper submission example. This graph does not correspond to any actor’s
particular view, but to the management of the turns between actors. The diﬀerent actor’s views (e.g. the editor and the reviewer) are represented in individual
contextual graphs shown in the activities. This representation introduces some
reserved words to denote the name of the contextual elements in charge of the
sequence of turns among actors. Such words are MANAGER, RECIPIENT and
SENDER. The MANAGER is the actor responsible for the task realization at
hand (the actor on focus); the RECIPIENT denotes the actor whose turn is next
(the next actor on focus); and the SENDER is the actor whose turn is just ending
(the actor releasing the focus). Thus, at the completion of the current task, the
MANAGER informs the correct RECIPIENT, who in turn, will realize one task
or another depending on the SENDER and the shared context. At the beginning
of the graph in Fig. 4 the MANAGER becomes the last assigned RECIPIENT,
thus the value of the contextual element 1 is known, and the corresponding
branch is selected. By the end of a turn, the SENDER takes the value of the
current MANAGER, since the next actor in turn needs to know the SENDER.
Thus, a cycle is created through these contextual elements by instantiating the
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Fig. 4. A partial view of the Turns Mechanism model

initial working context of the current turn with the ﬁnal working context of the
previous turn (i.e. MANAGER = RECIPIENT).
This representation preserves and enhances the use of shared contextual elements. The semantic of these contextual elements are task dependent, and can
adopt diﬀerent values from one actor to another. The idea is to give a common
ground to all the actors, for them to be able to know the current situation of
the task realization and perform the corresponding task when their turn comes.
A shared contextual element is instantiated by one actor and used by another.
The TASK GOAL is a reserved contextual element shared among the actors
corresponding to the status of the document (e.g., submitted, reviewed, etc.).
Figure 5 shows an example of changing turns. As shown in Fig. 5 at the reception of a new paper, the editor can decide if the paper is suitable for the journal
or not. In case the paper is suitable, the corresponding actions are done in the
editor’s side, then the contextual element TASK GOAL is instantiated to “to
be reviewed” and the RECIPIENT is assigned as “reviewer”; which means that
the turn of the editor has ended for now, and the focus should be placed on the
reviewer, shown in Fig. 5 as a change from activity 137 to 140. Once the branch
corresponding to this speciﬁc interaction between the author and the editor has
been completed, the SENDER takes the value of “editor” in action 82 on Fig. 5,
creating a loop in the reading of the graph, since the MANAGER instantiation
will change and the next actor in focus should be found. In this case the focus
will be on the reviewer (following the legends of Fig. 5) who detects that the
editor has sent a paper to be evaluated, since the TASK GOAL shared contextual element has been changed in the previous turn to “to be reviewed”. The
reviewer will change the TASK GOAL instantiation to either accept or refuse
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Fig. 5. A partial view of the Turns Mechanism shared context

reviewing the paper, and the RECIPIENT of the focus will be assigned to the
editor. Thus, the loop in the reading of the diagram continues, this time from
activity 140 to 138. Such a loop is broken when the RECIPIENT is equal to NIL
(i.e. it is the end of the overall task).

6

The Practice Tree for Identifying Turns

The Contextual-Graphs software includes a Practice Tree View that helps decision makers to quickly identify the possible practices to develop, considering the
information they possess. This view is also important for group tasks, since each
tree branch corresponds to a turn. Figure 6 shows the practice tree of the contextual graph in Fig. 5 followed by the practice tree of the actor’s activity 137.
In the deployed view of activity 137 in Fig. 6, it should be noticed that a decision
maker might need to have gathered a lot of information in order to choose the
paths containing more contextual elements.
Figure 7 presents the author’s practice tree, which is encapsulated in activity
136 in the general graph. Each branch ﬁnishes in a change of turns (e.g. author
to editor, and author to publisher), meaning that the focus of attention moves
from the editor to another actor. Branch 1 of Fig. 7 corresponds to the beginning
of the group task, since the author sends a paper to the editor of the journal. The
level of interaction in branch 1 is at “task level”, regarding the types of interaction presented in Table 1, since the editor’s turn is activated until a new paper
submission has been received, the author instantiates the TASK GOAL contextual element to “Submitted” just before their turn is over. The second branch
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Fig. 6. Author’s Practice Tree for decision making

Fig. 7. Author’s Practice Tree

corresponds to the author ﬁnishing his turn by instantiating the TASK GOAL
contextual element to “Revised version” and passing the focus of attention to
the editor. Here the interaction is at the “activity level”, since the editor task
is diﬀerent to the author, but they communicate to reach agreements regarding
the submitted paper, e.g. the author attaches a document explaining the changes
made to the revised version. Once the submission is accepted, on branch 3, the
author and the publisher interact at the “team level”, since they both work on
the document to create the last version of the paper. When the author ﬁnishes
correcting the typos, he instantiates the TASK GOAL contextual element to
“ﬁnal version”. Branch 4 does not create any further interaction, since it corresponds to the case in which the paper has not been accepted. Finally, branch 5 is
really similar to branch 2, because it corresponds to the case in which the author
has been asked by the editor to change the paper. The diﬀerence with branch 2
is that this time, the editor asks for a complete new version, not just some small
changes. Thus, the interaction is at “activity level” and the TASK GOAL contextual element is instantiated to “revised version”. Although not all interaction
levels presented in Table 1 can be found in the paper submission example, it is
important to do not forget about them, since they are present in diﬀerent types
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of group tasks, that have lead to the development of divers applications, such as
the ones mentioned in Table 1.
By analyzing the levels of interaction detected in the paper submission group
task, we see that, as the actors become more engaged in the group task realizations, the need of just coordination among them, evolves to collaboration and
then to cooperation. In branch 1 of Fig. 7, the interaction between the author
and editor requires coordination, as the editor tasks starts after receiving a new
paper. Not presented in the author’s interactions, but following the ﬂow of the
submission example, once the editor has sent the paper for reviewing, the interaction between the two reviewers denotes collaboration, as they both realize the
same task in their own way. However, the interaction among the editor and the
reviewers is at “planning level”. Moreover, in Fig. 7, branches 2 and 5, the collaboration evolves to cooperation between the author and the editor, as their
common goal is to obtain a new paper version, but each one has a diﬀerent task
to realize. While the author is in charge of providing a new paper version, the
editor should answer the author’s questions. Finally, once the paper has been
accepted for publishing, the author and the publisher engage into a strong cooperation, as they both work in the same document to get it ready for publishing.
Beyond the Paper Submission Example. The paper-submission example
is a task that involves several actors constantly interacting to reach a goal.
However, group tasks are not limited to this type of team conﬁguration, in
which a leader coordinates the group actions and the shared context is reduced.
Shorter and more dynamic group tasks (e.g. brainstorming sessions), as long
as those including two groups working together at speciﬁc times might have
several leaders coordinating the task realization of their own group. Thus, further
discussion can be held regarding the passing of turns among groups, and the
eﬃciency on the quick management of the shared context modiﬁcations.

7

Conclusions

Discussions on collaboration and cooperation must be considered in a large spectrum, going from a superﬁcial approach focused on the built of applications, as
found in the literature, to an approach aiming to understand the way people
really work together, as proposed in this paper.
There is a need to extend the scope of the research on collaboration and
cooperation upstream (experts working jointly to develop a contextual model
satisfying everybody) as well as downstream (the contextual model as a medium
of communication between experts). This means that it looks diﬃcult to obtain
a unique way to create contextual graphs for representing group task realizations. However, this paper explore some approaches. Through the analysis of the
paper-submission example, we have notice the importance of the shared context,
since it is a way to make compatible an actor’s viewpoint with the rest of the
group, because each actor is an expert in their own domain. Furthermore, the
shared context, along with some reserved words, conform the turns mechanism
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we propose. Such mechanism helps experts to use the Contextual-Graphs formalism to model their group tasks and to analyze the type of interaction produced
in each turn. Moreover, the understanding of a group interaction, will also help
experts to make decisions regarding the way the task are realized, and application designers would be able to easily spot the real requirements for supporting
a speciﬁc group tasks.
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Abstract. Context-aware agents operating in a cooperative multiagent
system (MAS) can beneﬁt from establishing a shared view of their context, since this increases coherence and consistency in the system’s behavior. To this end, agents must share contextual knowledge with each other.
In our prior work on context-mediated behavior, agents used frame-based
contextual schemas (c-schemas) to explicitly represent and reason about
context. While an expressively rich approach, the lack of formal structure
poses problems for mutual understanding of c-schemas among agents in
a MAS. As we are interested MASs with heterogeneous agents, not only
will agents represent c-schemas in idiosyncratic ways, but the set of cschemas known by each agent will diﬀer. In this paper we propose a new,
related representation of contextual knowledge using description logic
and a shared ontology, and we present a technique for communicating
contextual knowledge while respecting bandwidth limitations.

Keywords: Multiagent systems
edge · Context representation

1

·

Communicating contextual knowl-

Introduction

Multiagent systems (MASs) are groups of intelligent agents that interact, usually
to carry out a set of goals. They are of interest for a variety of tasks, from
autonomous exploration to data collection (e.g., [6]) to e-commerce. A MAS
may be cooperative, in which case the agents work together to achieve common
goals, or the individual agents may be self-interested and each work to satisfy
their own goals, which may or may not align with some global set of goals.
While a great deal of work has been done on the problem of ensuring that
individual agents behave appropriately for their context, much of it reported
in this conference series, much less has focused on agents working in a MAS.
However, context-appropriate behavior is just as important for an agent in a
MAS, and it is important that the MAS as a whole behaves appropriately for
its context.
The problem is more diﬃcult than for a single agent. The contexts of individual agents now always include other agents, which may be unpredictable to
c Springer International Publishing Switzerland 2015
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some extent and which are themselves behaving in ways inﬂuenced by their own
contexts. There is also the opportunity for agents to gather information from
others to better understand their context, but at the cost of added complexity,
eﬀort, and time.
While we could focus only on agent-level context recognition and hope that
globally-appropriate behavior will emerge from the interactions of the agents,
this suﬀers from problems similar to agent-level control of planning in multiagent systems, primarily a lack of global coherence. Instead, the MAS, or at least
a subset of its agents, should attempt to share information about the context
to arrive at a shared, more complete “partial global context” (to borrow from
partial global planning [7]). The individual agents, as well as any control mechanisms for the MAS as a whole, can then take the shared context into account
when determining how to achieve individual goals, organize the agents, assign
tasks, and coordinate agents’ actions.
The ability to reason and communicate about the context implies that the
context is explicitly represented. It also implies that there is a message protocol
for communicating about the context, and that there is a way for diﬀerent agents
to represent contexts and agree on the meaning of contextual knowledge. This
implies that there exists a representation language for contextual knowledge as
well as a shared ontology that the agents can refer to for terms’ meanings.
In earlier work [18], we described an approach to multiagent contextappropriate behavior that we called distributed context-mediated behavior, which
we refer to here as multiagent context-mediated behavior, or MASCon.1 This approach relies on agents communicating about their perceived context, knowledge,
goals, and percepts in order to arrive at a representation of the MAS’s global context (the context representation, or CoRe). The process involves context representation, local context assessment, communication, and a distributed assessment of
the global context.
This paper focuses on the communication aspects of MASCon, including how
contextual knowledge is represented to facilitate communication (and reasoning)
about context. We focus ﬁrst on representation, and describe the description
logic-based representation of contexts and contextual knowledge, an ontology for
contextual knowledge, and how that knowledge is represented as c-schemas. The
c-schemas themselves can be viewed collectively as forming a kind of ontology for
contexts. We then discuss context-related communication in MASCon. Part of
this involves a message protocol for communicating about context that attempts
to minimize bandwidth needed, (synergistic with any data compression that
might be used) which is a key concern for some domains (e.g., a MAS consisting
of underwater vehicles). The other part is deciding what to communicate about
the context in order for agents to arrive at a shared understanding.

1

The name seems appropriate, since just as a mascon is a concentration of mass that
aﬀects (e.g.) a satellite’s orbit, our approach relies on a concentration of contextual
knowledge to aﬀect a MAS’s behavior.
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Representation Language

Agents need a shared language and ontology in order to communicate about anything, not just their context, and there has been much work on both in artiﬁcial
intelligence, especially in the area of multiagent systems. Unfortunately, most
work on knowledge representation and ontologies has not focused on contextual
knowledge per se, but rather on domain and problem-solving (e.g., planning)
knowledge. This is largely because context has seldom been considered as a
ﬁrst-order concept, but instead has been treated implicitly.
Context has been considered a ﬁrst-order concept in some formal logic work,
especially in the context community (e.g., [4,8,12]), and in some non-logical
approaches (e.g., [3,9]). Our previous work has also addressed this by creating
explicit representations for contexts (c-schemas) and for the contextual knowledge they must contain [17].
Unfortunately, our prior work lacked a formal representation language, and
the ontology and semantics were idiosyncratic to each project and somewhat ad
hoc. This is problematic if agents are to interact with others that may not have
the same designers or reasoning mechanisms, such as would be the case in some
open multiagent systems (e.g., autonomous oceanographic sampling networks
[6]). In addition, the representation was frame-based, which has some beneﬁcial
properties, especially knowledge clustering, but for which there are no really
good, widely-accepted reasoning mechanisms as there are, say, for formal logic.
What is needed, then, is an ontology for contextual knowledge and a way to
represent it for communication that has a well-deﬁned, formal basis, for which
there are tractable reasoning mechanisms, and that is amenable to being related
to a shared ontology.
For these reasons, we are now basing our contextual knowledge representation on description logic [1], a widely-used formalism in multiagent systems
and the semantic web [2]. There has been other work on representing contextual
knowledge as description logic, for example the work of Wang et al. [19], which
was based on the Web Ontology Language (OWL). However, since their representation of context does not include guidance for behavior, it is not suﬃcient
for our purposes.
We assume that most readers will have some familiarity with description
logic (DL), and only a quick overview is presented here to allow others to understand terms in the rest of the paper. DL is a set of languages based around
the idea of sets of individuals, restrictions on set membership, operators, and
subsumption. A description of a set of individuals is termed a concept, for example, AUV (autonomous underwater vehicle). Concepts are viewed as having roles
that can be used to restrict the individuals that are members of the set; for
example, (AND AUV (SOME hasColor Yellow))2 would denote the set of yellow
AUVs. This example also shows an operator, conjunction, and the existential
quantiﬁer.
2

Sometimes written AUV  ∃ hasColor.Yellow.

260

S. Rode and R.M. Turner

Determining subsumption is the primary inference type in DL: if A and B
are concepts (i.e., descriptions of sets), then A is said to subsume B if B ⊆ A.
For example, the atomic concept AUV subsumes the more restricted description
above for yellow AUVs. Although relatively straightforward, for some description
logics, subsumption checking is intractable in the worst case.
The particular DL we use in our work is a version of the language L1 as
speciﬁed by Teege [15], which allows concept union, concept intersection, existential role restriction, minimum cardinality role restriction, and role composition.
Axioms can be deﬁned using these operators and used as concept deﬁnitions. The
operators provide suﬃcient expressive power for our purposes. The L1 language
has the property of structural subsumption, which means that the subsumption
test on concepts always reduces to subsumption tests of single clauses. A clause
is a description that cannot be further decomposed into a conjunction. The reason we require structural subsumption is to allow for an eﬃcient algorithm for
communicating contexts, which will be discussed in detail later.3
The version of L1 we use adds datatypes, equivalent to the way one of the
Web Ontology Language (OWL) variants, OWL-DL [13], uses them. Datatype
roles are permitted, which are similar to regular roles but with data values
(e.g., integers, strings, etc.) as opposed to concepts as the ﬁllers. This does
not interfere with the use of structural subsumption in our algorithm. For our
purposes, datatype roles are treated like regular roles, and we consider that a
data value “subsumes” another whenever the two values are of the same type.
A concept such as Yellow or AUV is an atomic concept. These concepts live
in an ontology, an isa hierarchy that directly shows the set–subset relationships
between the concepts. Figure 1 shows a portion of the ontology we use in this
project, for example (with subtrees not shown for some concepts).

AbortMission
Goto
MaintainPosition
Transit

Search

Communicate
Navigate

Action

Sample
OceanSurface

PositionFix
OceanThing

AttentionFocusingContextualKnowledge

OceanFloor
WaterColumn

AbstractThing

Sensor

StandingOrders
PrescriptiveContextualKnowledge
EventHandlingKnowledge
ProceduralContextualKnowledge

Submarine

PhysicalThing
ContextualKnowledge

PredictedContextualKnowledge

Vehicle
Thing
Ship
Mine

DescriptiveContextualKnowledge
ContextDependentSemantics

AUV

Effector

Fig. 1. A portion of the ontology. Thing is the top-level concept. Some subtrees are
hidden to save space.
3

Structural subsumption is weaker than logical subsumption [1].
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All concept deﬁnitions as well as all axioms in DL belong to what is called the
reasoner’s terminological box, or TBox. In the case of this project, all agents will
have some common knowledge in their TBoxes, that is, their shared knowledge,
including the ontology, will mostly reside there.

3

Contextual Knowledge

There are two main concerns when explicitly representing knowledge about contexts: representing the contexts themselves, and representing the kinds of contextual knowledge they can contain.
MASCon, like all of our projects based on context-mediated behavior, represents contexts as knowledge structures called contextual schemas, or c-schemas.
In the past, these have been frame-like structures with roles deﬁning the kinds
of knowledge being represented: knowledge for handling unanticipated events,
for modifying goal priorities, and so forth. In this project, we have largely done
away with this frame-like nature. Instead, c-schemas are primarily containers for
description logic statements (concept descriptions and axioms) that apply in the
represented context (cf. Guha’s [10] microtheories).
A c-schema contains several types of knowledge about the represented context, each of which is best represented as a type of knowledge in its own right,
i.e., a concept in the ontology. This allows the reasoner to easily determine
what the knowledge is and how it is meant to be applied in the situation. Some
researchers in the pervasive computing community (e.g., [19]) have also developed ontologies for context, but the kinds of contextual information used in
that community tend to be only a subset of what is needed for context-sensitive
behavior in agent-based and multiagent based systems.
We can broadly classify the needed contextual knowledge as being either
descriptive or prescriptive. The former describes the features expected in the
context, that is, the features of situations that are instances of the context. This
knowledge is used in assessing the context, and it can be used to generate predictions about unseen features of the situation and to help understand newly-seen
features. Part of descriptive knowledge is also any context-dependent semantics, for example, what a fuzzy logic or description logic concept might mean in
the context that is diﬀerent from its normal meaning. Prescriptive knowledge
tells the agent how to behave in the context. There are several kinds: knowledge about goals and their context-appropriate priority, ways to achieve goals in
the context, how to recognize and handle unanticipated events, and how to set
non-goal-based behavioral parameters appropriately (e.g., sonar status, recommended depth envelope, etc.). In the case of multiagent systems, actions would
also include such things as how/when/what to communicate, how to organize
the group of agents, authority relationships, if any, and so forth.
Each kind of contextual knowledge is present in the agents’ shared ontology,
as shown in Fig. 1 (StandingOrder represents behavioral parameter settings).
This allows agents to communicate about the contents of c-schemas without
the problem of being misunderstood. The deﬁnitions of concepts in the ontology contain not just their name, but also their roles and their deﬁnitions in
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Fig. 2. Some deﬁnitions of contextual knowledge concepts

terms of other concepts. Figure 2 shows some of the deﬁnitions for our contextual
knowledge.
The actual concept descriptions in a c-schema will make use of these concepts; for example, the description:
(AND EventHandlingKnowledge (SOME handlesEvent PowerFailure)
(SOME hasImportance High)
(SOME respondsWithAction AbortMission))

describes a piece of event-handling knowledge telling an AUV that is suﬀering a
power failure that the event is very important and can best be handled in this
context by aborting the mission.
Within a c-schema, a piece of contextual knowledge (an assertion) is associated with a name that is unique across all of the agent’s knowledge. For shared
(“prototype”) c-schemas that are part of the MAS’s common knowledge, all
agents know these unique names. We require this to reduce bandwidth via our
message protocol (see below).
In addition to a name, each assertion can also have associated metadata that
is not part of the DL description. This is useful for knowledge that would be
inconvenient or impossible to represent using the description logic in use. For
example, we would like each concept within a c-schema to have an associated
certainty factor (CF) representing the agent’s certainty that the concept occurs
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or is relevant to the context; this is used by MASCon in context assessment,
making predictions, etc. However, if the CFs were represented as part of the
assertion, then they would be taken into account during subsumption, causing
subsumption that would otherwise succeed to instead fail due solely to diﬀering
CFs. Consequently, CFs are represented as metadata.
Figure 3 shows an example of part of a contextual schema in our approach,
in this case, one that represents being in the context of performing a sampling
mission. The names of the pieces of contextual knowledge are unimportant for
our purposes, but note that each piece has a description and a piece of metadata,
the certainty factor. The c-schema predicts (or matches) that the mission area is
large (BSM-1) and that the agent has a sampling mission active (BSM-2). What
“large” (Broad) means is also deﬁned in terms of a fuzzy membership function
(BSM-3). This is one way in which the semantics of terms used by the agent
are context-dependent in our approach. The c-schema also suggests a behavioral
parameter setting that is appropriate for the context (a “standing order”), i.e.,
that obstacle sensitivity should be High (BSM-4). The portion shown also contains some event-handling knowledge about sensor failures as well as some action
information.

Fig. 3. Part of the contextual schema BroadSamplingMissionCtx (Format: label(CF):
description)
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Conceptually, contextual schemas themselves are part of the ontology. Each
c-schema describes a concept corresponding to a context, or set of situations. Cschemas exist within generalization/specialization hierarchies in much the same
way concepts are related an ontology. For example, the context “in a harbor” is
a generalization of “in Portsmouth Harbor”. In addition, agents share knowledge
about c-schemas representing prototype contexts.
However, c-schemas are diﬀerent than other concept descriptions. First, they
contain a signiﬁcant amount of knowledge that is not in the form of DL roles
(e.g., metadata, information to index other related c-schemas, etc.). Second,
although they do have specialization/generalization relationships, these can represent other c-schemas that they were derived from or that they can be found
from (in memory) instead of true subclass relationships. Third, unlike an ontology, both the set of c-schemas and their relationships to one another are expected
to change relatively frequently as an agent experiences new situations that lead
to creating new c-schemas or modifying existing ones. And fourth, unlike ontology concepts, many c-schemas will be idiosyncratic to particular agents, since
not all agents will experience the same contexts as they operate.
For these reasons, we treat c-schemas diﬀerently than other parts of an agent’s
ontology. An agent has a separate c-schema memory that changes over time as it
gains experience. The schema memory is assumed to organize c-schemas in generalization/specialization hierarchies that can be traversed based on features of
the situation to ﬁnd c-schema(s) matching the situation [17,18]. Such a memory
is essentially a set of dynamic discrimination networks that change based on the
memory’s contents. As an agent gains experience, it will create and store new
c-schemas in this memory, and it may learn new connections between existing
c-schemas. Shared prototype c-schemas are considered ﬁxed across the agents,
corresponding in some ways to a shared “upper ontology”. However, how cschemas are indexed in agents’ memory and any idiosyncratic c-schemas derived
from the prototypes will likely diﬀer from agent to agent.

4

Communicating About Context

In MASCon, agents communicate about their context during distributed context
assessment as well as when deciding what the context means in terms of their
behavior. If only the prototype contexts were considered, communication would
be trivial: just an identiﬁer for the shared c-schema would need to be sent.
However, it is more likely over time, as agents learn new contexts, that agents
will each believe that the current situation is an instance of one of their own
known idiosyncratic contexts.
We do not want the agents just to send the complete contents of such cschemas to others. One reason is bandwidth. In many domains of interest, bandwidth is quite limited; for example, in the underwater vehicle domain, maximum
bandwidth is on the order of 60 kbit/s or less [14]. Consequently, saving bandwidth is critical for MASs operating in those environments. The second reason
is a matter of focus. If all information is sent, then the other agent has to try to
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match a large amount of knowledge against all of its own c-schemas; if we can
provide some commonality, then the receiver can focus immediately on its own
c-schema and the diﬀerences between it and what was sent.
In our approach, an agent makes use of its shared contextual knowledge, represented as prototypical c-schemas, to communicate only what is needed to allow
the recipient to regenerate the idiosyncratic contexts from its own prototypical
contextual schemas. This is reminiscent of earlier work on the agent communication language COLA [16], which also was concerned with limiting bandwidth
by appeal to shared knowledge. While at the current time we are focused on
communicating contextual knowledge, our approach is not incompatible with a
COLA-based communication system.
There are two major problems to be addressed for agents communicating
about contextual knowledge. The ﬁrst is what message protocol to use when
exchanging messages. The second is determining what to send.
4.1

Message Protocol

MASCon’s message protocol focuses on the diﬀerent kinds of relationships
between knowledge in an idiosyncratic context and in prototype ancestors. Communicating about an idiosyncratic context will require multiple messages, since
the prototypical context will have to be identiﬁed, then diﬀerences from it will
need to be communicated. Which message types are sent is determined by the
algorithms described in the next section.
Figure 4 shows the grammar for our message protocol. Strings on the righthand side of <ck-code> are abbreviations for our six types of contextual knowledge: predicted context features, context-dependent semantics, standing orders,

Fig. 4. The message protocol
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Fig. 5. Two partially-matching pieces of contextual knowledge

event-handling knowledge, attention-focusing knowledge, and procedural
knowledge.
When an idiosyncratic context K contains some of the same contextual knowledge as a prototype ancestor (shared) c-schema P, an ALL-MSG, ALL-EX-MSG, or
SOME-MSG is used. Suppose P has three pieces of event-handling knowledge with
identiﬁers p1, p2, and p3. Then the message
ALL EHK P 0.9 0.8 0.7
that K has all the event-handling knowledge from P. The ﬂoat values are the
certainty factors for the three pieces of knowledge in K. The ordering of the certainty factors in the message correspond to the order in which the event-handling
knowledge is found in P. In contrast, the message
ALL EHK P EXCEPT p2 0.9 0.7
means that K includes all the event-handling knowledge from P except p2. We
can refer to the pieces of knowledge by name, as we can rely on their order, since
the representations of the prototypes are known to both the sender and receiver
as shared knowledge. Alternatively, the message
SOME p1 p3 0.9 0.7
has the same meaning as the ALL-EX message, and is the better choice in this
case because it is shorter.
Up to this point, we have been concerned with the case in which K may not
match P exactly, but some or most of its corresponding contextual knowledge
does match. However, corresponding pieces of contextual knowledge may only
partially match in many cases. This case is handled by the MOD-MSG message
type.
The two descriptions of AttentionFocusingKnowledge shown in Fig. 5 have
some role restrictions in common and some that diﬀer. If we suppose that
rm-afk-1 belongs to a prototypical c-schema, we can use a MOD-MSG to express
sm-afk-1. The <dl-difference>+ part of a MOD-MSG message will describe the
diﬀerences between rm-afk-1 and sm-afk-1 and allow for the agent receiving
the message to reconstruct sm-afk-1.
A NEW-MSG message, which sends a verbatim description of knowledge, is
used as a last resort when none of the other message types can capture a piece
of knowledge. The circumstances in which a NEW-MSG is used are outlined in the
next section.
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Deciding What to Send

We have devised an algorithm by which agents can generate a set of messages
to completely describe an idiosyncratic context. The algorithm, which assumes
an agent can correctly retrieve the prototypical ancestor(s) of an idiosyncratic
context, is divided into two phases. The ﬁrst phase generates message types
ALL-MSG, ALL-EX-MSG, and SOME-MSG, which are the message types that deal with
direct matches between idiosyncratic and prototypical knowledge. The second
phase generates message types MOD-MSG and NEW-MSG, which cover all the rest.
Both parts of the algorithm require a DL reasoning engine.
Direct Match Algorithm. Let CI be an idiosyncratic c-schema and CP be
the set of its prototype ancestors, and let cki refer to a piece of knowledge in CI .
To ﬁnd direct matches for contextual knowledge in CI , the DL reasoner is used
to look for concept synonyms in the combined knowledge of CP for each cki .
Our goal is to partition the set of directly matched cki into subsets, where
each subset is covered by a single message from the types ALL-MSG, ALL-EX-MSG,
or SOME-MSG, such that the total number of bytes of the messages is minimized. Unfortunately, this is an exponential-time problem. Consequently, we use
a greedy algorithm to approximate this partitioning. The algorithm repeatedly
loops through the six contextual knowledge types until all the direct matches
have been handled by a message. It ﬁnds the prototype context with the most
unhandled direct matches of the current knowledge type, and uses this prototype
context as a reference point to create a message covering this knowledge. Thus
at each iteration we pick a subset and produce a message for it. The messages
that cover each subset in the partition can then be sent, with their certainty
factors based on the idiosyncratic context CI .
Computing Diﬀerences. In addition to messages for the directly-matching
contextual knowledge, the agent must send messages for the rest of the knowledge in the idiosyncratic c-schema CI . These messages will have to be of types
MOD-MSG or NEW-MSG, each covering a single piece of knowledge cki . Let MI =
{cki |cki has no direct matches}. The algorithm iterates through each cki ∈ MI ,
determining which message type to use.
The algorithm attempts ﬁrst to use a MOD-MSG message, since that should be
shorter than using a NEW-MSG message. To do this, it checks to see if there is a
piece of knowledge ckp from CP that can be used as a point of reference for cki .
The diﬀerences between ckp and cki are then expressed in the <dl-difference>+
portion of the MOD-MSG message.
Our algorithm for computing diﬀerences between cki and ckp makes use of the
DL subtraction operation [15]. If B and A are two DL concepts and A subsumes
B, then the subtraction (diﬀerence) operation, B − A, gives a new concept such
that each piece of information in B that is present in A is removed. For DLs with
structural subsumption, a simple implementation of this operator is possible.
In our case, we can ﬁnd the diﬀerences even if the one concept does not
subsume the other, since we know that the two are both of the same Contextual
Knowledge type: they contain the same restriction clauses and only diﬀer in the
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role ranges for the clauses. Consider again the two pieces of knowledge shown
in Fig. 5, where rm-afk-1 corresponds to ckp and sm-afk-1 is cki . The MOD-MSG
message expressing sm-afk-1 is
MODIFIES rm-afk-1 (SOME hasImportance Medium)
(AND Abort
(SOME hasObject seaFloor)) 0.89

Rules outline how the recipient can reconstruct sm-afk-1 based on the message contents. Let d be a description in the <dl-difference>+ portion of a
MOD-MSG M, p be the description of the <ck-code> in M, and type(p) be the
ContextualKnowledge subclass to which p belongs. Then d is interpreted as
follows:
1. If d is a restriction on role r, a required role of type(p), d is meant to replace
the restriction on role r found in p.
2. If d is a restriction on any other role, it is meant to be anded to p.
3. If d is a conjunction containing a primitive base concept, let g be a superclass
of d such that g is found in p. Then d is meant to replace each instance of g
in p.
4. If d is of any other form, it is an error.
Sometimes it is not possible to create a MOD-MSG message for two pieces of differing contextual knowledge, for example in the case where the only Contextual
Knowledge type in common is ContextualKnowlege itself. The rules for reconstructing a MOD-MSG allow successful creation of a MOD-MSG referencing any ckp
that is the same ContextualKnowledge bottom-level type as cki . However in
some cases all possible ckp for cki will have no subsuming role ranges for the
required roles. In this case the MOD-MSG produced will contain all the conjoined
clauses from cki , which is essentially the same as what is contained in a NEW-MSG.
In this case, the NEW-MSG is shorter than using MOD-MSG and referencing a piece
of prototypical knowledge.

5

Evaluation

The message generation algorithms have been implemented and tested using
a randomly generated c-schema hierarchy. This was done to avoid accruing the
extensive domain knowledge of the AUV domain needed to create a set of realistic
contexts, which is not the focus of this work. Instead, well-structured contexts
were generated based on the ontology.
The context-generation mechanism is implemented in Common Lisp and uses
the reasoner RACER [11] for DL inference. The program ﬁrst reads the description of the ontology, stored as an OWL ontology ﬁle. To create a complete
c-schema, several pieces of each ContextualKnowledge type are generated and
combined. To create a piece of contextual knowledge, for each role in its deﬁnition, a suitable concept is chosen as the value. If there are unﬁlled roles in that
concept, then the process continues recursively.
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A small number of c-schemas were created to serve as prototype contexts
and placed in a context hierarchy. Idiosyncratic contexts were then generated
by choosing prototypes as parents, then combining and randomly modifying
their knowledge. Modiﬁcations included replacing concepts with their siblings or
descendants and adding role restrictions.
For a preliminary evaluation, twenty idiosyncratic c-schemas were generated
from four prototype c-schemas. The message generation procedure was run on
each idiosyncratic c-schema, and the resulting messages were processed by a
message receiver procedure that implemented the rules for interpreting messages.
The c-schema produced by the receiver procedure matched the original c-schema
each time. Further evaluation will be aimed at comparing the number of bytes
of the generated messages to the minimum number of bytes required to encode
the c-schema to determine the eﬀectiveness of bandwidth-reducing heuristics.

6

Conclusion and Future Work

This paper describes an approach to context representation and communication to support multiagent context assessment by allowing agents to share their
individually-known contexts with each other in an eﬃcient manner. An ontology
for contextual knowledge, represented using description logic, has been developed, and the representation of contexts themselves as c-schemas is also very
much like an ontology. A message protocol and algorithms to support its use
have been developed to allow an agent to decide which pieces of contextual
knowledge it needs to send and how to send them.
The work reported is at an early stage, and so at this point, evaluation has
been limited. The next step is to perform much more extensive evaluation to
determine strengths/weaknesses of the approach and to quantify the eﬃciency
of context communication in this approach.
Beyond representation and communication in MASCon, we are working on
the problem of how agents can negotiate to come to an agreement on their
shared context. To arrive at a consensus, agents must be able to evaluate others’
knowledge based on their own. Our DL representation facilitates many possible techniques for an agent to compare pieces of knowledge. After receiving
a contextual knowledge message, an agent can look for concept ancestors and
descendants in its own evoked c-schemas, where ancestors represent more general
and descendants represent more specialized knowledge. This can help an agent
determine what aspects of the received knowledge it agrees with. An agent can
also ﬁnd the least common subsumer [5] of two knowledge descriptions, which
ﬁnds the largest set of commonalities between two descriptions. In addition to
techniques for evaluating knowledge, we are extending the message protocol to
include message types for negotiation. Messages will be added for agreeing and
disagreeing about received contextual knowledge and reasons for disagreement.

270

S. Rode and R.M. Turner

References
1. Baader, F.: The Description Logic Handbook: Theory, Implementation, and Applications. Cambridge University Press, Cambridge (2003)
2. Berners-Lee, T., Hendler, J., Lassila, O.: The Semantic Web. Sci. Am. 284(5),
28–37 (2001)
3. Brezillon, P., Pasquier, L., Pomerol, J.C.: Reasoning with contextual graphs. Eur.
J. Oper. Res. 136(2), 290–298 (2002)
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Context in Computing: A Cross-Disciplinary Approach for Modeling the Real
World Through Contextual Reasoning, pp. 523–540. Springer, New York (2014)
18. Turner, R.M., Rode, S., Gagne, D.: Toward distributed context-mediated behavior for multiagent systems. In: Brézillon, P., Blackburn, P., Dapoigny, R. (eds.)
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Abstract. In open multiagent systems in which some of the agents may
be self-interested, it is vital that an agent be able to make trust decisions
about its peers to determine which of them may be untrustworthy and
how to behave in response. The agent’s context, including the environment, observed and inferred actions and motives of other agents, and
properties of the MAS as a whole, is critical to making an informed trust
decision and especially to choosing a strategy for taking actions. However, most prior work in the area has ignored context or only treated
it implicitly. In this paper, we present an implemented approach that
explicitly represents the agent’s context, informed by known contexts,
and that uses that contextual knowledge to select the best strategy, even
in the presence of untrustworthy agents.
Keywords: Multiagent systems · Trust decisions
agents · Context representation · Miscreant agents

1

·

Self-interested

Introduction

An open multiagent system (OMAS) is a multiagent system in which agents can
come and go and may not all be under the control of the same entity. An agent
in an OMAS that contains self-interested agents must be able to identify others
in the society that are likely to act in a way inimical to its own interests, to
the society’s interests, or both. We refer to these as miscreant agents. Once a
miscreant has been identiﬁed, the agent must then decide which actions to take
when interacting with it to protect and advance its own interests.
The problem of identifying a miscreant agent is essentially a trust decision:
for each other agent in the system, can we trust that agent? We use trust here
the general sense of Castelfranchi and Tan [3] to mean both that the agent is
trustworthy in the normal sense and that it is capable of performing whatever
action we are concerned with.
Unfortunately, trust decisions are made diﬃcult by several factors. Selfinterested agents will usually have utility functions for their actions that are
c Springer International Publishing Switzerland 2015

H. Christiansen et al. (Eds.): CONTEXT 2015, LNAI 9405, pp. 271–284, 2015.
DOI: 10.1007/978-3-319-25591-0 20

272

L. Whitsel and R.M. Turner

hidden or otherwise unpredictable, and so an agent will need to observe their
behavior over time to detect patterns indicating their trustworthiness. In addition, an agent’s view of the current situation will be incomplete, since in most
domains the environment will be only partially-observable. Consequently, the
agent will need to infer what its observations may have missed, including others’
actions and their eﬀects on others.
Determining how to behave in the presence of miscreants is also diﬃcult. We
call an agent’s mapping (implicit or explicit) from particular conﬁgurations of the
situation to actions its strategy. An agent will have multiple possible strategies
to choose from, but not all will be appropriate for the context. In particular, the
strategy in use will depend on the presence and kind of miscreant behavior.
Consequently, knowledge about the current context must be used to determine which strategy to select at any given time. As the context changes—for
example, as miscreants come and go in the OMAS—the agent should use its
contextual knowledge to select strategies to automatically tune its behavior in
response.
Research on trust decisions has generally been concerned with identifying
what we call miscreants by focusing primarily on the other agent. For example,
socio-cognitive approaches [5], or that of Mao [10], used game theoretic or psychological attribution theory to either respond directly to or to infer an agent’s
motives. Reputation-based approaches (see, e.g., [12]) decide to trust an agent
based on its past observed behavior. Machine learning approaches (e.g., [7]) have
attempted to learn strategies based on a set of interactions with another agent.
Few if any approaches, however, have focused on using the context, including
the environment, the goals of the agent (and the MAS), and observed properties
of other agents, including their reputation, to infer the presence of miscreants
and how to respond to them. Yet doing so allows better assessment of the true
situation, and it can allow previously-successful strategies to be immediately
identiﬁed and used.
In our approach, we use explicitly-represented contextual knowledge to help
an agent identify and respond to miscreant agents. Known contexts—classes of
situations—are represented in knowledge structures called contextual schemas
(c-schemas) [17]. Features of the current situation, including environmental features, current goals, and possible indications of miscreant behavior, are used
to select one or more matching c-schemas, essentially identifying the current
context. The c-schema(s) then suggest appropriate strategies for the situation.
The approach is called CATS (Context-based Agent Trust System), and it has
been implemented and tested in a toy domain (Liar’s Dice) that is a reasonable
surrogate for many real-world open multiagent system domains [18,19]. In this
paper, we focus on how contextual knowledge is represented and used in CATS.
In the remainder of the paper, we will ﬁrst discuss context and its representation, then how an agent using the CATS approach assesses and manages its
context. This makes use of inferences about properties of agents based directly
on their own actions as well as on their interactions with others (society-level
analysis of motives [18]). We then brieﬂy touch upon our evaluation of CATS
via experiments in a simulated MAS.
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Context and Context Representation

We view a context as a kind of situation, where a situation is itself the sum of all
observed and unobserved features of the environment, the agent, other agents,
etc. Contexts are classes of situations that have some implication for how an
agent should behave [17]. For example, the context of an agent operating in an
OMAS with a pair of collusive miscreant agents would likely encompass many
diﬀerent situations: playing bridge, participating in an auction, and so forth,
where such agents were present. The utility of recognizing a particular situation
as an instance of a known context is that it allows the agent to focus on the
salient features and to select appropriate behavior.
Contexts are related to one another. One context can be a specialization of
another, for example, or it can be a blend of several other known contexts. For
example, an agent engaged in an Internet bandwidth auction where there are
collusive agents present could consider its context as composed of other contexts
such as participating in an auction, negotiating about bandwidth, and operating
in the presence of collusive agents. In our approach, if there is something about
the composite context that has important implications for the agent’s behavior,
then it will be remembered; otherwise, the agent will blend the components when
it is encountered again.
As we have argued elsewhere (e.g., [17]), an agent should explicitly represent
contexts it knows about rather than spreading contextual knowledge across its
knowledge base (e.g., as rule antecedents or plan preconditions). Context representations can be a means of bundling facts and assertions about the world (cf.
[6]), allowing all relevant information to be retrieved at once about the context,
as well as facilitating knowledge acquisition and learning. In addition, explicit
representations allow an agent to commit to what its context is, then automatically behave appropriately until the context changes, thus saving reasoning
eﬀort.
We represent contexts as contextual schemas (c-schemas) [17]. C-schemas
both limit the scope of reasoning and bundle together related knowledge about
(in CATS) trust decisions and appropriate behavior. Previous work on trust has
used the agent’s context only to limit scope, e.g., turning a dynamic situation
into a static one by limiting the agent’s predictions or decisions to one case and
ignoring the rest. In contrast, we allow multiple contexts to be recognized at
once and represented by multiple c-schemas as well as make use of context as a
bundling mechanism by adding additional knowledge to our assessment of other
agents’ actions to help ﬁll in missing knowledge.
CATS relies on a library of c-schemas from which the appropriate one(s) can
be found based on the situation. In other work [9,17], c-schemas have been organized in a dynamic conceptual memory (e.g., [8]). Here, we make no commitment
as to how c-schemas are stored; we simply assume that they can be retrieved as
needed based on the situation’s features.
We are not concerned in CATS with many of the kinds of information usually
stored in c-schemas (e.g., context-dependent semantics, event-handling information, etc.). Instead, we are more concerned with strategies, that is, mappings from
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Fig. 1. A rule from the contextual schema in-wary.

situations to actions. C-schemas in this project are associated with a strategy
that is appropriate for all situations that are instances of the context represented.
Thus, contexts in this project are delimited based on changes in strategy.
At the present time, to populate our agent’s c-schema library, we rely on the
system designer. In an ideal system, the agent would learn its own c-schemas,
either by modifying those initially given to it or creating them de novo. This
would require the agent to track the success of strategies in diﬀerent situations
and group together similar situations that share strategies successfully.
Showing a complete c-schema would require more space than can be allotted
in this paper, but an example of one production rule that acts as descriptive
knowledge for a c-schema called in-wary is shown in Fig. 1. In this case our
agent is making use of an embedded CLIPS [13] rule-based system to implement
its context manager.

3

Context Assessment and Management

Representing context is half the problem. The other is identifying the context
the agent is in and managing the corresponding representations.
In CATS, we break this into four processes or modules: tracking the situation to produce inferences useful for recognizing the context (Track); society-level
analysis of motives to produce additional interagent-based inferences (Analyze);
recognizing the context and managing the contextual knowledge (Contextualize); and selection and execution of context-appropriate strategies by the agent
(Execute).

Using Contextual Knowledge for Trust Strategy Selection

275

Figure 2 shows an overview of our approach, the major modules discussed
below, and some of the data paths between them.

Fig. 2. Overview of the reasoner’s architecture

3.1

Tracking the Situation

The Track module is primarily concerned with making non-society-level inferences about the situation that can help identify the context. It uses the agent’s
percepts and the history of those percepts over time to produce beliefs about the
current situation that can then be used by the other CATS modules. This is reminiscent of some robotics software architectures (e.g., [2]), where raw, objective
sensor data is aggregated and processed into subjective, symbolic, agent-centric
inferences for use by (e.g.) situation assessment.
We are primarily interested here in how an agent can diﬀerentiate between
agents it can trust and those who are miscreants. Thus, Track is concerned with
establishing the values of trust-warranting properties (e.g. [1]) of others. For this,
we look to humans for inspiration.
Humans, being social animals, are greatly concerned with recognizing deception by others; it is even possible that we have evolved specialized “cheaterdetection” circuits in our brains [4]. However, even for humans, detecting
deception is a diﬃcult task. It is even more diﬃcult in environments with
electronic-mediated communications [15], which of course has implications for
trust decisions by artiﬁcial agents.
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Humans use the perceived intent of others’ actions to help decide about trusting them. To do this, we rely on a combination of observable trust-warranting
properties (“manifesta”), a history of previous interactions, and beliefs we have
about the motivations of others [1,3]. From these, we develop beliefs about other,
hidden trust-warranting properties (“krypta” [1]). Humans also use others’ reputations to make trust decisions, as do some agent-based systems (for a review,
see [14]). Others’ reputations can be maintained by an agent itself or by relying
on a (hopefully trusted) third party.
Both of these sources of trust-warranting information are mirrored in CATS’
Track module. One source of information is properties of the problem domain
that are easily observable, for example, board positions or moves in a game
domain or bidders and values of bids in an auction. The value of this kind of
immediately-available information has low durability, that is, it decays rapidly
over time, and it is highly domain-speciﬁc.
Another kind of information available has to do with properties of the OMAS
itself, such as protocols used, organizational structures in eﬀect, and rules of
behavior. These tend to be more durable. For example, the speed at which
system rules or protocols change is constrained by the need to disseminate them
to all participating agents. Although knowledge of how another agent interacts
with the system itself may not be readily generalizable to other OMASs, it can
give signiﬁcant indications of the agent’s intentions and trustworthiness.
Track produces beliefs about the world and about trust-warranting properties
for each other agent in the society. We represent beliefs as tuples < P, O, V, C >,
where P is the property that is the subject of the belief, O is the object(s) or
agent(s), V is the value of the property for O, and C is a conﬁdence value in
the range [−1, 1]. O can consist of more than one object. For example, the belief
that agent A has goal G might be represented as < hasGoal, (A, G), 0.735 >.
Track adjusts its beliefs, including conﬁdence in existing beliefs, as the situation changes. It takes what may be called a “frequentist” approach to belief
conﬁdence revision: the more observations that are made that support a belief,
the more conﬁdent Track becomes about that belief. Knowledge about the durability of a property, as discussed above, factors into this as well.
Interagent interactions are another source of information important for making trust decisions. This is the purview of the Analyze module and its societylevel analysis of motives.
3.2

Society-Level Analysis of Motives

An important source of trust-warranting information is how another agent interacts with others in the OMAS. By observing this, an agent can infer possiblyhidden motives. This is called society-level analysis of motives (SLAM, introduced earlier in relation to collusion detection [18]), which is done by the Analyze
module.
Analyze depends on the beliefs created by Track about domain, system, and
agent properties. It uses knowledge about how agent actions and their results can
aﬀect others to create beliefs about relationships between agents. It also takes
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into consideration exogenous events and actions such as messages between the
agents, system-wide information messages, agent entry or exit, and so forth. The
beliefs are then used by Contextualize as it determines what the current context is. Analyze also makes use of contextual information from Contextualize to
change which knowledge it uses to create beliefs. This circularity is unavoidable,
since the meaning of agent interactions is itself context-dependent.
Analyze examines each action taken by another agent to determine what it
might mean to other agents, including itself. For example, an agent may take
an action that indicates that it is unusually aggressive, that it is similar to
another, or that provides disproportionate beneﬁts to some other agent (possibly
indicating collusion).
Occasionally, any agent’s actions may seem to indicate miscreant behavior,
for example, by going against our agent’s interests or disproportionately beneﬁting some other agent. However, it is the pattern of an agent’s behavior over
time that is most important in making a trust decision, as well as any sudden
unexpected changes in the pattern, for example, if agent A always takes actions
that beneﬁt B more than itself, or if an aggressive agent suddenly begins to act
benignly toward another.
As an example, suppose our agent is engaged in a series of “English”, or
outcry, auctions with other agents. Suppose that one of the other agents always
bids aggressively, yet never wins the bid, thus bidding up the ﬁnal price. Its
actions have a cost to itself, i.e., the actual cost of participating and the potential
cost incurred if it should win an auction. However, the beneﬁts, except if it wins,
go to another agent in the system: the seller. Our Analyze module would regard
this as grounds for the hypothesis that there is an unsanctioned coalition (i.e.,
collusion) between that agent and the seller, even though no explicit collusive
actions or messages have been observed. It would consequently treat the other
agents as miscreants.
Analyze accrues evidence about factors indicating relationships by keeping
a weighted count of the occurrences (or non-occurrences) of the factors, then,
during each of its decision cycles, calculating the mean and standard deviation
for all observations. Bayesian inference is then used to infer a new belief state
from the prior one, and the probabilities are used to assign a symbolic value to
the degree of belief, from very-weak to very-strong. Rules are then used to
combine these individual beliefs into beliefs about relationships.
For example, in our auction example, we inferred that one of the agents bid
aggressively, had actions that disproportionately beneﬁted the auctioneer, and
seldom won a bid. The combination of these factors would allow Analyze to
believe the hypothesis that the agent was a shill for the auctioneer and, hence,
a miscreant, with a conﬁdence value derived from the probabilities determined
for each factor involved.
Once Analyze has inferred an agent’s motives and its relationships to others,
it remembers these as a durable hypotheses about the agent. A durable hypothesis
is diﬀerent from other beliefs in that it persists from one decision cycle to another,
whereas others are generated from historical and perceptual information at the
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start of each decision cycle. The duration of hypotheses will vary based on the
stream of more transient beliefs and on a decay process that the Analysis module
uses to reduce the conﬁdence in the hypothesis over time. We have found it useful
to have multiple classes of durable hypotheses, each with its own decay rate. The
more signiﬁcant a hypothesis is to our assessment of the situation, the longer we
wish to consider it, but still at some point the agent forgets an old hypothesis if
beliefs cease to support it.
Based on its durable hypotheses and other beliefs, the Contextualize module
then can determine the current context.
3.3

Context Management

The Contextualize, or context management, module uses the beliefs and durable
hypotheses from Track and Analyze to determine what the current context is
and to manage the application of associated contextual knowledge.
As an example of context management, consider this scenario. On a cold winter day, you are sitting at your desk at work. A man enters the building wearing
a ski mask. Suddenly, you hear the sound of sirens outside, and the man steps
quickly into another room and closes the door. Here, the data is straightforward.
We have two human actors, three locations (outside, the entryway, and the other
room), and at least three objects (the desk, the ski mask, and the siren). Why
does the siren beginning to sound result in a change in your perception of the
other person’s trustworthiness?
In our approach, the explanation is that you perceive a change in the context.
Prior to the sound of the siren, the observation that a man had arrived wearing
a ski mask was evaluated in the context of cold weather; our agent would have
formed the hypothesis that the other person had donned the mask as a response
to local conditions. When the siren sounds and the other agent takes an action
to conceal himself, the agent’s idea of what the context is and what the man’s
motivations are would change, and its trust in the agent should drop. Whereas
our prior context-motivated strategy may have caused us to continue working
on a paper, after the context change, a new “act warily” strategy may suggest
the action “call police”.
Contextualize has four major tasks. First, it must ﬁnd contextual schemas
matching the current situation. Second, it must activate the appropriate cschemas from this set and deactivate any currently-active c-schemas that no
longer match the situation. Third, it must select a strategy appropriate for the
current context and make that available to the Execute module. And fourth, it
must update the knowledge used by the other modules to reﬂect what is known
or predicted about the context based on the knowledge from active c-schemas.
C-schema Retrieval. Contextualize has to ﬁnd c-schemas that match the current situation. In previous work, we relied on a content-addressable “dynamic”
schema memory for this (e.g., [8,9]) of the kind sometimes used in case-based
reasoning. However, we do not require such a mechanism. As long as an appropriate set of c-schemas can be found that match the current situation, CATS is
agnostic as to the mechanism.
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In our approach, we refer (after [11]) to c-schema retrieval as evoking a set
of c-schemas based on the situation’s features. In CATS, the primary features
used are the beliefs about the world and interagent interactions produced by
Track and Analyze. At the evoking stage, we are not overly concerned with the
degree of match between a contextual schema and the situation; it is enough that
some beliefs “bring to mind” (evoke) the c-schema with some level of conﬁdence
(based on the belief’s conﬁdences).
Contextualize continually watches the situation to detect context changes
that should bring to mind new c-schemas; or, to better phrase it, it is constantly
looking for c-schemas that now match the situation, which could indicate a
change in context. If it detects beliefs predicted by a c-schema not currently in
use, than that c-schema is considered. In addition, c-schemas in CATS explicitly
list the “boundary conditions” for entering or leaving the represented context.
This is used by Contextualize as well to change the set of c-schemas under
consideration.
There may be situations in which no speciﬁc c-schema can be identiﬁed. For
this eventuality, CATS has a “default” c-schema that is always applicable, albeit
with low conﬁdence.1 Thus, when no other, more-speciﬁc context is recognized,
this c-schema would provide a default strategy; otherwise, it is “overruled” by
more speciﬁc c-schemas during activation/deactivation.
C-schema Activation/Deactivation. Retrieving contexts is only part of the
problem of context assessment, since not all will be good matches. For example,
being involved in an Internet auction for bandwidth might remind an agent
of auctions, auctions involving some of the agents that are present now, and
Internet auctions; only the latter two would be good matches, since the ﬁrst is
just a generalization of the latter.
In other work, we use a diﬀerential diagnosis process to determine which of
the evoked c-schemas should be used as the representation of the current context [17]. In this work, we are more focused on representing and using contextual
knowledge, and so we use a correspondingly simpler diagnostic process. Contextualize uses a version of mycin’s certainty factor combination technique [16] to
assess the match between the observed/inferred situation and what is predicted
by the agent’s c-schema. This includes the boundary rules mentioned previously
that c-schemas may contain that, when matched to the situation, change Contextualize’s belief in what the current context is. The c-schema or c-schemas
that this process selects as matching the current situation are then activated to
represent the current context.
Some c-schemas that had matched the situation may be found to be no longer
appropriate as the situation changes. Contextualize will notice this during its
diagnostic process. In addition, it can use any boundary rules in the old c-schema
that suggest the context is no longer in eﬀect. Contextualize then deactivates
such c-schemas.
1

In other projects, the corresponding c-schema would automatically be retrieved from
memory when no more-specialized ones were found.
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Strategy Selection. Once it has assessed the context, Contextualize must ﬁnd
the best strategy for the current context and pass that along to Execute. This
is done using knowledge provided by the c-schemas representing the current
context, i.e., by using their suggestions for strategies appropriate for the current
context.
Currently the results of our contextual reasoning is the selection of a single
strategy from those suggested by the active c-schemas. This may be a weakness
if a truly novel context occurs in the society, since our a priori c-schemas may
not respond well to the unanticipated context. In the future, we will look at how
to mitigate this problem by combining strategies from multiple c-schemas, each
of which may capture some aspect of the novel context, to create a new strategy
that will work better than any existing one.
Once Execute receives a strategy suggestion from Contextualize, it can use
this strategy until the situation changes enough for Contextualize to send it a
new strategy.
Propagate Contextual Knowledge. In addition to suggesting a strategy
to Execute, Contextualize is also responsible for propagating other contextual
knowledge to the agent’s modules. C-schemas provide the agent with declarative
and procedural knowledge. This includes knowledge the other modules use to
do their jobs, for example, to create beliefs about the state of the world and
about agent motives. When the context changes, such knowledge from active
c-schemas needs to be activated, and knowledge unique to exiting c-schemas
should be deactivated. If there are conﬂicts between knowledge from diﬀerent
c-schemas, then Contextualize chooses from among them based on its conﬁdence
in the c-schema as a ﬁt for the situation.2
There are several kinds of knowledge that can be activated from c-schemas.
For example, predictions about the world (e.g., a particular miscreant is present)
may need to be activated by establishing a belief or a durable hypothesis. Existing beliefs may also be revised by changing their conﬁdence values. Diagnostic
rules (e.g., boundary rules from a c-schema) may be added to aid future context
recognition. Other rules may be activated to be used by Track and Analyze to
help them make decisions that are appropriate to the group. This will cause
them to make inferences that are automatically appropriate for the context.
To illustrate how this might work, consider an agent that has been a long term
member of an OMAS. Also existing in the same system is Agent X, for whom
we have a long history of observations about its action. We have labeled Agent
X as trustworthy, and therefore use a cooperative strategy when dealing with it.
During the course of observing activity in the system we notice that Agent X is
treated well by Agent Z, but that Agent X makes inaccurate, negative reputation
reports about Agent Z, in eﬀect slandering Agent Z. Our agent would generate a
number of hypotheses about this situation, e.g.: (1) Agent X seeks to undermine
Agent Z; (2) Agent Z’s reputation is lower than it should be; and (3) Agent X
is not as trustworthy as we thought. These hypotheses, together or separately,
should cause Contextualize to recognize a new context and recommend a new
2

Other work in our lab looks at how to merge such conﬂicting contextual knowledge.

Using Contextual Knowledge for Trust Strategy Selection

281

strategy the agent should use. As a result of context recognition, the agent should
revise beliefs it holds to reﬂect the new hypotheses and beliefs about the eﬀects of
Agent X’s actions. First, it might add a new assumption about the relationship of
Agents X and Z. This would entail asserting a new durable hypothesis. Second, it
should lower its conﬁdence in any beliefs about the reputation of Agent Z, since
it suspects that reputation has been compromised by Agent X’s slander. Since
beliefs are generated anew at the start of each decision cycle, simply updating
the facts for the current cycle is not suﬃcient. Instead, Contextualize needs to
modify Track’s and Analyze’s working knowledge so that they make the right
decisions. Finally, it should discard its old durable hypothesis that Agent X is a
trustworthy agent and prevent it from arising again by modifying the knowledge
upon which Analyze makes its decisions, for example, by asserting that Agent
X tends to slander Agent Z.

4

Empirical Evaluation

To determine if adding context-based reasoning provides an improvement
over general-purpose strategies, we constructed an agent using the techniques
described in this paper. The agent interacted with other agents using our Liar’s
Dice (a poker-like dice game) test framework [19]. Each of the other agents
employed a single general-purpose strategy (although possibly diﬀerent for each
agent), while our context-based agent chose which of the strategies to use based
on its contextual reasoning. We tested the agent in several diﬀerent test scenarios with both mixed-strategy and homogeneous-strategy societies. In some tests
we introduced miscreant agents that employed a collusive strategy, while other
cases did not employ miscreants.
For each test scenario we conducted a session of 36,000 games. With this
number of games, there is a > 0.99 probability that the rarest roll (ﬁve sixes)
will occur in the session. We can therefore expect that all possible hands will be
experienced.
There were 25 distinct cases based on: whether the CATS agent was present
or replaced by an agent following a random (coinflip) strategy; the presence of
collusive agents (i.e., miscreants); and other context changes, such as the entry
of a non-collusive agent or a system message announcing a change of state.
We measured the success of each agent, meaning the improved performance
in the games, as well as its correctness, the percentage of correct decisions. We
were also concerned with the strength of the strategy used by the agent, measured
as (w − l)/(w + l), where w and l are the number of wins and losses, respectively.
The results showed a statistically signiﬁcant (p < 0.05) improvement in both
correctness and success for our context-aware agent compared to other agents
in the society when the test scenario included a miscreant agent.3 In all mixedstrategy experiments, the CATS agent displayed the highest level of correctness
among all agents. In all but one mixed-strategy experiment, the context-aware
3

See [19] for complete details, including the statistical analysis.
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agent was also the most successful agent in the society. In homogeneous-strategy
society experiments, the context-aware agent performed well with or without the
presence of miscreant agents, with two exceptions. Without miscreants present,
the context-aware agent was equivalent to other members of the homogeneous
society of stochastic agents, and it was inferior to other agents in the case of
a homogeneous society composed of altruistic agents. Barring these two special
cases, the CATS agent showed better success and correctness in all cases, with
statistically signiﬁcant improvement when miscreant agents were part of the
society. The improvement in strength of CATS over the second best strategy
was > 2.6 for all, while the improvement in correctness over the second best
strategy was > 3.32.
In experiments in which we inserted miscreant behaviors, the CATS agent
maintained or slightly increased its correctness, while the correctness of other
dynamic strategies (i.e., those that changed their actions based on conditions)
were reduced by signiﬁcant amounts (p ≤ 0.05). Since the CATS agent uses only
the strategies available to the other agents in the society, this indicates that its
correctness is the result of its ability to better recognize the situation occurring in
the society and respond to it by choosing a better strategy. This argument is further supported by the experiments in which no miscreant behavior was present.
In these experiments, the CATS agent continued to exhibit comparable levels
of correctness, but, since there were no miscreants to aﬀect the other agents,
their performance was improved. In the absence of miscreant behavior, but in
the presence of context change, our approach continued to outperform other
strategies, but the eﬀect was not statistically signiﬁcant. in terms of strength,
the CATS agent was the same or slightly better than the others in the presence
of miscreants (p < 0.05), but in experiments in which there were no miscreants,
there was no signiﬁcant diﬀerence in performance.
The results show that a context-aware agent enjoys an advantage over other
agents in environments that include context change, and that the agent’s ability
to detect miscreant behaviors provides a statistically signiﬁcant improvement in
performance. The CATS agent’s ability to detect miscreants allows it to choose
the best strategy, rather than being locked into a single strategy, as were the
other agents.
We believe that the size of the eﬀect of context-based reasoning will vary
based on the domain and on the amount of tuning put into the creation of
the c-schemas. In the future we expect to be able to conﬁrm and quantify this
relationship.

5

Conclusion

We have described how a context-aware agent employing CATS can make better
trust decisions, resulting in better performance with respect to its goals. In
our approach, an agent not only tracks environmental factors and the actions of
other agents, it also performs a society-level analysis of motives to uncover hidden
relationships and motives agents may have. All of these are indicators of what the
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current context really is. Once the context is assessed, then contextual schemas
representing that context provide suggestions for an appropriate strategy, e.g.,
to deal with miscreants, as well as other knowledge the agent can use in the
context. We have implemented and tested this approach in a toy domain that has
many characteristics of real-world open multiagent system domains. Experiments
support the conclusion that context-aware strategy selection is beneﬁcial in an
OMAS. The approach was eﬀective in two ways: (1) allowing an agent to make a
correct decision about whether or not to trust another agent; and (2) maintaining
good overall performance with respect to accomplishing the agent’s own goals.
The results of these experiments are very encouraging and provide several
further paths of inquiry, some of which we have mentioned in this paper.
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and the Double Role of Context
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Abstract. This paper oﬀers an account of some uses of indexicals in the
context of propositional attitude ascriptions, i.e. reports that concern the
cognitive relations people bring to bear on propositions. While the contribution of indexicals to the truth conditions of an utterance is usually
singular, their interpretation is general in the case of so called descriptive
uses. I will propose an interpretation of the descriptive uses of indexicals
via a mechanism of descriptive anaphora and apply this mechanism to
the case of attitude ascriptions. I will emphasize the role of context both
in the suppression of the default referential reading of the indexical, as
well as in the reconstruction of the relevant interpretation of the whole
utterance.
Keywords: Descriptive indexicals · Propositional attitudes · Descriptive anaphora · Linguistic context · Extralinguistic context · Suppressive
role of context · Constructive role of context

1

Introduction

Indexicals are typically considered as vehicles of direct reference. Some contexts of propositional attitude ascriptions make it clear, however, that the singular mode of presentation deployed by an ascriber cannot be attributed to the
ascribee. An example has been given by Nunberg in [42]:
(1) The Founders invested me with the sole responsibility for appointing
Supreme Court justices.
uttered by George H.W. Bush in 1992
Existing accounts of propositional attitudes (deploying the transparent/
opaque, de re/de dicto or similar distinctions; see for example [1,5,18,30,50,51,
54,56,57]) seem to imply that by uttering such a sentence George H. W. Bush
might be committed to the absurd claim that the Founders had de re thoughts
about himself.1 My aim in this paper is to oﬀer an account of the reconstruction
1

In treating (1) as a proposition attitude ascription I assume the propositional analysis
of intensional verbs (see [31, 36, 50] and the references therein. Moltmann does not
subscribe to the propositional analysis of intensional verbs). My arguments, however,
are independent of this analysis and could be reformulated as arguments against an
obligatory referential interpretation of indexicals in the scope of intentional verbs in
general.
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of the proposition expressed by the original utterance, reported in (1), in terms
of a descriptive interpretation of indexicals that would not have such unintuitive consequences. I will characterize the double role that context plays in this
reconstruction.

2

Descriptive Indexicals

Descriptive uses of indexicals are uses where indexical utterances express general propositions (see [6,8,9,14,15,17,19–26,41–43,46,47,53,55,60]), like in the
following example ([41,55]):
(2) He is usually an Italian, but this time they thought it wise to elect a Pole.
uttered by someone gesturing towards John Paul II, as he delivers a speech
with a Polish accent shortly after his election
One expresses here not a singular proposition about John Paul II, but a
general one concerning all popes. Because ‘usually’ is a quantiﬁer that requires a
range of values to quantify over, and because ‘he’ in its standard interpretation
provides just one object, there is a tension in this sentence which triggers the
search for an alternative interpretation. The tension is not caused by the fact
that John Paul II himself is the possible referent but it is a tension between
the generality of the quantiﬁer and the singularity of the indexical in its default
interpretation. The tension would be present regardless of who the referent was.
As a result, the pronoun’s basic referential function is suppressed.
2.1

The Mechanism of Descriptive Anaphora

I postulate that the alternative – general – interpretation is obtained by a process
I call descriptive anaphora. Via the descriptive anaphoric mechanism, an indexical expression inherits its semantic value from its antecedent. However, in contrast to classic anaphora, that antecedent stems from an extra-linguistic context:
it is an object identiﬁed through the linguistic meaning of the pronoun (in the
case of pure indexicals) or by demonstration (for demonstratives). In a communication context, those objects serve as a means of expressing content and, as
such, they acquire semantic properties.2 The object is used as a pointer to a
property corresponding to it in a contextually salient manner. That property
contributes to the general proposition. What is important is that the property
is not a referent for the pronoun. The structure of the general proposition is
determined by a binary quantiﬁer and the property which is retrieved from the
context serves as a context set that limits the domain of quantiﬁcation of the
2

Compare Frege’s treatment of objects as means of expressing content (e.g. [11–13,
22, 25, 29, 45]). Also, Nunberg wrote about indexicals that “this is the characteristic
and most remarkable feature of these expressions. They enable us to turn the context
itself into an auxiliary means of expression, so that contextual features are made to
serve as pointers to the content of the utterance.” [42, pp. 19–20].
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quantiﬁer. Typically, as in the case of (2), it is that quantiﬁer which triggered
the mechanism of descriptive anaphora in the ﬁrst place but the quantiﬁer does
not have to be overt (compare [22,24,26]).
In the case of (2), the mechanism of descriptive anaphora is triggered by
the inconsistency between the indexical and the quantiﬁer and John Paul II
is the demonstrated antecedent. His salient property of ‘being a pope’ serves
as the context set for the binary quantiﬁer ‘usually’ – usuallyx (φ(x), ψ(x)) –
interpreted in accordance with the generalized quantiﬁers theory (see [3,38]).3
In this case, the general proposition becomes:
usuallyx (pope(x), Italian(x))
with the usual truth conditions for the (generalized) majority quantiﬁer (see [3]):
Mgi |= usuallyx (φ(x), ψ(x))

iﬀ

|φMgi ∩ ψ Mgi | > |φMgi \ψ Mgi |,

where g is an assignment and i is a context.4
The descriptive use of an indexical is not its basic use. The process of descriptive anaphora is triggered by the inadequacy of its basic uses - (classically)
anaphoric, deictic or deferred.
2.2

Three Types of Descriptive Uses of Indexicals

Not all cases of descriptive uses of indexicals are triggered by an inconsistency
between an indexical and a quantiﬁer (i.e. Type I).5 I distinguish two other
types of descriptive uses of indexicals, introduced below. They diﬀer only in
what triggers the search for an alternative interpretation, but the mechanism
of the interpretation is the same: we are looking for a salient property that
is in correspondence with the object demonstrated and the property serves as
a context set that limits the domain of quantiﬁcation for the quantiﬁer that
provides the structure to the general proposition expressed. Those quantiﬁers
need not be overt.

3
4

5

I use SmallCaps font style for formal counterparts of natural language quantiﬁers
and predicates.
In what follows M is a model, g is an assignment of objects from the domain of the
model to individual variables, i is a context, |= is a satisfaction relation obtaining
between a sentence (or an open formula) and a model and context, under an assignment; φ and ψ are open formulas, |A| signiﬁes the cardinality of the set A, and φMgi
is the interpretation of formula φ in model M and context i under assignment g.
Other examples of descriptive uses of indexicals of Type I were given by Nunberg
[41–43] Recanati [53, 55], Bezuidenhout [4], Stokke [60], Hunter [16, 17], Elbourne
[9], Galery [15] and Kijania-Placek [22]. The present author is responsible for the
typology.
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Type II – Unavailability of Basic Interpretations. The unavailability of
a referent may be a result of a physical absence in the context of the utterance
of anybody/anything that ﬁts the constraints of the linguistic meaning of the
expression deployed. Consider Schiﬀer’s example [58]. On seeing a giant footprint
in the sand someone exclaims:
(3) He must be a giant.
Here the potential deictic referent is not present in the context of the utterance,
and, since (3) is a conversation starter, there is no linguistic antecedent for the
pronoun. Because the speaker has no particular male individual in mind, the
deferred interpretation is not an option either (compare [22,42]).6 The descriptive interpretation is thus considered due to the failure of other interpretations.7
Yet, the mechanism of descriptive anaphora works in the same way as in the
cases discussed in the previous section (in cases of Type I): we search the context
for a salient property that is in correspondence with the object demonstrated (in
this case – the footprint). The property may have (and in the case of (3) does
have) the structure of a relation, whose one relatum is ﬁxed by the demonstrated
object. While this (possibly many argument) relation is salient in the context,
it is the resulting property (relation with one open argument) that contributes
to the general proposition. In the case of (3), the property is ‘being somebody
who left this (demonstrated) footprint’. The sentence does not contain an overt
quantiﬁer which constrains the structure of the proposition expressed, but a

6

7

In the case of deferred reference, the resulting proposition is singular, involving the
rigid attribution of a property to the actual (deferred) referent, while in (3) the
expressed proposition is rather a general one, such as ‘The man who left this footprint, whoever he is, must be a giant’ (see [58] and footnote 7 below). If somebody
else had left this footprint, the speculation would have concerned the other person
and not the original one. Arguably, there is some confusion regarding the concept
of deferred reference, and sometimes it is used inclusively for both cases when a
contribution of the indexical is singular and when it is general. For my arguments to
go through, it suﬃces that the referential reading of deferred reference is excluded
in the case of (3). On such an inclusive interpretation of deferred reference, descriptive anaphora may be considered an elucidation of the general reading of deferred
reference. I have supported the need for drawing the distinction between deferred
reference and descriptive interpretation more extensively in [22, 25]. My thanks to
the referee who pointed out the need to clarify this point.
The point that it is the lack of the referent in the context that triggers the descriptive
reading was made by Bezuidenhout [4, p. 401]: “[I]t is precisely because the listener
is unable to think of the referent in an identifying way in the context (i.e. because the
listener is unable to track an individual in the context) that the listener understands
the speaker to have used the indexical attributively”. Bezuidenhout is using the term
‘attributively’ for what I here call ‘descriptively’. Other examples were given by Loar
[34], Nunberg [40–42], Recanati [53], Galery [15] and Kijania-Placek [22].
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covert binary quantiﬁer ‘the’ is reconstructed from the context8 and the structure
of the proposition expressed is the following:9
thex (male-who-left-this-footprint(x), giant(x))
– ‘The man who left this footprint (whoever he is) is (must be) a giant’, where
‘the’, interpreted as a generalized quantiﬁer, has the following truth conditions:
Mgi |= thex (φ(x), ψ(x))

iﬀ

|φMgi | = 1 and φMgi ⊂ ψ Mgi |

But in the case of propositional attitude ascriptions containing indexicals in
their that-clauses, there are additionally situations when the conventional referent of the indexical is present in the context of the ascription but, for reasons
obvious from the context, could not have been present during the reported utterance. In such cases it seems to be obvious that there is a discrepancy between
the mode of presentation used by the ascribee (singular) and the mode of presentation of the ascriber (general). I will return to these kinds of cases in Sect. 4.
Type III – Irrelevance. Sometimes, however, descriptive anaphora is triggered by the blatant irrelevance of the referential interpretation, because of the
incompatibility of that interpretation with the goal of the utterance or due to its
obvious triviality or falsity. An interesting example was again given by Nunberg
in [42]: A doctor during a lecture points to his own chest and states:
(4) When a person is shot here, we can usually conclude that it was not suicide.
Here ‘usually’ does not quantify over persons being shot – one person may be
shot several times during his or her life – but over events of shooting at a chest.10
Yet, because it is not excluded that somebody might be shot several times during one event, there is no semantic inconsistency between the referential reading
8
9

10

For the role of context in the selection of the covert quantiﬁer see Sect. 3.2 below.
I have ignored ‘must’ in this analysis. An anonymous referee suggested, however,
that assuming the descriptive anaphora interpretation of ‘he’ we would expect that
it could interfere scopally with ‘must’ giving a possible reading in which ‘must’ takes
wide scope, so that the sentence reads ‘It must be the case that there is a unique
person who left this footprint and is a giant’. According to the referee such a reading
does not seem to be available. I agree with this opinion as long as we interpret ‘must’
as a metaphysical modality. But that would amount to attributing metaphysical
necessity, which on both narrow and wide scope readings is counterintuitive. Rather,
‘must’ in (3) is either evidential (Nunberg, p.c.) or should be interpreted as an
epistemic necessity, which on the wide scope reading of the modal gives ‘For all I
know, there is a unique person who left this footprint and is a giant’. I ﬁnd this
reading highly accessible.
In this example, the quantiﬁer ‘usually’ scopes out of the consequent, which is legitimate due to its binary character (see footnote 12 below), the conservativity of
generalized quantiﬁers (i.e. QAB iﬀ QA(A ∩ B), see [61]) and the anaphoricity of
‘it’ in the consequent. Thanks to an anonymous referee for making me clarify this
point.
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of ‘here’ and the quantiﬁer ‘usually’. It is thus not a case of a descriptive use of
an indexical of type I. But, anyhow, we are not concerned with the particular
place demonstrated, because it is obvious for the addressee that the speaker is
demonstrating a chest which has not been shot at in the relevant way pertaining
to murder. After all, for something to be considered suicide, there must be a
case of death. The referential interpretation – with ‘here’ referring to the chest
of this particular speaker – would therefore give a blatantly false, if at all comprehensible, and thus irrelevant proposition.11 In typical cases of this type such
as (5) [42], and unlike in (4), the indexical is embedded under modal operators
(see [17]):
(5) If the Democrats had won the last few presidential elections, we might have
been liberals.
said by Supreme Court Justice O’Connor
I will not be concerned with descriptive uses of indexicals of type III in this
paper.

3

The Double Role of Context

In the case of descriptive uses of indexicals, context plays a role both in suppressing the default referential reading of the indexical, as well as in constructing
the relevant interpretation of an utterance.
3.1

The Suppressive Role of Context

In typical cases, descriptive anaphora is triggered by the use of quantifying words
such as traditionally, always, or usually in contexts in which they quantify over
the same kind of entities that the indexicals refer to. In such contexts the generality of the quantiﬁers clashes with the singularity of the default referential
reading of indexicals. Whether there is a clash is, however, a pragmatic matter,
as it depends on the domain of quantiﬁcation of the quantiﬁer, which for most
adverbs of quantiﬁcation is not given as part of the semantics of the word. If
‘usually’ quantiﬁed over periods of time or events – like in ‘He usually spends his
holidays in Rome’ – there would be no conﬂict between ‘usually’ and ‘he’.12 Since
in the case of descriptive uses of indexicals of type I it is the conﬂict between the
generality of the quantiﬁer and the singularity of the indexical which results in
suppressing the referential reading of the indexical, both linguistic and extralinguistic context play a role here. The domain of quantiﬁcation is dependent mainly
11

12

For the analysis of this and the following example via the mechanism of descriptive
anaphora see [22]. Other examples were given by Nunberg [40–42], Recanati [53],
Bezuidenhout [4], Powell [46], Borg [6], Elbourne [9], Galery [14, 15], Hunter [17],
and Kijania-Placek [22–25].
Compare [33]. A binary structure is standardly postulated for adverbial quantiﬁcation, regardless of its explicit structure. Thus ‘He usually goes on holiday to Rome’
would be analyzed as ‘Usually, if he goes on holiday, he goes to Rome’ (see [32, 49]).
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on what is predicated of the objects quantiﬁed over (linguistic context) but in
some cases relies as well on such extra-linguistic features of context as world
knowledge.13 For example in (2) – in contrast to ‘He usually spends his holidays
in Rome’ – a relatively static property is attributed to the subject, a property
which typically does not change with time, but changes from person to person.
And it is the attribution of this property that is one of the factors that determines the domain of people as the domain of quantiﬁcation in (2), leading to the
suppression of the referential interpretation of ‘he’ and thus to the descriptive
interpretation of the pronoun.
In the case of descriptive uses of indexicals of type II, linguistic context only
plays a negative role in excluding classically anaphoric interpretation when no
linguistic antecedent is present and most of the suppressing work is dependent on
extra-linguistic context. We know from the extralinguistic context if a suitable
(i.e. complying with the linguistic meaning of an indexical) referent is available
and if other requirements of potential basic interpretations (such as having a
particular object in mind, for deferred interpretation) are fulﬁlled. Their nonfulﬁllment suppresses the referential interpretation. The triggering factors of
the descriptive uses of indexicals of type III are solely dependent on the extralinguistic context, as, by deﬁnition, a general interpretation is caused there by
the pragmatic irrelevance of the (available) referential one.
3.2

The Constructive Role of Context

The extra-linguistic context ﬁgures prominently in the construction of the general interpretation of the indexical. In all cases it is the property salient in the
context that is the propositional contribution of the indexical term.
But the relevance of the context does not end there. The structure of the
general proposition expressed is provided by a binary quantiﬁer and the quantiﬁer is not always overt. Both linguistic and extra-linguistic context play a role
in reconstructing covert quantiﬁers. In example (3), repeated from above,
(3) He must be a giant.
the sentence does not contain an overt quantiﬁer which constrains the structure
of the proposition expressed, but as with the use of bare plurals for the expression
of a quantiﬁed sentence, we reconstruct a covert binary quantiﬁer. It will usually
be a universal quantiﬁer or the deﬁnite description – but which quantiﬁer in
particular is the relevant one is a contextual matter and depends mainly on
what is predicated of the objects quantiﬁed over (compare [7,28]). An analogy
with bare plurals can be illustrative here: ‘Mice are mammals’ is interpreted by
a universal quantiﬁer, while ‘Mice will come out of this hole if you wait long
enough’ – by an existential quantiﬁer. The same plural noun is here quantiﬁed
universally or existentially, depending on what is predicated of mice.14 In the
13
14

This last dependence is exempliﬁed by the discussion of (3) in below.
“the source of the existential quantiﬁer is not the determiner of the NP, but rather
what is being predicated of it at the time” ([7, p. 451]).
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case of (3) the type of the quantiﬁer – the deﬁnite description – is dictated by the
predicated properties of ‘having left a footprint’ (a property retrieved from the
extra-linguistic context) and ‘being a giant’ (linguistic context), which typically
are the properties of just one individual (world knowledge). As a result, the
structure of the proposition expressed is the following:
thex (male-who-left-this-footprint(x), giant(x))
– ‘The man who left this footprint is a giant.
On the other hand, indexicals interpreted descriptively seem to be semantically numberless in the sense that they do not provide a clue as to what kind of
quantiﬁer should be used in providing the structure of the general proposition.15
In (3) it was a deﬁnite description, but in (6), another example of Nunberg’s
[42]:
(6) He is always the last one to know,
it would be the universal quantiﬁer, even though in both the pronoun was the
same.16 The descriptive reading of (6) is triggered only if we interpret this utterance as a proverb – this is usually uttered in the out of earshot presence of
the relevant husband – and thus it is the context of the proverb that triggers
the universal interpretation ‘Every husband is always the last one to know’,
where ‘husband’ is the property retrieved from the context via the mechanism of
descriptive anaphora.17 Since (6) may in exceptional situations be interpreted as
15
16

17

On the semantical numberlessness of pronouns see [39].
An anonymous referee proposed an alternative analysis of (6) – ‘In every extra marital aﬀair situation/event x, the husband in x is the last to know’ – where, according
to the proposal, the indexical is analysed as a deﬁnite rather than a universal quantiﬁer and suggested that it might be possible to analyse all of the descriptive uses
of indexicals as deﬁnites. I agree that this analysis is possible for (6), but its adequacy comes from the dependence of the deﬁnite quantiﬁer on the universal one. As
a result, semantically we still quantify over all husbands of unfaithful wives in all
extra marital aﬀairs. Since both ‘always’ and ‘every’ are universal quantiﬁers, the
analysis proposed in this paper and the one proposed by the referee are equivalent.
Nonetheless, the strategy of analysing all of the descriptive uses of indexicals as
deﬁnites would not work for examples such as ‘Today is always the biggest party
day of the year’, uttered on New Years Eve (adopted from Nunberg [43]), where we
universally quantify over days that are New Years Eves.
Importantly, the quantiﬁer ‘always’ quantiﬁes here over events – aﬀairs of the wives
of the relevant husbands – and thus it does not give the structure to the whole
proposition, but appears in the second argument of the quantiﬁer:
everyx (husband(x), alwaysy (affair-of-wife-of(y, x),
last-one-to-know-of(x, y)))
– ‘(Every) husband is always the last one to know (about his wife’s aﬀair)’.
The truth conditions of both the quantiﬁer ‘every’ as well as of the quantiﬁer ‘always’
are those of a universal quantiﬁer:
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concerning just the person demonstrated (not necessarily a husband), the fact
that (6) is interpreted as a proverb is a purely contextual matter. The context
of a proverb supplies the generality requirement, which makes the referential
interpretation trivial.
I conclude that both linguistic and extra-linguistic context play crucial and
quite speciﬁc roles in triggering, as well as in constructing, the descriptive interpretation of indexicals.

4

Propositional Attitudes

In most accounts of propositional attitude ascriptions it is assumed that attitude
ascriptions that contain indexicals are de re ascriptions (see [57]), i.e. such that
the mode of presentation of the referent of the indexical does not aﬀect the truth
conditions of the belief report and we are usually not told how the subject of
the attitude thinks about the referent.18 Thus in contrast to belief reports such
as (7) ([10]):
(7) John believes that the winner will go to Hong Kong,
which are ambiguous between the wide scope (‘There is somebody who is the
winner and of whom John believes that he will go to Hong Kong’) and the
narrow scope readings (‘John believes that there is somebody who is the winner
and who will go to Hong Kong’),19 the sentence (8):
(8) John believes that you will go to Hong Kong,
is supposed to have only one – de re – reading, the thesis of which can also be
expressed by saying that indexicals always take the wide scope in the context
of proposition attitude verbs or that indexicals are ‘open to exportation’ within
the that-clause ([35]; compare [54]).
Because the exercised mode of presentation (the mode used by the reporter;
see [53]) is referential due to the referentially of the indexical, there is an object
the attitude is about, given by the context of the report. Since the believer is
Mgi |= every/alwaysx (φ(x), ψ(x))

18

19

iﬀ

φMgi ⊂ ψ Mgi .

For details of this construction as well as for the analysis of indexicals used in
proverbs as descriptively used indexicals see [26].
The notions used in the literature for describing the behavior of indexicals in attitude
contexts include ‘de re’, ‘relational’ ([50, 54]) or ‘transparent’ ([51, 53, 54]). In [54]
Recanati argues that the de re/de dicto distinction should not be confused with the
relational/notional distinction. I will not go into detail here, as they do not aﬀect my
argument. In [54] he also uses the terms transparent/opaque in a slightly diﬀerent
way, than in [53]. Again, these distinctions will not be relevant for the point I am
going to make.
According to Recanati [53] belief ascriptions that contain deﬁnite descriptions are
in fact ambiguous in many-ways, but this complication will not be relevant for the
case of indexicals, so I will ignore it here.
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usually not a part of the context of the utterance of the report, according to
Recanati [53] it seems that “there is no reason to suppose that the mode of
presentation in question is also a constituent of the believer’s thought” (p. 400).
Yet, Recanati admits, the believer may be part of the context, as cases of selfascriptions of belief testify, so we must leave room for transparent interpretations
[in the sense of being about a particular and identiﬁed object] in which a speciﬁc
mode of presentation – that supplied by the linguistic meaning of the indexical
– is ascribed to the believer. Such readings would not, however, be general but
they would contain the object referred to together with the mode of presentation
of the object ([53]). Also Balaguer argues in [2] for the necessity of including the
linguistic meaning of the indexical in the content of the reported belief in cases
of what he calls the essential uses of indexicals, which are reminiscent of Prior’s
“Thanks goodness it’s over” examples ([48]; see [44]). In [52] Recanati concedes,
persuaded by Morgan [37], that indexicals also admit readings in which the
ascribed mode of presentation is not the linguistic meaning of the indexical but
some other mode of presentation of the referent – for example a visual mode
of presentation – that is supplied by the context. All these cases remain nongeneral, however, because “even on the opaque reading of a belief sentence in
which a singular term occurs, reference is made to some particular individual”
([54, p. 132]). Thus, from the fact that an indexical has been used in the thatclause of an attitude ascription we cannot infer that no mode of presentation of
the referent is ascribed to the believer. But, Recanati maintains, we can infer
that the ascribed mode of presentation is singular:
Singularity of the Ascribed Belief
An indexical within the that-clause of an attitude ascription indicates a
singular mode of presentation of the referent in the ascribed belief.
The implied singularity allows for an explanation of the intuitions of Kripke
concerning Sosa’s example [59]:
“[A] spy and his accomplice see through a window how an investigator
ﬁnds some incriminating evidence in the spy’s footlocker. The accomplice
could very naturally say ‘He knows that you are a spy now. You must
escape.’ In fact, and so far as the accomplice knows, the investigator
does not know the spy, and knows practically nothing about him: the
footlocker had been searched only as part of a general investigation of
the base. What the investigator knows is the owner of the footlocker is
a spy ” [59, p. 891].
Kripke, commenting on this example in [30], ﬁnds Sosa’s intuitions pertaining
to the appropriateness of the accomplice’s remarks ‘strange’, since, according to
Kripke “Sosa’s accomplice obviously would not say, ‘he knows that you are a
spy now,’ though he might say, ‘watch out, they may soon ﬁnd out that you are
a spy, once they ﬁnd out who owns the footlocker.” [30, p. 340] Here I agree
with Kripke against Sosa. What makes this report inappropriate is the implied
singularity of the ascribed mode of presentation of the spy. ‘He knows that you
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are a spy now’ suggests that the investigator has a de re knowledge about the
spy, while they only know de dicto that the owner of the footlocker is a spy.
This has practical consequences. If it was only the reporter who saw the scene
and reported it to the spy, the latter, assuming the police know of him (de re)
that he is a spy might have undertaken a decision of immediate and risky ﬂight
in a situation, which in fact left some (minimal) time for preparation. Such a
result might, of course, be intended by the reporter.20 Paraphrasing Richard we
might put it as follows: “an ascription is true provided [it] ascribes belief in a
proposition which is believed and the ascription doesn’t imply anything false
about what pictures are held by the believer” [57, p. 446].21
While Sosa’s case is misleading, which means at least that it allows for a
singular interpretation of the ascribed belief,22 there are situations in which
it is obvious from the context that the reported belief could not have been a
singular one. In such cases it seems that the indexical used in the that-cause is
just exercised but not attributed, contrary to Recanati’s thesis of the singularity
of the ascribed belief. This would happen when the referent of the indexical
is present in the context of the ascription but, for reasons obvious from the
context, could not have been present during the reported utterance. Example
(1), repeated here, is a case in point:

20
21

22

Examples of intentional alteration of expressions used in the report and the consequences thereof were discussed by Bonomi [5], Aloni [1] and King [27]; see footnote 22.
This is a citation from Richard, but the paraphrasing aspect stems from the fact that
I do not explain the technical meaning Richard assigns to the notion of a ‘picture’
in his theory and instead I intend the notion to be understood in a non-technical,
common-sense way.
A similar example was given by King in [27]: “Suppose Glenn believes all politicians
are corrupt. [. . . ] Glenn has never met or heard of Bob [the mayor of San Diego].
[. . . ] Glenn’s boss is throwing a party as a fundraiser for a charity. [. . . ] [He] tells
Glenn and the other employees to look over the guest list, which includes Bob, and
tell him if anyone corrupt is on it. The boss is adamant that should anyone fail to
tell him about someone they believe to be corrupt, they will be ﬁred. Glenn and the
others look over the list and no one says anything. Alan, a conniving coworker of
Glenn’s who is always trying to get Glenn in trouble and who knows both Glenn’s
views on politicians and Bob’s profession, says to Glenn’s boss at the party pointing
at Bob: ‘I am surprised Glenn didn’t say anything: Glenn believes he is corrupt.’
This seems false in the new context, as would ‘There is someone at this party Glenn
believes to be corrupt’ or any other such de re ascription concerning Bob to the
eﬀect that Glenn believes him to be corrupt.” But the important diﬀerence between
both this and Sosa’a examples and the example that follows – (1) – is that unlike
in (1), the hearer may interpret the reporter as ascribing a de re believe about the
relevant subject to the believer. The inappropriateness of the remark relies upon
this possibility and in King’s example it even constitutes the intended outcome.
Since referential interpretation is available and relevant, descriptive interpretation
is thus not triggered in Sosa’s and King’s examples (and they were not intended as
descriptive by these authors).
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(1) The Founders invested me with the sole responsibility for appointing
Supreme Court justices.
uttered by George H. W. Bush in 1992
In this case it is obvious that the Founders could not have had de re thoughts
about George H. W. Bush and the hearer, if aware of the fact, does not interpret
the president as claiming so much. Additionally, the hearer is able to reconstruct
the reported general belief by relying on the mechanism of descriptive anaphora.
On the descriptive anaphora interpretation, George H. W. Bush (the person,
not the name) is the extra-linguistic antecedent of this token of ‘he’ and points to
his silent property of ‘being the president of the United States’ (‘US-president’
for short). The quantiﬁer that gives the structure to this general proposition
is the binary universal quantiﬁer and the property obtained from the context
serves as its context set. As a result, we obtain the following structure of the
original declaration (RASCJ is short for ‘having been given the responsibility
for appointing Supreme Court justices’):
everyx (US-president(x), RASCJ(x))
– ‘Every president of the United States has been given the responsibility for
appointing Supreme Court justices’, which seems to be the intended interpretation of the reported belief.
Another example is the following (see [42]):
(9) According to all the textbooks, you often get in trouble with that move.
uttered by a chess teacher giving an introductory lesson to a student who has
just played 4. N x P . . .
The authors of textbooks are unlikely to know the present player and have de re
attitudes towards him, not to mention this particular move of his. (9) contains
an indexical ‘you’ and a demonstrative ‘that move’; both receive descriptive
interpretation.23 ‘Often’ is a quantiﬁer that in this context quantiﬁes over events
of type X (4. N x P . . . ) and the property delineating the type is supplied via
descriptive anaphora by this particular move. This property serves as the context
set for ‘often’, while the property of ‘being a player who has played a move of
type X (4. N x P . . . )’, supplied by the referent of ‘you’, serves as the context
set for the covert quantiﬁer ‘the’, dependent on ‘often’:
oftenx (chess-move-of-type-X(x), they (person-who-makes(y, x),
get-in-trouble-with(y, x))),
– ‘The person who makes a move of type X (4. N x P . . . ) often gets in trouble
with that move’. This captures the reported belief.24
23
24

For reasons why ‘that move’ in this example should not be interpreted as deferred
reference to a kind and for details of the analysis see [22].
Other examples of this kind were given by Recanati [53], and Bezuidenhout [4].
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The unavailability of the referent in the context, which is a characteristic
trigger for the descriptive use of indexicals of type II, may thus be the result
of the physical absence of a suitable referent in the context of utterance,25
or – as it is the case in some attitude ascriptions – may come about due to
the impossibility of the presence of the referent of the expression used in the
report in the context of the reported belief. Crucially, for the mechanism of
descriptive anaphora to work, it is required that the referent of the indexical in
question exempliﬁed, or was taken to exemplify,26 the property that is essential
for the reported belief.

5

Conclusion

I hope to have shown that, contrary to the prevailing view, the use of an indexical
in attitude ascription does not guarantee the singularity of the ascribed mode
of presentation of the relevant object. Additionally, the indexical plays a double
role in some cases – the referential role in the exercised mode and the descriptive
role in the ascribed mode. In such cases it is possible to reconstruct the reported
belief via the mechanism of descriptive anaphora that, I claim, is operative in
all cases of descriptive uses of indexicals.
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References
1. Aloni, M.: A formal treatment of the pragmatics of questions and attitudes. Linguist. Philos. 28(5), 505–539 (2005)
2. Balaguer, M.: Indexical propositions and de re belief ascriptions. Synthese 146(3),
325–355 (2005)
3. Barwise, J., Cooper, R.: Generalized quantiﬁers and natural language. Linguist.
Philos. 4, 159–219 (1981)
4. Bezuidenhout, A.: Pragmatics, semantic underdetermination and the referential/attributive distinction. Mind 106, 375–409 (1997)
5. Bonomi, A.: Transparency and speciﬁcity in intensional contexts. In: Leonardi, P.,
Santambrogio, M. (eds.) On Quine: New Essays, pp. 164–185. Cambridge University Press, Cambridge (1995)
6. Borg, E.: Pointing at Jack, talking about Jill: Understanding deferred uses of
demonstratives and pronouns. Mind Lang. 17, 489–512 (2002)
7. Carlson, G.N.: A uniﬁed analysis of the English bare plural. Linguist. Philos. 1,
413–456 (1977)
8. Elbourne, P.: Situations and Individuals. MIT Press, Cambridge (2005)
25
26

Deferred and (classically) anaphoric interpretations must be excluded as well, see
Sect. 2.2.
For a discussion of the weakening of the requirements of the factivity of the relevant
property see [22].

300

K. Kijania-Placek

9. Elbourne, P.: Demonstratives as individual concepts. Linguist. Philos. 31, 409–466
(2008)
10. Fauconnier, G.: Mental Spaces. MIT Press, Cambridge (1985)
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Abstract. The contextualistic account for the semantic behaviour of the term
“know” - a position labelled as “epistemic contextualism” - combined with the
widely accepted idea that “know” is a factive verb seems to lead to a very
unpleasant conclusion: epistemic contextualism is inconsistent. In Sect. 1 we
ﬁrst examine some aspects of the epistemological meaning of the contextualist
semantics of “know”, then in Sect. 2 we sketch the problem which leads to the
supposed inconsistency of epistemic contextualism and in Sect. 3 we analyse
some solutions that have been proposed to solve the problem which are, in our
view, unsatisfactory. In Sect. 4 we present our attempt of solution.
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1 Contextualizing “Know”: An Epistemological Point
of View
Epistemic Contextualism (therefore: EC) is one of the latest landing of contemporary
epistemology. Proposed in many different readings, in its more common form EC
claims that the meaning of the term “know” and that of the propositions which attribute
or deny knowledge - as “S knows that p” and “S doesn’t know that p” - depends upon
the context in which those expressions are uttered. According to the core thesis of EC,
the term “know” and the propositions that contain it show the same semantic behaviour
that characterizes indexical terms or predicates as “large”, “rich” or “tall”.1 As
propositions such as “I’m here” or “My destination is near”, also an expression like
“S knows that p”, if closed off by its declaration context, doesn’t express a complete
and clearly determinable meaning; the practical interests and purposes of the subject
who attributes knowledge, as well as the goals of the conversation in which he is
involved, are in fact responsible for the arrangement of that set of conditions - i.e. the
epistemic standard, - which details how strong must be the epistemic position of a
subject S related to a proposition p in a certain context C, so that a knowledge
ascription as “S knows that p” comes out to be true in C.
As an example,2 suppose that Thomas is at the King’s Cross railway station of
London, waiting for a train to Cambridge and wondering whether the train will arrive at
1
2

DeRose (2009) pp. 166–174, Davis (2013), Kompa (2014).
This is an adaptation of Cohen’s airport example. Cfr. Cohen (1999).
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destination before 10.30 am. Beside him, a passer-by asks to Lucy - who’s waiting on
the platform too, - if she knows the arrival time of the train to the station of Cambridge;
Lucy checks her itinerary and answers: “Yes, I know. The train will arrive at 9.30 am”.
Thomas, who has heard the conversation, wonders if the itinerary checked by Lucy is
reliable; getting to Cambridge before 10.30 am is very important for him - at that time
he have an appointment of which he cannot be late, - and since the itinerary could be
misprinted, Thomas prefers not to attribute knowledge to Lucy and decides to ask for
information at the tickets ofﬁce.
Suppose that the arrival time of the train is 9.30 am. Now, the epistemic position of
Thomas is the same of Lucy - they both share the same information: The itinerary’s
data. On the contrary, what distinguish the two are their respective practical interests,
purposes and needs. Knowing the precise arrival time of the train is very important for
Thomas and so he prefers not to attribute knowledge to Lucy; he needs something more
than the itinerary’s data to believe in the proposition “The train will arrive at 9.30 am at
the station”. On the other hand, Lucy, who doesn’t have any particular reason to
wonder whether the train will arrive before a certain hour and doesn’t have any doubt
about the reliability of her itinerary, attributes knowledge to herself about the arrival
time of the train. We then have two subjects in the same epistemic position, but with
different practical interests and, as it has been forecast by EC, the truth conditions of the
proposition “Lucy knows the arrival time of the train” change depending upon the
context of utterance. In the case of Lucy the epistemic standard is low, her itinerary is
sufﬁcient to her for attributing knowledge to herself and then in this context the
proposition “Lucy knows the arrival time of the train” is true. While in the context of
Thomas the epistemic standard is signiﬁcantly higher, and therefore in this case the
proposition “Lucy knows the arrival time of the train” is false. Then, in both cases the
practical interests of the subjects have established the epistemic standard, i.e. that set of
condition which, if satisﬁed, makes true a knowledge attribution.
EC then looks in ﬁrst place as a semantic theory, which grounding on the habits of
the speakers of the ordinary language, proposes to understand the meaning of the
expressions that attribute or deny knowledge as we have said. Even if the formulation
of EC is probably mainly due to epistemological reasons - as defeating skepticism or
overtaking invariantism - the plausibility of its premises is justiﬁed not on considerations about normativity, but on evidences supplied by strengthened and spread linguistic habits exhibited by the speakers of the ordinary language. According to its
supporters, the ability of EC to give a sound account for those cases - as the our set at
the station, - which show a very elastic way of understanding the meaning of “know” is
the main argument in favour of the theory.3
If then the role of the semantic aspects of EC is quite clear, more complex is their
relation with the epistemic aspects of the theory. The epistemological meaning of the
hypothesis about the context sensitivity of “know” is in fact controversial.
Keith DeRose supported the neutrality of EC - understood as a semantic theory, - in
respect to its various possible epistemological interpretations.4 For example, it is

3
4

DeRose (2009) pp. 47–79.
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possible to be a contextualist and to endorse - at the justiﬁcation level foundationalism, coherentism or even an another intermediate option between the two,
because EC would be compatible with both and with their possible intermediate versions. Or perhaps we could also built a contextualist theory which is compatible with
different versions of the theory of the relevant alternatives or the theory of the conclusive reasons. But even if EC can be understood in many ways, it’s still not very clear
how we should regard, by a peculiar epistemological point of view, a knowledge
attribution as “S knows that p” when is considered true in a certain context. For
DeRose, when a proposition as “Lodewyk knows that the pheasant’s head is blue” is
considered true in a certain context - and then when Lodewyk’s epistemic position
satisﬁes the standard which is at stake in his knowledge attributor context, - it seems
that we can say that Lodewyk “counts as knowing” the proposition at issue.5 The use of
this quite ambiguous expression is probably due to the fact that for EC there isn’t
knowledge simpliciter, but a subject always knows only relatively to a speciﬁc set
standard. For EC - at least in the view that DeRose seems to endorse, - the truth of a
knowledge attribution as “S knows that p” shouldn’t suggest that S “posses” knowledge; knowledge indeed cannot be characterized as a more or less broad set of
proposition “in possess” of the epistemic subject, but it should be described as a
condition or as a status of a subject. In this way, the epistemic subject, to whom now is
attributed knowledge in a context, now is denied in another, doesn’t risk to see his
knowledge vanishing and reappearing suddenly - a phenomenon this which seems very
unattractive as well as implausible. To change is just the relation between his epistemic
position and the epistemic standard that varies depending on the context of attribution.
At the same time two different subjects could attribute and deny knowledge to
Lodewyk about a certain proposition p, but this would not affect his epistemic position;
unware of the evaluations expressed upon him, Lodewyk could in fact quietly still
attributing or denying knowledge to himself on the basis of his own epistemic standard.
Compared to DeRose, Stewart Cohen seems to be more interested in the epistemic
aspects of EC than in the semantic ones. As a contextualist he endorses the idea that
knowledge is in part determined by the social context6 and supports one of the main
claims of EC - i.e. that it’s possible that two speakers attribute and deny knowledge at
the same time to a subject about the same proposition p without any contradiction.
Wondering then which context has to be considered to evaluate the epistemic performance of a subject, Cohen gives a ﬁrst answer: Is the one of the social group which the
subject belongs to. However, from this ﬁrst answer follows a signiﬁcant consequence:
If the relevant context is the one of the social group which the subject belongs to, then
we ﬁnd ourselves with an “indeﬁnite number of concepts of knowledge”:
Is “knowledge” then ambiguous between various concepts each based on a different standard?
This would entail an indeﬁnite number of concepts of knowledge. It would also entail that, were
our reasoning powers to improve or decline, our concept of knowledge would change.7

5
6
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Ivi. p. 187.
Cohen (1987).
Ivi. p. 15.
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So Cohen introduces attributor contextualism:
A better way to view matters is to suppose that attributions (or denials) of knowledge are indexical
or context sensitive. The standards that apply are determined by the context of attribution.8

But even so, the problem isn’t solved. Now we have an indeﬁnite number of
contexts of attribution that determines an indeﬁnite number of epistemic standards
which deﬁnes as many meanings for “know” and concepts of knowledge. In this article
and in its later works, however, Cohen seems to have lost interest in this question; what
seems pivotal for him is perhaps the epistemic agility that is granted by EC, an agility
which is necessary to EC to propose interesting solutions to well-known epistemological problems. Cohen seems then to endorse a reading of EC which is alike the one
of DeRose: When a subject S is an object of a knowledge attribution about a proposition p, in the context of the knowledge attributor, S counts as a knower of p.9
The admission of an “indeﬁnite number of concepts of knowledge” seems a result
hardly evadible for EC, which is then forced to concede some room to relativism - but how
much is debated, - to support one of its main thesis - i.e. that it’s possible that two speakers
attribute and deny knowledge at the same time to a subject about the same proposition p
without any contradiction. A thesis that certainly represents one of the ﬁnest and more
interesting aspect of EC, to which contextualists should not renounce, otherwise they
would fall in those problems in which invariantism10 incurs. The classical analysis of
knowledge and many of the theories that had tried to complete it have been often formulated exactly according to the principles of invariantism, however, the rigidity of this
approach has the unpleasant consequence to create unattractive asymmetries. A too exigent
set of conditions, for example, if by one hand let us to safeguard the value of knowledge attributing it only at strict conditions, - on the other risks to condemn our ordinary
knowledge claims. At the same time, if we would grant our knowledge in everyday
context we would be compelled to deﬁne weaker conditions, but if deciding whether a
subject knows or not would be very important to us, then it seems difﬁcult that we would
be satisﬁed by so weak criterions. However, EC is not a valuable theory only because it
overtakes this kind of worries; its premises let contextualists to propose interesting solutions for well-known epistemological problems as the one of lottery or the Gettier cases,
and moreover, EC developed an original argument against skepticism which makes our
ordinary knowledge claims compatible with the exercise of radical skeptic doubts.11

2 Is Epistemic Contextualism Inconsistent? the Problem
in a Nutshell
Clearly, the contextualist solutions have been - and still are, - hotly debated. The main
part of the critics are focused on the semantic aspects of EC (The account proposed by
EC for the semantics of “know” really depicts the linguistic behaviour of the speaker of
8

Ibid.
Cohen (1999), (2005).
10
Unger (1984). According to invariantism there is only one epistemic standard for knowledge.
11
Lewis (1996), Cohen (1998), DeRose (1995).
9
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the ordinary language? Is “know” really a context-sensitive term?), while others
wonder about the epistemological relevance of the theory (Semantic contextualism is a
sufﬁcient ground to formulate an adequate epistemological contextualism?).
Lesser broad is the debate about a serious problem that seems to afflicts EC and that
questions the consistence of the theory itself: the factivity problem12 (Therefore: FP).
Let’s recall our example set at the station, we have:
(1). Thomas doesn’t knowH that p.
(2). Lucy knowsL that p.
In prose: “Thomas doesn’t know that p” is true in his high standard context while
“Lucy knows that p” is true in her low standard context; with p: “The train will arrive at
destination at 9.30”.
According to EC, even if we are in the more demanding context of Thomas the
proposition (2) is still true in the context of Lucy; as we have seen in the Sect. 1
knowledge cannot vanish and despite the evaluations of the knowledge attributor
Lucy’s epistemic position is still the same. Therefore Thomas couldn’t be considered a
proper contextualist if he would not give an account for (2) in his own context:13
(3). Thomas knowsH that (2).
But from (3) we can derive a very unpleasant contradiction if we combine that
proposition with two epistemological principles that the contextualist endorses; the
factivity principle (F), according to which some verbs - as “to know”, - implies truth:
(F). S knows that p → p.
and the closure principle (C) which claims that the knowledge of a subject can be
extended to that proposition which are entailed from the ones that he yet knows:14
(C). If S knows that p and S knows that (p → q), then S knows that q.
Now, because for (F) proposition (2) implies p:
(2F). Lucy knowsL that p → p.
and because Thomas knowsH that (2):
(3C). Thomas knowsH that ‹Lucy knowsL that p› and that ‹Lucy knowsL that
p → p›.
for (C) and (3) we obtain:
(4). Thomas knowsH that p
Which contradicts (1). EC seems to be inconsistent.

12

13
14

For a speciﬁc analysis of FP and its variations see Williamson (2001), Brendel (2005), (2014),
Wright (2005), Kallestrup (2005), Steup (2005) and Baumann (2008).
Brendel (2005), p. 47.
Luper (2006)“The Epistemic Closure Principle” The Stanford Encyclopedia of Philosophy (Spring
2006 Edition), Edward N. Zalta (ed.).
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3 Hypothesis for a Consistent Contextualism
According to Wolfgang Freitag and Alexander Dinges15 FP arises only because EC is
misunderstood: for them contextualist is not committed to (2).
Freitag argues that the sufﬁcient and necessary condition for the arise of KP is:
(α). 9p ϵ B: (C → [p ˄ ¬KX(S, t, p)])
In prose: Exist a proposition p which belongs to the set of empirical propositions
B such that there is a theory C that implies that p is true, but that p cannot be known by
a subject S at a moment t in a certain context X. Clearly, if EC satisﬁes (α) or not
depends upon the way in which we construe our theory,16 however, according to
Freitag we shouldn’t ever allow that (α) is fulﬁlled because if so “we would have to
make the empirical claim that {I} a certain proposition p is true and that {II} S doesn’t
knowX that p at t”.17 We may think that EC implies {II} because of skepticism, which
is generally conceded by contextualist;18 nevertheless, according to Freitag skepticism
isn’t part of EC, which if not entails skepticism then doesn’t entail {II} neither.
According to Peter Baumann19 {I} derives from the factivity principle, from (2) - that
EC seems to concede - and from the claim of EC according to which in ordinary
context our knowledge attributions are generally true. But for Freitag Bauman’s
interpretation of EC is not correct. If EC would be committed to empirical claims like
(2), then it would perilously depend upon contingent facts: e.g. if (2) would come out
false EC would be refuted. For Freitag knowledge in ordinary contexts is expected, but
is not part of EC theory. EC is then not committed neither to (1) and (2), so FP appears
to be solved. However, two remarks seems to cause troubles to Freitag argument. First,
we could agree that EC doesn’t entail skepticism, but EC claims that there are high
standard - not skeptic, - contexts in which happen that S doesn’t know that p, which it
was the case that S knew in a lower standard context. This kind of situations seems a
proper part of EC theory, then {II} seems justiﬁed: indeed there are contexts in which
happen that S doesn’t know a proposition that he know in others, less demanding
contexts. Freitag could perhaps object that speciﬁc attributions - as (2) - or denials - as
(1) - of knowledge are not parts of EC, and here we come to the second remark: maybe
propositions as (1) or (2) are not proper part of EC theory, but it could happen that the
contextualist ﬁnds himself in a practical situations as the one described in Sect. 2; if so,
he couldn’t simply reject (1) or (2). Freitag’s solution perhaps saves EC from a general
point of view, but seems to not have any practical application: the contextualist still
have to deal with a theory that doesn’t survive when is put to the test.

15
16

17
18
19

Freitag (2011), Dinges (2014).
Freitag suggests that we could formulate EC reducing it to just its anti-skeptical form:
(ECS). ¬8x, y ϵ X, 8S ϵ G, 8t ϵ T, 8p ϵ B: ˄[KX(S, t, p) ⟷ Ky(S, t, p)] which wouldn’t suffer of
KP. However this solution looks unattractive to Freitag because contextualist should aims to a more
complex and articulate theory. Freitag (2011) p. 281.
Ibid.
See footnote 11.
Baumann (2008).
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Dinges proposes to refute (2) because it seems to not follow from any premise of
EC. Proposition (2) doesn’t follow from the anti-skeptic claim of EC - according to
which our ordinary knowledge attributions are generally true, - because claiming that
doesn’t mean endorsing the truth of any particular empirical proposition. For example,
we could say that the major part of the tickets of a lottery will lose even if we don’t
know which tickets will lose in particular; in the same way we could understand the
anti-skeptical claim of EC: the contextualist knows that the ordinary knowledge
attributions are generally true, even if he doesn’t know of any particular true knowledge attribution. Even the contextualist anti-skeptical argument20 seems to not entailing
the truth of any particular proposition: the contextualist argues that we cannot show that
a proposition as “S knows that p” is false in an ordinary context by showing that it is
false in a skeptical one, but that doesn’t entail the truth of p. Again, if we could concede
to Dinges that (2) is not a proper part of EC, it seems that FP in its practical form isn’t
solved. Dinges considers this aspect of the problem, but according to him the argument
of FP should be refute because appears to be based on a “a tricky logical issue”.21 To
show that, Dinges proposes an argument which has very implausible conclusions, and
which has a structure that looks like the one of FP: let’s suppose to assign different
properties to a predicate depending on the time in which it is uttered. “Know” would
then express different relations depending on the time of utterance: e.g. if S has forgot
something, there would propositions that he know(past) but that he doesn’t know(now).
So, according to Dinges, S would say that he know(past) that p but that he doesn’t
know(now) that p. But for the knowledge norm of assertion (KNA)22 S should know(now)
that he know(past) that p, but if so, for factivity and closure we could derive that
S know(now) that p, which deny our assumption that S has forgot that p. The structure of
this argument looks very similar to the one of FP, however, even if we obtain an
implausible conclusion this doesn’t mean that it is the structure of the argument that
need to be rejected; the problem could in fact depends upon the premises of the
argument, but Dinges doesn’t propose any reason to exclude this alternative. Refuting
(2) then doesn’t appear a suitable strategy to overtake FP, because doing so means to
solve the problem from a general point of view, but the practical inconsistency remains:
EC is still a not working theory.
According to Anthony Brueckner and Christopher Buford23 EC shouldn’t concede
“asymmetrical” knowledge attributions like (3), which therefore should be refuted.
When the contextualist is pondering about his theory he should limit himself to say
something like “It’s possible that there are two context C1 and C2 such that a proposition as “S know that p” is true in a context but false in the other”. Now let’s consider
FP in his practical form; for the example of Sect. 2 we have that (1): Thomas doesn’t
knowH that p and that (2): Lucy knowsL that p. According to Brueckner and Buford, if
we - sharing the same context CH of Thomas, - would tell him that Lucy is in a low

20
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For EC reply to skepticism: DeRose (1995), Rysiew (2011) “Epistemic Contextualism”, The
Stanford Encyclopedia of Philosophy (Winter 2011 Edition), Edward N. Zalta (ed.).
Dinges (2014) p. 3550, footnote 20.
According to KNA an utterance of p is appropriate only if the speaker knows that p.
Brueckner and Buford (2009).
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standard context CL, that she satisﬁes the standard at stake in CL and that she attributes
herself knowledge about p saying “I know that p”, Thomas shouldn’t endorse (3), but
his answer should be:
Well, it sounds as Lucy is in a position to be saying something true via uttering his “knowledge”-sentence, given his wimpy context CL and ordinary evidence. So I know that the conditions for the truth of “Lucy knowsL that p” are satisﬁed up to the “truth condition”, i.e. the
condition that p is the case. However, to know that “Lucy knowsL that p” is true in CL, I must
know whether p is the case […]. But I have just told you that I do not know p; […] “Lucy
knowsL that p” is not true in our context CH.24

In virtue of his lack of knowledge about p Thomas is not in the position to utter (3),
which is therefore to be considered an illegitimate step. But if so, we wonder if we can
still speaking about a proper EC. As Brueckner and Buford recognize,25 their solution
saddles EC with a ‘statability problem’: the contextualist thesis that in a low standard
context “S knows that p” is true cannot be known anymore in a more demanding
context. According to Baumann, it’s highly controversial whether EC “can live with
the above mentioned statability limitation”,26 it’s then doubtful if Brueckner and
Buford’s solution can be considered as a progress of any kind.
Martin Montminy and Wes Skolits27 proposes to understand (3) not as a proper
assertion, but as a weak one, which is a kind of illocutionary act which includes
conjectures, guesses and hypothesis. As the two authors underline, this is the typical
way that philosophers adopt when they propose or defend their views. Weak assertions
are not governed by the KNA: a weak assertion that p is epistemically appropriate if the
speaker have some evidence that p - the number of evidence required depends upon the
strength of the assertion. But if (3) is a weak assertion, then when the contextualist
utters (3) it seems that he is not properly recognizing (2) - i.e. that Lucy knowL that
p. Perhaps he would say something like “It seems that Lucy knows that p in her own
context”, but therefore the epistemic status of (2) is indeterminate. This solution
appears to meet worries analogous to the ones that the solution of Brueckner and
Buford meets; there is a knot that needs to be unravelled: for Thomas - which is in the
high standard context, - Lucy knows or not that p? Montminy and Skolits’ solution
seems then to suggest to Thomas to endorse and answer analogous to the one which
Brueckner and Buford have proposed, something as “I know that the conditions for the
truth of ‹Lucy knowsL that p› are satisﬁed up to the truth condition, but I cannot proper
say that she knows that p”, but we have already seen what kind of troubles that answer
involves.
Peter Baumann28 doubts about the plausibility of the disquotation principle that is
involved in FP - which according to him is: (D) [“p” is true → p] - because the
supposed context-sensitivity of “know” wouldn’t allow us to apply (D) and infer from
(2) and (3) that (4). Of course it would be a trouble for EC to deny any kind of
24
25
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disquotation principle, so Baumann proposes that we should formulate a principle
which would make explicit the context-sensitivity of “know” and that would understand “‘knowledge’ as referring […] to a ternary relation between a person, a proposition and a standard”.29 We should then formulate a contextualist friendly disquotation
principle as:
(DEC). An utterance of “S knows that p” in a context CX is true → S knowsX that p
However, if we consider (3) - “Thomas knowsH that Lucy knowsL that p” - and we
apply factivity, closure and DEC we can still obtain (4) - i.e. “Thomas knowH that p” which leads to the contradiction. But according to Baumann, the warrant that Thomas
needs to know Lucy’s epistemic performance is not the same that he needs to know
what Lucy knows; Thomas could have very sophisticated knowledge about the rough
nature of Lucy’s knowledge of, e.g. the average weight of an hippopotamus, but by no
means it follow that he has sophisticated knowledge about the very same thing. For
Baumann there is a certain failure of transmission of warrant:
(T). S1 has warrant for knowledgeH that S2 knowsL that p → S1 has warrant for
knowledge (at some level, but not necessarily for knowledgeH) that p
We should then endorse a new principle of closure as:
(CEC). For all subjects S, propositions p and q, and knowledge relations knowA, there
is a knowledge relation knowB (where knowA is not more demanding than
knowB) such that:
[S knowsA that p ˄ S knowsA that (p → q)] → S knowsB that q.
Because of (T) and the new principle of closure (CEC) we cannot derive
(4) any-more; at least we could obtain (4B): “Thomas knowL that p”, which doesn’t
deny (1). According to Baumann in fact, it could be the case that, considered the
factivity principle (F): [S knowsX that p → p], Thomas would knowH the antecedent of
(F) - i.e. that Lucy knowsL that p - but he wouldn’t knowH the consequent. However,
Baumann’s solution is controversial: If we still endorse a factivity principle as (F), as
Baumann suggests, then in his context Thomas should infer from (2) - “Lucy knowsL
that p” - that p is true simpliciter; the truth of p is in fact one of the necessary conditions
for the truth of (3), a condition that Baumann doesn’t seem to refute. So, as Montminy
and Skolits have noticed,30 Thomas would ﬁnd himself saying something as (5): “I
knowH that p is true, even if I don’t knowH that p”, which is quite odd; bizarre
propositions as “While I do not know that I’m a bodiless brain in a vat, I do know that I
have hands” or “Even though I don’t know that these are not well dis-guised mules, I
know that they are zebras”31 should be avoided. Even Baumann solution then seems
unattractive.
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4 Solving the Factivity Problem: A Further Attempt
We have seen that denying speciﬁc knowledge attributions doesn’t seem to be a good
strategy to solve FP because it turns out to be an impassable path when practical cases
are considered. Denying (3) as Brueckner and Buford suggest however, has proved to
be a dangerous solution as well: It seems to solve FP, but saddles EC with the limitation of the statability problem. On the other hand, the solution developed by
Baumann involves odd consequences which every theory about knowledge-attributing
sentences - not only EC, - should avoid. Nevertheless, Bauman’s solution seems to be
the only one that really attempts to preserve the possibility for the contextualist to know
- in his high standard context, - that the knowledge attribution made in lower standard
contexts are true, a possibility that, according to Baumann, seems to be pivotal for
EC:32
What is the attraction of contextualism if one cannot (at least as a contextualist) coherently say
(or think) that knowledge attributions made in a lower context are in fact true? […] The kind of
contextualism that results would be a very much weakened one and not very attractive.33

Therefore, a formulation of EC which could be called “robust” and “attractive”
appears to be compelled not only to avoid the contradiction of the FP, but also to
pursue this goal without denying the possibility mentioned above. To achieve this
purpose and to explore the features of this reading of EC let’s consider an example:
Suppose that Thomas, an amateur ethologist, is attending a lesson about primates in a
natural reserve. During the lesson, Thomas notices an animal on a tree that appears to
be a chimpanzee, so he say
(a). “The animal on that tree is a chimpanzee!”
The ethology professor - who knows that the animal is a chimpanzee, - asks to
Thomas: “How do you know that?” and Thomas, aware that his only answer could be
(b). “I saw many images of chimpanzees and that animal looks as one of them”
and that however this too generic answer could not satisfy the professor, prefers to
reply: “No, I don’t know that the animal on that tree is a chimpanzee”. Now imagine to
say to Thomas that Lucy - who is in the natural reserve for a safari, - has said that
(a) speaking of the same ape seen by Thomas, that she has justiﬁed her claim saying
that (b) and that her trip mates, satisﬁed with her explanation, have attributed
knowledge to her: What kind of answer should we suggest to Thomas, who is a
contextualist? Does Lucy know (a) according to the standard at stake in her context?
A ﬁrst useful remark is to remember that, according to EC, the truth conditions of
an expression as “S knows that p” can be deﬁned only considering the characteristics of
the knowledge attributor’s context - i.e. the practical interests and purposes of the
attributor as well as the goals of the conversation in which he is involved; those
characteristics are in fact responsible for the setting of the epistemic standard, and
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therefore for the deﬁnition of the truth conditions of the knowledge-attributing or
denying sentences. We can then deduce that - at least according to her trip mates, Lucy is well positioned enough in respect to the standard at stake in the safari context,
and therefore that, in that context, she counts as a knowing that (a). To clarify this point
we could imagine the evaluations made by Lucy’s trip mates. Indeed, if it’s up to the
knowledge attributor deﬁning the conditions at which an expression as “S knows that
p” is true, we could also imagine that, when the attributor is evaluating the epistemic
performance of a subject, it’s up to him saying something as, in our case: “(i) Lucy
believe that p, (ii) her belief is justiﬁed with enough good reasons and (iii) p is true”;
but then, if it’s the knowledge attributor the one who decides if the truth conditions are
satisﬁed or not, then, even (iii), the truth condition, should be understood according to a
contextualistic point of view. Indeed, before that the attributor could say that
(c). “S knows that p”
he should claim that
(d). “I know that p is true”
knowing that p is true is in fact a supposed required condition to know that (c);
however, (d) is a knowledge-attributing sentence and then, according to EC, it should
be evaluated considering the practical interests of the knowledge attributor. A clue, this
one, that seems to suggest that it would be coherent for EC to argue that it’s up to the
knowledge attributor deciding if p is “true enough”34 or “reasonably true” according to
his purposes and practical interest - and not true simpliciter. After all, when the
epistemic performance of a subject is evaluated, the judgement of the knowledge
attributor always grounds on some speciﬁc epistemic basis. Imagine to evaluate if a
subject S knows a proposition p: our epistemic custom - which appears to be mainly
concerned with the practical aspects of the knowledge attributing practice, - would
suggest to deﬁne a reasonable perimeter for our evaluation; e.g. if an ordinary epistemic
standard would be at stake, we would admit many truths that in a more demanding
context we would not assume. In a skeptical context, for example, Thomas would
probably deny knowledge to himself about (a) since the possibility that an evil demon
is deceiving him would be salient; nevertheless, in an ordinary context he would ignore
the evil demon possibility and would smoothly attribute knowledge to himself. Indeed,
in such a context certain error possibilities would be ignored, but also certain propositions would be assumed as true and certain methods to catch truth would be approved.
Suppose that Thomas is at the zoo, looking to an animal that looks like a chimpanzee in
a pen beside a banner that says ‘chimpanzees’: in this context, looking to the animal
and considering that it quite exactly resembles to a chimpanzee could be enough for
Thomas to admit that the animal in the pen is in fact a chimpanzee. Clearly someone
could ask to Thomas: “How can you be sure that the animal in the pen is a chimpanzee?” and then he could reply making a list of the characteristics that distinguish a
chimpanzee from a bonobo; or even, if the doubts raised would involve a stricter
standard, he could test the DNA of the supposed chimpanzee to be surer. Anyway,
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every challenge moved to the epistemic position of Thomas would set an epistemic
standard that, among other things, would also deﬁne which error possibilities could be
properly ignored, which propositions could be smoothly assumed as true and which
methods to catch truth could be considered as reliable.
The structure of the contextualist anti-skeptical argument seems to support this
reading of EC. Indeed, according to the contextualist skepticism is in a certain sense a
licit practice: When the epistemic standard is allowed to raise until a skeptical level in
fact, according to EC we know quite nothing. In a skeptical context the warrant
required to know a proposition is in fact generally out of reach, but also, in that context
we cannot rely on propositions which we would otherwise assume as true, as well as on
methods to catch truth which in an ordinary context would be approved; according to
the contextualist then, in his own context the skeptic efﬁcaciously undermines our
conﬁdence in the truth of many propositions which we would have assumed as true in
an ordinary context. Therefore, in the skeptical context we cannot know that certain
propositions are true, and then we cannot know that propositions. But if so, then (iii),
the truth condition, should be understood by the contextualist in a moderate way:
indeed, arguing that, if we would know that p is true simpliciter then the skeptic could
not undermine our conﬁdence in p would mean, for the contextualist, to endorse a
Moorean approach towards skepticism which seems extraneous to EC; on the other
hand, also an odd proposition as “I know that p is true, but in this skeptical context I
don’t know that p” should be avoided by the supporter of EC. However, maintaining
that the truth of “S know that p” implies that p is true enough according to the standard
of the knowledge attributor would let the contextualist to preserve his classic approach
towards skepticism.
To be clear, arguing that the truth of a knowledge-attributing sentence as “S knows
that p” implies that p is true enough - and not true simpliciter, - doesn’t mean that, if it
would come out that p is false we would still have to say that “S knows that p” is true.
However, if we would not know if p is a true proposition or not, we could still
acknowledge that “S knows that p” is true according to the epistemic standard of the
subject who has attributed knowledge to S. Let’s recall our example set in the natural
reserve: in his demanding context Thomas doesn’t know if the proposition (a) is true;
nevertheless, he knows - as a contextualist, - that one of the conditions for the truth of a
proposition as ‹“Lucy knows that (a)” is true in the safari context› is that (a) is considered true enough in the safari context. Because Thomas knows that Lucy’s trip
mates have attributed knowledge to her about (a), and since he cannot argue that (a) is
false, Thomas could at least acknowledge that “Lucy knows that (a)” is true in the
safari context. Of course, this would not mean that Lucy count as knowing that
(a) according to standard at stake in the context of Thomas. In this way the contradiction of the FP could be avoided, and it’s open to the contextualist to acknowledge
that some knowledge-attributions made in low standard contexts are true. The contextualist should then reject the traditional factivity principle (F) in favour of a contextualist friendly factivity principle as:
(Fi). S knowsX that p → p is reasonable true according to the standard of the subject
who attributed knowledge to S
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Therefore from:
(3). Thomas knowsH that Lucy knowsL that p
We cannot infer (4) anymore; what we could obtain is:
(4i). Thomas knowsH that p is reasonably true according to standard at stake in
Lucy’s context

5 Concluding Remarks
Admitting the factivity principle seems to be a really dangerous step for EC: The idea
that from a knowledge attribution sentence about p we can deduce that p is true
simpliciter seems to be inconsistent per se with the formulation of EC according to
which to the contextualist should be granted the possibility to know, in his more
demanding context, that some knowledge attributions made in less demanding contexts
are true.
Our reading of EC, rejecting the traditional factivity principle, if by one hand let us
to solve the FP, on the other describes the knowledge-attributing practice as concerned
mainly with the practical aspects of knowledge and, mostly, undoubtedly saddles the
theory with a certain kind of relativism: Indeed, the practical interests and purposes of
the knowledge attributor assume a really heavy role in the theory. However, it’s in
doubt if this consequence could have ever been avoided maintaining the main characteristics of EC; after all, as Stewart Cohen, John Greco and Leonid Tarasov have
observed,35 in a way or in another, relativism seems to be a companion of EC. The
relativism consequence could perhaps be due to EC’s “practical” nature: The theory is
in fact patterned upon the so called ordinary language’s evidences, which show an
understanding of knowledge that seems to be committed especially to the needs of our
practical reasoning; indeed, the practical interests of the knowledge attributor play a
much than a pivotal role in the dynamics of the theory per se, and perhaps we have
taken this premises to their more radical consequences. If then we conclude that EC
entails a certain kind of relativism, much has to be done to put this relativism “under
rigorous restraint”; after all, the ordinary language speakers’ use of “know” doesn’t
seems to be totally “disparately varied and undisciplined, individual-dependent and
arbitrary”36 as has been argued by Tarasov. An inquiry in that direction is then
especially needed.
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Abstract. This paper focuses on geographical names, which are names
of geographical regions. Geographical and personal names will be distinguished with reference to evidence from linguistics as well as cognitive
science. Since the entire debate is on the relationship between geographical names and their bearers, the reference of geographical names in the
context of use will be examined and two possible views on geographical
name reference will be proposed. As a test case, the cases of geographical developments will be examined. The basic idea involves extending
the indexicality account with generic names. If a geographical name is
used in the standard context, it refers to speciﬁc geographical territory,
whose development is tracked by discursive participants through (a) the
causal history of communications of the name in question and (b) its
current referred territory.
Keywords: Proper names · Geographical names · Indexicality account ·
Pragmatics · Semantics

1

Introduction: Geographical Names and Their Reference

This paper focuses on geographical names, a type of names of geographical
regions including rivers, countries, cities, city districts, and so on. To characterize
them, two topics are discussed in this section: First, geographical and personal
names are distinguished with reference to evidence from linguistics as well as
cognitive science.1 Second, since the entire debate is on the relationship between
geographical names and their bearers, the reference to geographical names in
context of use will be examined and three possible views on geographical name
reference will be proposed.
1.1

Indexicality vs. Homonymy

Before focusing on geographical names, let me brieﬂy review the discussions
on the nature of proper names. The discussion on the nature of proper names
1

I do not address the issue of temporal names, including whether such names exist.
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is discussed in the framework of whether they are indexical. In particular, the
discussion has focused on the cases in which two people share the same linguistic
expression (which Kaplan [4] calls “generic name” 2 ), say, “Thomas”, as their
names. There are two positions on the issue: On the one hand, there is the
indexicality account (defended, e.g., by Recanati [15, cp. 10], Stojanovic [20] and
Rami [14]), according to which these people share the same proper name, and
“Thomas” works like indexical expressions, such as personal pronouns. On the
other hand, there is the homonymy account (defended, e.g., by Almog [1], Korta
and Perry [5], as well as Fujikawa [2]), according to which the names of diﬀerent
Thomases are homonyms and they merely share the linguistic surface.
The core of the debate is in naming conventions that connect a certain generic
name with an entity in the world. In the homonymy account, a speciﬁc name
(which Kaplan [4] calls “common currency name”) is the combination of a generic
name and an entity. In the case of two Thomases above, there are two names,
and it is the role of contexts to determine which name is relevant. In contrast,
in the indexicality account, the naming convention of a name is relativized to
the context of use. One single name (i. e., a generic name) is associated with a
class of bearers,3 and naming conventions associate names with a relevant object
in a certain context of utterance. In other words, according to the indexicality
account, there is no common speciﬁc names.
This paper does not aim at solving this discussion; rather, it focuses on a
particular version of the indexicality to deal with speciﬁc features of geographical names. In the following discussion, the distinction between personal and
geographical names will be justiﬁed. Then, two clusters of questions that arise
with geographical names will be introduced.
1.2

Distinction Between Geographical and Personal Names

In literature, studies on proper names often take personal names as the standard
examples and assume that the same consequences are applicable to all types of
proper names. However, discussions in linguistics (e. g., [11]) and clinical studies
(e. g., [7,18,22]) strongly suggest otherwise; that is, geographical names require
special examinations because they behave diﬀerently. First, in English,4 geographical names that include those for regions, famous buildings, rivers, straits,
seas, oceans, and deserts (but not personal names) are weak proper names, in
which the deﬁnite article marks the deﬁniteness redundantly [11, pp. 517–518].
The redundancy of the deﬁnite article is justiﬁed by observing that “weak proper
2
3

4

The notion of generic names will be explained in Sect. 4.1.
One can see some disanalogies between personal pronouns and names here, because
the lexical meanings of pronouns work as intensional characterization of the class in
question. Contrastingly, as far as personal names are concerned, there is no properties
shared among referents of a name except for being named such and such.
The strong/weak distinction is “a rather arbitrary matter” [11, fn. 77 (p. 517)] from
the cross-lingual perspectives. For example, Russian personal names are strong as
well as geographical names.
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names normally lose the deﬁnite article when they don’t constitute a full NP—
when they are modifying the head of an NP or are themselves modiﬁed” [11,
p. 517]; for example, “two United States warships.” 5 However, note that most
country and city names are strong in English.
Second, while many dictionaries that exclude proper names (particularly
personal), there are dictionaries that contain certain entries for particular geographical proper names, such as DUDEN: Das große Wörterbuch der deutschen
Sprache (third edition) [22b, sect. A]. As Marconi [8] discusses, the deletion of
proper names from dictionaries was a historical coincidence; however, it is the
point to be observed that some editors intuitively saw the diﬀerence between
geographical and proper names.
Finally, clinical studies on anomia suggest that personal and geographical
names “seem to behave in the brain diﬀerently from one another” [18] (see, e.g.,
FH reported in [7]). Furthermore, there is a study [22] that hypothesizes that
personal and geographical names are processed in diﬀerent brain hemispheres.
Of course, these data are not decisive with regard to whether personal and
geographical names belong to diﬀerent linguistic categories; however, it is not
self-evident any more whether they belong to the same linguistic category. Thus,
it must be examined how geographical names must be examined. From these
considerations, this paper focuses on geographical names.
When we use a geographical name, we talk about a geographical territory or
a continuum, such as a metaphysical space-time worm [19], that exists through
history. As far as the referent of personal names is concerned, a person is not
something that extends over time and, in major metaphysical positions (see [10,
particularly sec. 3] for the overview), there is something that goes beyond human
organisms.
1.3

Questions About Reference of Geographical Names

In the following account, I focus on geographical names instead of discussing
proper names in general. The ﬁrst question is whether there is something that
is persistent as referents of geographical names. For example, if we take, “Paris,”
a name of city, it can be used in the following manner:
(1) a. Alice came to Paris.
b. Bob sued Paris.
Since the name “Paris” is used referentially in (1), the question is what is the
referent of “Paris” if each of (1) is uttered. While the former usage of “Paris”
is about certain geographical territory, the latter usage is about the juridical
person that governs this territory.
5

Naïve Millians, such as Salmon [16], treated proper names as syntactically simple.
Thus, they appear to claim that English weak proper names, like “the Paciﬁc Ocean,”
are not proper names but deﬁnite descriptions. However, this distinction is not justiﬁed both linguistically and philosophically.
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The second cluster of questions that is discussed is whether geographical
names are nouns with a complex type, which are logical polysemies. The situation
becomes complicated because you can combine both sentences in (1) and assert
that
(2) Alice came to Paris and Bob sued it.
Since “it” is anaphoric, “Paris” appears to be polysemic rather than just
metonymic. Similar cases can be often observed for printed matter. For example,
compare (1) with logical plysemies, for example:
(3) a. Eno the cat is sitting on this book.
b. This book really got me upset.
“This book” in (3a) refers to a speciﬁc copy as a physical object, while “this
book” in (3b) refers to the content that is printed in such copies. Although both
singular terms refer to two diﬀerent things, you can use anaphora, for example:
(4) This book, on which Eno is sitting, really got me upset.
The cases like “this book” will be explained because “book” is a nominal with
a complex type [12,13]. In other words, a book is a type of both information and
physical objects (Pustjevsky [12,13] calls meanings of this type of nouns “dotobjects”). This parallelism between (2) and (4) could be understood as suggesting
that, like “this book,” geographical names, like “Paris,” are polysemic and they
refer to diﬀerent things depending on the context.
There are two things that must be noted: First, as far as the personal names
are concerned, they are not polysemic. To clarify this, compare the following two
sets of examples:
(5) a. I’ve read Dickens.
b. My great grandmother met Dickens.
c. I’ve read Dickens but my great grandmother met him.
(6) a. ∗ I read the author.
b. My great grandmother met the author.
c. ∗ I’ve read the author but my great grandmother met him.
While every sentence of (5) is acceptable, it is highly questionalble whether
the ﬁrst sentence (hence, the last, too) of (6) is acceptable, because “the author”
is conventionally not a book.6 This data suggests that this “Dickens” used in (5)
is not polysemic.7
6

Furthermore, it is highly doubtful whether the following sentence is acceptable:

(7) My great grandmother met Dickens, whome I read.
7

Of course, there are metonymical usages of geographical names. For example, observe
the following article title:

(8) Seoul Surprises with Interest Rate Cut. [24]
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Second, and more importantly, (1) is only the case because “Paris” is a city.
Thus, the following examples are acceptable:
(1) a. Alice came to the city.
b. Bob sued the city.
And it appears (2) is only possible for geographical names whose territories
constitute communities. Since there is no such community that is representative
of this region, for other geographical names, such as Mt. Everest, this case cannot
be generalized. Thus, it appears to be safe to assume that geographical names
are not polysemic in general. And for this reason, in the remaining of the paper,
I ignore the cases in which “Paris” refers to the juristic person. Even if geographical names are not polysemic, it is still worth considering whether there
is something that gives geographcial entities their persistence; in other words,
whether the referent of a geographical name is a space-time worm.

2

Geographical Developments: A Test Case

The discussion thus far can be summarized in the following manner: A geographical name can refer either to some geographical territory or a socially constructed
continuum, if it is used. Through the following discussion on geographical developments, I argue that geographical names can refer to certain geographical territory as its default referent. Let me start with some diﬃculties of the thesis that
geographical names refer to a certain territory in their default cases. Namely,
taking certain geographical territory as the default referent8 (or the bearer) of a
geographical name—for example, “Paris”—faces the following problem of growing cities.
Some regions, for example, Paris in France, grow, or change the border from
time to time. Suppose I read the statistical development of Paris,9 and assert
the following today:
(11) Paris had a population density of 15,205 people per square kilometer in
1790.

“Seoul” used here is neither the geographical territory nor the city hall. For example,
it is doubtful whether the following is acceptable:
(9) ? The city surprises with interest rate cut.

8
9

Rather, “Seoul” is used to metonymically refer to the Bank of Korea that has its
headquarter in Seoul.
I use the term “default referent” as a neutral term between the indexicality and
homonymy accounts.
From “Demographia”: http://www.demographia.com/dm-par90.htm (seen on Jan.
26, 2014).
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This is a perfectly informative claim and the truth of (11) should be evaluated
with respect to the territory of the time that is explicitly marked in (11). However, the situation is complicated if we take territory as the default referent of a
geographical name. For, if “Paris” is used today, it refers to some larger territory
than that in 1790. If the current territory would be the default referent of the
name, (11) would express something diﬀerent from my intended meaning. In
particular, if “Paris” is interpreted in today’s sense, the population density will
be diﬀerent from the population density of Paris in the late eighteenth century.
This implies that the name “Paris” becomes ambiguous depending on context.
Thus, in the evaluation context, we have one name—that is, “Paris”—and two
diﬀerent territories attached to the generic name. That is, the situation appears
to be comparable to the pair of Paris, France and Paris, Texas.
There are three things to be noted: First, and most importantly, this is not
only a problem for communities including nations, states, and cities. Rather, it is
a general point due to geographical developments, whose cause may be artiﬁcial
as well as natural. For example, an island can change its territory through its
volcanic activities. Second, this is problematic only if we take some territory as
the default referent of a geographical name. If a geographical would refer to an
abstract entity, territory is one contingent property of the named object. The
case is similar if a geographical name refers to a historical continuum; this is
because, then, a speciﬁc geographical territory is, then, a temporal part or a
stage of the entire continuum. Finally, the current issue must be distinguished
from that related to vagueness. The referent of “Paris” is vague in neither an
epistemic [21] nor a metaphysical [17] sense. In both eighteenth and twenty-ﬁrst
centuries, the territories are clearly deﬁned, so that there is no borderline region
and you can identify them.

3

Relevance of Geographical Developments

One might argue that geographical developments are irrelevant to the analysis of
geographical names since the type of cases appear non-standard. For example, in
the case of personal names, the growth of a person does not aﬀect keeping track
of the referent of her name even though a personal name refers to the speciﬁc
physical object, namely, a person. In this section, I argue that socially constructed entities are not good candidates for the bearers of geographical names;
therefore, the cases of geographical developments remain relevant.
3.1

The Default Referent of a Geographical Name Is Not
An abstract Social Entity

If “Paris” refers to a socially constructed entity, it seems to follow that the geographical territory is a contingent property of the city, and hence, the referent of
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a city’s name,10,11 This is good because, then, the cases of geographical developments are not problematic at all.
However attractive the social construction thesis is, it is not tenable. For it
is not exhaustive since there are many regions—including the North Sea, the
Tokyo Bay, Mt. Everest—that is not represented by any juristic person nor any
communities. For such names, it is mysterious how the relevant social entities
are constructed. City and country names are rather exceptional as geographical names. Therefore, most geographical names neither refer to abstract social
entities nor is every such name a dot-object.
3.2

Metaphysics is Not Helpful

One of the most natural solutions to the geographical development cases is to
commit to the metaphysics that geographical regions are a sort of continuum
with temporal parts. As I brieﬂy stated above, the cases with geographical developments, for example, of Paris, appear to be easily explained if a city name refers
to a continuum that has temporal parts; this is because the change in territory is
a metaphysical development of a city and it is the city as a whole we are talking
about in each utterance, like (5). However, certain criticisms are raised for such a
metaphysical viewpoint. For example, the four-dimensional worms really change
[3, sect. 2].
Even if we take the stage view [19] about the geographical name reference,
there are further problems that are speciﬁc to the geographical territories as
the referents of geographical names. Namely, exactly the same territory can be
and is indeed referred to by geographical names without standing to the partwhole relations to each other. For example, the northern part of Saint Martin
island belongs to the Collectivité de Saint-Martin, which includes some other
islands. Thus, the referent of the name the “Saint Martin Island” is not a part
of the referent of the “Collectivité de Saint-Martin” and vice versa. However,
it is normally considered that there are no two objects that occupy the same
space at the same time (or they cannot coincide). This coincidence of stages
appears to imply that referents of geographical names are parasitic to some
more fundamental entities (or ontologically dependent on them).
Furthermore, it appears that if the disputes between the worm view and the
stage view is applied to geographical entities, it is necessary to solve the current
problem. Sider summarizes this aspect in the following manner:
The central claim of the stage view is supposed to be that a speaker
refers to stages of worms sliced at the time of utterance [19, p. 199].
10
11

However, it is not the aim of this paper to discuss the metaphysics of social institutions (see, e.g., [9] for some overview).
This notion of social entity, whatever it is, must be clearly separated from that
of stereotype. For example, a district in Paris, in which there are only Starbuck’s
instead of cafes, is not stereotypical to Paris such that we would like to claim: “This
is not Paris.”
Discussing stereotypes is not relevant for the issue because one can construct
equivalent examples for all sorts of expressions, including common nouns or verbs.
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This is exactly the problem that we face. Therefore, metaphysics does not solve
our problem. Rather, to solve the metaphysical dispute between the worm view
and the stage view, one needs to solve the question regarding the reference of
geographical names.
3.3

Geographical Territory as the Geographical Name Default
Reference

These considerations lead to endorse the position that a geographical name refers
to some speciﬁc geographical territory in the standard context. That is, the
geographical developments are a relevant puzzle in the appropriate theoretical
analysis of geographical names.
This is also supported by another class of observations that similar cases can
be constructed for any kind of geographical development, namely, including referents of geographical names that are not represented by any social institutions.

4

Analyzing Geographical Names with the Indexicality
Account

Now, we are coming back to the point where we were at the end of Sect. 2; that
is, if a geographical name, “Paris,” is used, it refers to certain speciﬁc territory,
as the city of Paris has diﬀerent territories in eighteenth century and today.
It is now clear why this paper does not take the homonymy account, which
treats the combination between a genuine name and its bearer as a part of
a speciﬁc name, into consideration. This is because, according to homonymy
accounts, it does not make sense to claim what is conveyed in the following
sentence:
(12) Since sixteenth century, Paris has continued to expand.
On the one hand, asserting (12) assumes that there is one and the same name
that is used through time. On the other hand, there are many speciﬁc names
in this time period. This undermines the existence of common currency names
[4].12
It is worth noting that, while (12) is problematic for the indexicality account
of geographical names, equivalent examples containing personal names, such as
(13), is not:
(13) Until 21, Tomoo has kept growing.
In this section, the geographical development cases will be analyzed in terms
of the indexicality account with generic names.

12

From the same reason, the Weaker view of the indexicality account (which
Stojanovic [20] examined) does not come into consideration here.
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The Stronger View

To keep track of the referents of names for growing regions, one needs to track
two things: one is the current bearer of the name, and the other is the history of
the development of usage of the name. The former amounts to what Stojanovic
calls the “Stronger View”:
All there is to semantic content is the lexically encoded content. Proper
names are not associated with any lexically encoded content. As a consequence, proper names make no contribution to semantic content [20,
p. 156].
If this is applied to geographical names, the semantic content of a geographical
name is nothing but its referent in a certain context.
Another aspect is the causal history of communication regarding the name in
question (see Kripke’s discussion [6]). This lets one track the usage of a certain
geographical name. However, this is not a part of semantic content of a geographical name. Thus, the view in question is no form of descriptivism, because
the information the speaker uses for tracking can well be wrong without making
the entire report false.
These two aspects enable participants of discourse identify the referent of the
name in the speciﬁc context of utterance. Suppose I say to you,
(14) Paris is sunny today.
To determine the content of this utterance, you and me need to be located at
the end of the chain of communication about “Paris.” Further, you know that
I know the current bearer of the name; hence, that I am located in the same
chain, too. Since there are (at least) two chains of communication with regard
to “Paris,” which leads to two distinct current geographical territories (one in
France and one in Texas, United States), a generic name “Paris” in (14) has two
distinct potential referents depending on the context.
The diﬀerence between the Stronger View and the account that this paper
attempts to establish consists in the fact that generic names belong to the vocabulary of each language. First, in many countries, there are regulations that constrain what kind of generic names can be used for newborn children. Second, for
many names, the relationship between two equivalent names, such as, “Nihon”
(pronounced as /nihõfið/) “Japan” (pronounced as /dZ@"pæn/ in English), is
not merely the transcription.
That is, if one lacks knowledge of certain important (or common) generic
names, this could undermine the person’s linguistic competence in a certain
language. However, this is not the knowledge of naming conventions that describe
the relationship between generic names and their bearers, which is its default
referent. Rather, it is the knowledge of whether a speciﬁc sign can be used as
a generic name in the certain language. It is important to note that there is a
class of vocabulary that is not associated with lexically encoded content. Indeed,
there are many conversational particles that are used in one language, but they
have no descriptive content.
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To distinguish between Paris in France and Paris in the United States as referents
of the generic name “Paris,” the participants of the discourse must be a part of
the communicative chain of the names and be aware of the current bearers of
the names as well as the context that provides clues; this information enables
one to keep track of the reference. In this picture, it no longer makes sense to ask
whether they have diﬀerent names. If we now turn to the cases of geographical
developments, the analysis can be easily applicable to them. Because the bearer
is not any part of the meaning of the name “Paris,” the knowledge of the current
bearer of the name “Paris” (which is applied to the speciﬁc region in France)
merely serves to identify the relevant historical chain of communication, and
there is some speciﬁc geographical territory assigned for the name. Thus, for
example, “Paris” used in (15) refers to the geographical territory of 1790:
(11) Paris had a population density of 15,205 people per square kilometer in
1790.
To sum up, through the examination of the geographical development cases,
this paper analyzed the geographical names and their relationship to geographical territories, and maintains that the referent of a geographical name is some
speciﬁc territory that varies from context to context.
The version of account, which has been defended in this paper, can deal with
the following example very well:
(12) Since sixteenth century, Paris has continued to expand.
This can be described again in the following manner: for every pair time
point <t1, t2>, if t1 is later than t2, the referent of “Paris” at t1 is larger than
that at t2. An instance of this can be made explicit in the following manner:
(15) Paris today is larger than Paris in 1790.

5

Summary

This paper analyzed geographical names, which we saw behave diﬀerently from
personal names. The basic idea involves extending the indexicality account with
generic names. If a geographical name is used in the standard context, it refers
to speciﬁc geographical territory, whose development the discursive participants
keep track with (a) the causal history of communications of the name in question
and (b) its current referred territory.
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Taking geographical territories as the default referents of geographical names
appears to be beset with the problem of geological development. Examining this
sort of cases provides some reasons for preferring a version of the indexicality
accounts to the homonymy account.13
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Abstract. This paper studies the logical context-sensitivity of Aristotelian diagrams. I propose a new account of measuring this type of
context-sensitivity, and illustrate it by means of a small-scale example. Next, I turn toward a more large-scale case study, based on Aristotelian diagrams for the categorical statements with subject negation.
On the practical side, I describe an interactive application that can help
to explain and illustrate the phenomenon of context-sensitivity in this
particular case study. On the theoretical side, I show that applying the
proposed measure of context-sensitivity leads to a number of precise yet
highly intuitive results.
Keywords: Aristotelian diagram · Context-sensitivity
logic · Syllogistics · Information visualization

1

·

Background

Introduction

Aristotelian diagrams are compact visual representations of the elements of some
logical or conceptual ﬁeld, and the logical relations holding between them. Without a doubt, the oldest and most widely known example is the so-called ‘square
of oppositions’ [32]. The history of Aristotelian diagrams is well-documented:
their origins can be traced back to the logical works of Aristotle, and they have
been used extensively by medieval and modern authors such as William of Sherwood [23], John Buridan [36], John N. Keynes [22], George Boole and Gottlob
Frege [33]. In contemporary research, Aristotelian diagrams have been used in
various subbranches of logic, such as modal logic [4], intuitionistic logic [29],
epistemic logic [24], dynamic logic [9] and deontic logic [28], and also even in
metalogical investigations [12]. Furthermore, because of the ubiquity of the logical relations that they visualize, these diagrams are also often used in ﬁelds
outside of pure logic, such as cognitive science [2,30,34], linguistics [1,17,41,43],
philosophy [27,44], law [20,31,45] and computer science [10,13,15]. In sum,
then, it seems fair to conclude that Aristotelian diagrams have come to serve
Thanks to Hans Smessaert, Margaux Smets and three anonymous referees for their
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“as a kind of lingua franca” [19, p. 81] for a highly interdisciplinary community of researchers who are all concerned, in some way or another, with logical
reasoning.
Logical geometry systematically investigates Aristotelian diagrams as objects
of independent interest (regardless of their role as lingua franca), for example,
in terms of their information content [42]. One of the major insights to come
out of these investigations is that Aristotelian diagrams are context-sensitive:
the exact details of an Aristotelian diagram are highly dependent on the precise
logical system with respect to which this diagram is constructed.1 Although this
logical context-sensitivity has numerous and far-reaching consequences, it seems
to be relatively unknown—or at least insuﬃciently appreciated—by contemporary researchers working on Aristotelian diagrams.
The main aim of this paper is therefore to further illustrate and study the
context-sensitivity of Aristotelian diagrams. We will consider a single 8-formula
fragment (consisting of the categorical statements with subject negation), and
study the Aristotelian diagrams that it gives rise to in various logical systems.
This context-sensitivity can be concretely illustrated by means of an online available application, which allows users to deﬁne their own logical system (by selecting the axioms they want to ‘activate’), and instantaneously shows them how
their choices aﬀect the resulting Aristotelian diagram. Although this application
was primarily developed for broadly pedagogical purposes, it has also played an
important heuristic role in more theoretical investigations, for example, concerning the relation between logical strength and context-sensitivity.
It might be objected that the terms ‘context’ and ‘context-sensitive’ are used
here in a highly abstract fashion, since the relevant contexts here are logical
systems, which can be seen as mere lists of axioms. Indeed, the context-sensitivity
of an Aristotelian diagram (with respect to the background logic that is being
used) seems to be of a fundamentally diﬀerent nature than the more canonical
cases of context-sensitivity, such as the deictic words ‘I’, ‘you’, ‘now’, ‘here’, etc.
(with respect to context of utterance), or the words ‘to know’ and ‘knowledge’
(with respect to epistemic standards) [38]. However, this objection fails to take
into account that the acceptance or rejection of a certain axiom is often itself
the manifestation of a substantial position in some philosophical or empirical
debate. Consider, for example, the formulas Kp and ¬KKp (where Kϕ stands
for ‘the agent knows that ϕ’). The Aristotelian relation holding between these
formulas depends on the background logic: they are contradictory in the system
S4, but subcontrary in the system T. However, these two systems only diﬀer
from each other with respect to whether the positive introspection principle for
knowledge (Kϕ → KKϕ) is accepted as an axiom, and thus reﬂect diﬀerent
positions in the epistemological debate on the nature of knowledge [47].

1

Strictly speaking, the term ‘context-sensitive’ does not apply to the Aristotelian diagram itself, but to the fragment of formulas occurring in that diagram. Throughout
this paper, however, I will be using this term both in a strict sense (as applying to
fragments of formulas) and in a looser sense (as applying to Aristotelian diagrams).
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The paper is organized as follows. Section 2 introduces some basic notions
that will be used throughout the paper, and proposes a new account of measuring the logical context-sensitivity of Aristotelian diagrams. The next three
sections deal with a single fragment of 8 formulas, and the Aristotelian diagrams it gives rise to under various logical systems. First, Sect. 3 introduces the
fragment and the various logical systems, and discusses their conceptual and
historical importance. Next, Sect. 4 describes the interactive application that
was developed to illustrate the context-sensitivity of this 8-formula fragment.
Finally, Sect. 5 shows how the context-sensitivity measure proposed in Sect. 2
can be applied to the 8-formula fragment, and analyzes the results of this application. To conclude, Sect. 6 wraps things up, and mentions some questions for
further research.

2

Measuring Logical Context-Sensitivity

We begin by introducing the central notions that will be studied in this paper:
Definition 1. Let S be a logical system, which is assumed to have connectives
expressing classical negation (¬), conjunction (∧) and implication (→), and a
model-theoretic semantics (|=). The Aristotelian relations for S are deﬁned as
follows: two formulas ϕ and ψ are said to be
S-contradictory
S-contrary
S-subcontrary
in S-subalternation

iﬀ
iﬀ
iﬀ
iﬀ

S |= ¬(ϕ ∧ ψ)
S |= ¬(ϕ ∧ ψ)
S |= ¬(ϕ ∧ ψ)
S |= ϕ → ψ

and
and
and
and

S |= ¬(¬ϕ ∧ ¬ψ),
S |= ¬(¬ϕ ∧ ¬ψ),
S |= ¬(¬ϕ ∧ ¬ψ),
S |= ψ → ϕ.

Definition 2. Let S be a logical system as speciﬁed in Deﬁnition 1 and let F
be a fragment of S-contingent and pairwise non-S-equivalent formulas that is
closed under negation.2 An Aristotelian diagram for F in S is a diagram that
visualizes an edge-labeled graph G. The vertices of G 0 are the formulas of F,
and the edges of G are labeled by the Aristotelian relations holding between those
formulas, i.e. if ϕ, ψ ∈ F stand in some Aristotelian relation in S, then this is
visualized according to the code in Fig. 1(a).
Deﬁnition 1 is a formalized version of the traditional perspective on the Aristotelian relations, according to which two formulas are, for example, contrary iﬀ
they cannot be true together, but can be false together. Note that the seemingly
absolute statement “ϕ and ψ can be false together” corresponds to the statement
“there exists an S-model that satisﬁes ¬ϕ ∧ ¬ψ” (formally: S |= ¬(¬ϕ ∧ ¬ψ)),
which refers to the logical system S, and is thus logic-dependent. The restrictions made in Deﬁnition 2 (S-contingent, pairwise non-equivalent, closed under
negation) are motivated by historical as well as technical reasons (see [42, Subsect. 2.1] for details). Figure 1(b) shows a typical example of an Aristotelian
2

So for all distinct ϕ, ψ ∈ F , it holds that S |= ϕ, S |= ¬ϕ, S |= ϕ ↔ ψ, and there
exists a ϕ ∈ F such that S |= ϕ ↔ ¬ϕ.
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Fig. 1. (a) Code for visualizing the Aristotelian relations, (b) an Aristotelian square
in CPL, and (c) its Boolean closure.

diagram, viz. a square for 4 formulas from classical propositional logic (CPL),
and Fig. 1(c) shows this square’s Boolean closure, i.e. the Aristotelian diagram
that consists of all contingent Boolean combinations of formulas in the square.
In its theoretical study of Aristotelian diagrams, logical geometry makes
extensive use of bitstrings. Bitstrings are representations of formulas that allow
us to easily determine the Aristotelian relations holding between these formulas.
A systematic technique for assigning bitstrings to any given ﬁnite fragment F
of formulas in any logical system S is described in detail in [11]; here we will
focus on those aspects
 that are relevant for our current purposes. We deﬁne the
partition ΠS (F):={ ϕ∈F ±ϕ} − {⊥} (where +ϕ = ϕ and −ϕ = ¬ϕ),3 and note
that everyformula ϕ ∈ F is S-equivalent to a disjunction of elements of ΠS (F),
viz. ϕ ≡S {α ∈ ΠS (F) | S |= α → ϕ}.4 The number |ΠS (F)| is the number of
bit positions, i.e. the bitstring length, that is required to represent the formulas
of F by means of bitstrings. If D is an Aristotelian diagram for the fragment F in
the system S, then the Boolean closure of D contains 2|ΠS (F )| − 2 formulas. Consider, for example, the fragment F:={p∧q, ¬p∧¬q, p∨q, ¬p∨¬q} of CPL-formulas,
and its Aristotelian diagram, which is the square in Fig. 1(b). It can be shown
that ΠCPL (F) = {p ∧ q, ¬p ∧ ¬q, p xor q}, and hence, the Boolean closure of the
square in Fig. 1(b) should be a diagram containing 2|ΠCPL (F )| − 2 = 23 − 2 = 6
formulas, which is exactly the hexagon in Fig. 1(c).
If a fragment F contains only S-contingent and pairwise non-S-equivalent
formulas, and is closed under negation, then the relation between the fragment’s
size (i.e. |F|) and the bitstring length required to represent it (i.e. |ΠS (F)|) can
|F |
be characterized as follows: log2 (|F| + 2) ≤ |ΠS (F)| ≤ 2 2 [11, Subsect. 3.3].
n
Deﬁning the n-range to be the set Rn :={x ∈ N | log2 (n + 2) ≤ x ≤ 2 2 }, this
can trivially be reformulated as follows: if F contains the formulas appearing in
3
4

The set
 ΠS (F ) is called a ‘partition’ because its elements are (i) jointly exhaustive
(S |= ΠS (F )), and (ii) mutually exclusive (S |= ¬(α∧β) for distinct α, β ∈ ΠS (F )).
The bitstring representation of ϕ is meant to keep track which formulas of ΠS (F )
enter into this disjunction. For example, if ΠS (F ) = {α1 , α2 , α3 , α4 }, then ϕ is
represented by the bitstring 1011 iﬀ ϕ ≡S α1 ∨ α3 ∨ α4 .
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some Aristotelian diagram, then |ΠS (F)| ∈ R|F | (informally: F can be represented by bitstrings of length  ∈ R|F | ). Furthermore, it can be shown that all
values in the n-range Rn will be ‘needed’ at some point, in the sense that for
every  ∈ Rn , there exists a fragment/logic pair whose representation requires
bitstrings of length exactly . Formally:
for all  ∈ Rn , there exists a fragment F (such that |F| ≤ n) and
there exists a logical system S such that |ΠS (F)| = .
Note that in order to reach every  ∈ Rn , the statement above allows us to
choose speciﬁc values for both the ‘fragment parameter’ and the ‘logical system
parameter’ (cf. the existential quantiﬁcation over F as well as S). This observation leads to the following proposal to measure the context-sensitivity of a given
Aristotelian diagram/fragment with respect to a set S of logical systems.
Proposal. The logical context-sensitivity of a given fragment F with respect to
some set S of logical systems is positively correlated to the number of values in
the |F|-range that are reached if
1. the ‘fragment parameter’ is ﬁxed to F, and
2. the ‘logical system parameter’ varies within S.
This proposal has two limiting cases:
– F is minimally context-sensitive with respect to S.
This means that for all logical systems S, T ∈ S, it holds that |ΠS (F)| =
|ΠT (F)|. This is equivalent to there being some  ∈ R|F | such that for all
logical systems S ∈ S, it holds that |ΠS (F)| = . Informally: by ﬁxing the
fragment parameter to F, only a single value in the |F|-range is reached.
– F is maximally context-sensitive with respect to S.
This means that for all  ∈ R|F | , there exists a logical system S ∈ S such that
|ΠS (F)| = . Informally: even though the fragment parameter is ﬁxed to F,
varying the logical system parameter within S suﬃces to reach all values in
the |F|-range. In other words, all bitstring lengths that might theoretically be
necessary to represent fragments of the same size as F, are already needed to
represent F itself, under the diﬀerent logical systems in S.5
To illustrate this account of context-sensitivity, we will consider the case of
4-formula fragments, i.e. the case of Aristotelian squares. Note that the 4-range
is R4 = {3, 4}, which means that every Aristotelian square (regardless of the formulas it contains, regardless of the logical system in which it is constructed) can
be represented by bitstrings of length either 3 or 4. Now consider the speciﬁc 4formula fragment F † := {all(A, B), some(A, B), all(A, ¬B), some(A, ¬B)}.
Informally, these formulas read as “all As are B”, “some As are B”, “all As
5

Note the subtly diﬀerent quantiﬁcation patterns corresponding to these two limiting
cases: minimal context-sensitivity corresponds to ∃ ∈ R|F | : ∀S ∈ S : |ΠS (F )| = ,
while maximal context-sensitivity corresponds to ∀ ∈ R|F | : ∃S ∈ S : |ΠS (F )| = .
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Fig. 2. (a) ‘Classical’ square for F † in SYL, (b) ‘degenerated’ square for F † in FOL.
Each square is decorated with both F † and its bitstring representation.

are not B” and “some As are not B”, respectively,6 and they can be interpreted
in various ‘reasonable’ logical systems, such as FOL (contemporary ﬁrst-order
logic) and SYL (i.e. FOL + ∃xAx).7 It is shown in [11, Sect. 4] that
– ΠFOL (F † ) = {all(A, B)∧some(A, B), some(A, B)∧some(A, ¬B), all(A, ¬B)∧
some(A, ¬B), all(A, B) ∧ all(A, ¬B)},
– ΠSYL (F † ) = {all(A, B), some(A, B) ∧ some(A, ¬B), all(A, ¬B)},
and hence |ΠFOL (F † )| = 4 and |ΠSYL (F † )| = 3. This shows that for all  ∈
R4 = {3, 4}, there exists a logical system S ∈ S † := {FOL, SYL} such that
|ΠS (F † )| = , and hence, the fragment F † is maximally context-sensitive with
respect to S † . This context-sensitivity can also clearly be seen in the Aristotelian
diagrams themselves: in SYL, the fragment F † gives rise to a ‘classical’ square
of opposition, which is shown in Fig. 2(a) and can be represented by bitstrings
of length 3, whereas in FOL, the same fragment gives rise to a ‘degenerated’
square or “X of opposition” [3, p. 13], which is shown in Fig. 2(b) and can be
represented by bitstrings of length 4.

3

Categorical Statements and Subject-Negation

At the end of the previous section, I introduced the fragment F † , and showed it
to be maximally context-sensitive with respect to the reasonable logical systems
in S † . The next three sections of this paper will be devoted to studying and
illustrating the context-sensitivity of a larger fragment F ‡ (which includes F †
itself) with respect to a larger set of logical systems S ‡ (which includes S † itself).
I start by introducing the fragment F ‡ and the logical systems in S ‡ .
The statements in the original fragment F † are categorical statements, which
are of the form quantiﬁer (subject, predicate). They are among the oldest sentences to be studied from a logical perspective [32], and traditionally, they
6
7

As is well-known, in the language of ﬁrst-order logic, these formulas can be formalized
as ∀x(Ax → Bx), ∃x(Ax ∧ Bx), ∀x(Ax → ¬Bx) and ∃x(Ax ∧ ¬Bx), respectively.
Later in the paper, I will have more to say about when exactly a logical system can
be considered ‘reasonable’ for a given fragment.
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Fig. 3. (a) Aristotelian square for F ‡ − F † in FOL({A2}), (b) Aristotelian octagon for
F ‡ in FOL({A1, A2, A3, A4}).

are classiﬁed according to their quantity and quality. With respect to quantity, we distinguish between universal and particular statements, whose quantiﬁers are all and some, respectively. With respect to quality, we distinguish
between aﬃrmative and negative statements, whose predicates are of the form
B and ¬B, respectively. The traditional classiﬁcation according to quality is thus
exclusively based on whether the statements’ predicates are negated. Over the
course of history, however, logicians have also become interested in the eﬀects of
subject negation [7,8,16,21,22,25,35,37], thereby obtaining the new statements
all(¬A, B), some(¬A, B), all(¬A, ¬B), some(¬A, ¬B). The 8-formula fragment
F ‡ is deﬁned to contain exactly these 4 new statements, together with the 4
original statements of F † . It thus trivially holds that F † ⊆ F ‡ .
The 4 new statements can themselves be used to construct a second Aristotelian square. Figure 3(a) shows this square, as constructed in the logical system FOL({A2}), which will be described below. Note that this square is classical (i.e. not degenerated) iﬀ the underlying logic contains ∃x¬Ax as an axiom,
which is analogous to the ﬁrst square (for F † ) being classical iﬀ the underlying logic contains ∃xAx as an axiom. More interestingly, we can also consider
Aristotelian diagrams for the entire 8-formula fragment F ‡ . Some authors have
proposed an octagon [16,21,22], while others have made use of a cube [8,25,37].
In the current paper, the fragment F ‡ will always be visualized by means of
an octagon. Figure 3(b) shows this octagon, as constructed in the logical system
FOL({A1, A2, A3, A4}), which will also be described below. Because of the logical context-sensitivity of Aristotelian diagrams, other logical systems will lead to
other versions of this octagon. I will therefore now introduce the various logical
systems in which the Aristotelian octagon for F ‡ will be constructed.
The logical systems that will be relevant for our purposes all consist of
ﬁrst-order logic (FOL), with additional axioms coming from the set AX :=
{A1, A2, A3, A4, A5, A6}, which contains the following statements:
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A1
A2

∃xAx
∃x¬Ax

A3
A4

∃xBx
∃x¬Bx

A5
A6

∃x¬(Ax ↔ Bx)
∃x¬(Ax ↔ ¬Bx)

For any set A ⊆ AX , let FOL(A) be the logical system that is obtained by
adding the formulas in A as axioms to FOL. We will be interested in the set
of logical systems S ‡ := {FOL(A) | A ⊆ AX }. Note that all the statements in
AX are independent of each other, in the sense that there exist no A ⊆ AX
and α ∈ AX − A such that α is derivable in FOL(A) (in which case we would
have FOL(A) = FOL(A ∪ {α})); this means that the logical systems in S ‡ are
all distinct from each other, and hence S ‡ contains exactly |℘(AX )| = 2|AX | =
26 = 64 distinct logical systems. The weakest system in S ‡ is FOL(∅), i.e. FOL
itself, while the strongest system in S ‡ is FOL(AX ). Finally, note that since
FOL = FOL(∅) and SYL = FOL({A1}), it holds that S † = {FOL, SYL} ⊆ S ‡ .
All the logical systems in S‡ are ‘reasonable’ to a certain degree, in the sense
that all of their axioms have been defended by various logicians in relation to
substantial philosophical and psychological debates. To begin with, note that all
systems in S ‡ are extensions of the system FOL of ﬁrst-order logic, which is itself
by far the most widely used logical system today. Next, the statements A1–A4
can all be seen as (partial) interpretations of the traditional existential import
principle. According to its most cautious interpretation [5,40], this principle
states that the predicate occuring in the ﬁrst argument position of a categorical statement should not have an empty extension, which is captured by A1.
However, another interpretation is that all predicates should have non-empty
extensions, regardless of whether they occur in the categorical statement’s ﬁrst
or second argument position [39]; this means that both A1 and A3 should be
accepted as axioms. Furthermore, based on psychological considerations, authors
such as Seuren [39] have argued that just as a predicate’s extension should not be
allowed to be empty, it should not be allowed to encompass the entire universe
either; this means that A2 and/or A4 should be accepted as axioms. The most
liberal interpretation of the existential import principle, then, which is held by
authors such as Keynes [22], Johnson [21] and Hacker [16], takes this principle
to state that all of A1, A2, A3 and A4 should be accepted as axioms.
Finally, the statements A5 and A6 have been defended by Reichenbach [37].
Informally, the former states that the predicates A and B should not be perfect
synonyms, while the latter states that A and B should not be perfect antonyms.
More precisely, these statements impose a strict correlation between syntactic
diﬀerences and semantic diﬀerences. For example, A5 states that since there is
a syntactic diﬀerence between the predicates A and B (viz. they are symbolized
using diﬀerent letters), there should also be a semantic diﬀerence between them
(viz. they should have diﬀerent extensions). A similar principle is at work in
Wittgenstein’s version of predicate logic, in which distinct variables are taken to
have distinct values [46,48].8 From a more empirical perspective, principles such
8

For example, in this system, the sentence ‘there are at least two As’ would not be
formalized as ∃x∃y(Ax ∧ Ay ∧ x = y), but simply as ∃x∃y(Ax ∧ Ay): the syntactic
diﬀerence between the variables x and y suﬃces to indicate that there is also a
semantic diﬀerence between them, i.e. that they have distinct values.

Interactively Illustrating the Context-Sensitivity of Aristotelian Diagrams

339

Fig. 4. Screenshot: the Aristotelian diagram for F ‡ in the system FOL({A1, A3, A5}).

as A5 and A6 seem to be related to linguistic work on language evolution and
language acquisition, in which it is often assumed that humans have an (innate)
tendency to avoid perfect synonyms as much as possible [6,18,26].

4

An Interactive Illustration

Earlier research on the logical context-sensitivity of Aristotelian diagrams has
focused on (families of) logics such as epistemic logic [14] and metalogic [12]. In
contrast to these more advanced case studies, the fragment F ‡ and the logics
in S ‡ presented in this paper are quite elementary, which renders them particularly suitable for explaining the phenomenon of context-sensitivity to a broader
audience. In order to support and facilitate this pedagogical goal, an interactive
application has been created and made available online, at the following location:
http://www.logicalgeometry.org/octagon context.html.
The application was developed using the XML-based Scalable Vector Graphics format (for the graphical aspects) and JavaScript (for the interactivity). The
user interface has been kept very simple: the screen is vertically divided into a
left half and a right half. The left half shows the Aristotelian diagram for F ‡ ,
based on the logical system that is currently ‘activated’. The right half contains
6 ‘axiom buttons’ and 3 ‘auxiliary buttons’. The former correspond exactly to
the statements in AX , and each of them can be activated or deactivated. In this
way, the user can select any of the logical systems FOL(A) ∈ S ‡ , by activating
exactly the axiom buttons corresponding to the statements in A. As the user
activates or deactivates a particular axiom (and thus goes from one logical system to another one), she can immediately observe the eﬀects of this change on
the Aristotelian diagram for F ‡ on the left half of the screen. For example, the
screenshot in Fig. 4 shows that the user has activated the axiom buttons corresponding to A1, A3 and A5, and hence the application shows the Aristotelian
diagram for F ‡ in the system FOL({A1, A3, A5}).
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Fig. 5. Screenshot: the Aristotelian diagram for F ‡ in the system
FOL({A1, A2, A3, A4}), its bitstring representation, and a popup window showing the formulas of ΠFOL({A1,A2,A3,A4}) (F ‡ ) (in simpliﬁed form).

In addition to the 6 axiom buttons, the right half of the screen also contains 3 auxiliary buttons. The ﬁrst button allows the user to decide whether
the bitstring representations of the F ‡ -formulas should be shown next to these
formulas. Recall that the bitstring representation of a given formula depends
on the logical system that is currently activated; for example, a single formula
might correspond to a bitstring of length 6 in one logical system, and to a bitstring of length 9 in another logical system. Consequently, if the ‘show bitstrings’
button is switched on and the user activates or deactivates a particular axiom
(and thus goes from one logical system to another one), this will not only aﬀect
the Aristotelian diagram for F ‡ itself, but also the bitstring representations of
the formulas in that diagram. In this way, the user can easily experiment with
the various logical systems in S ‡ , and explore which systems give rise to which
kinds of bitstrings, etc. Finally, there are two buttons that launch popup windows showing the bitstring semantics, i.e. the formulas in ΠS (F ‡ ), with respect
to which the bitstrings for F ‡ are deﬁned (where S ∈ S ‡ is the logical system
that is currently activated). Recall from Sect. 2 that these formulas are formally
deﬁned as conjunctions of (negations of) the formulas in F ‡ ; however, in many
cases, these long conjunctions can be simpliﬁed to equivalent, but much shorter
formulas. One button shows the bitstring semantics in normal form (i.e. as the
original conjunctions), while the other one shows it in simpliﬁed form.
For example, the screenshot in Fig. 5 shows that the user has activated the
axiom buttons corresponding to A1, A2, A3 and A4, and hence the application
shows the Aristotelian diagram for F ‡ in the system FOL({A1, A2, A3, A4})—
also see Fig. 3(b). Furthermore, the ‘show bitstrings’ button has been switched
on, so the formulas of F ‡ are shown together with their bitstring representations.
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Since |ΠFOL({A1,A2,A3,A4}) (F ‡ )| = 7, these are bitstrings of length 7. Finally,
clicking the ‘show bitstring semantics in simpliﬁed form’ button has launched a
popup window showing the 7 (simpliﬁed) formulas in ΠFOL({A1,A2,A3,A4}) (F ‡ ).

5

Theoretical Analysis

Making use of the application described in the previous section, it can easily be
observed that each of the 64 logical systems in S ‡ gives rise to a diﬀerent Aristotelian diagram for F ‡ .9 This can be explained by noting that the octagon for
F ‡ contains exactly 6 squares,10 and each square corresponds exactly to a statement in AX : the square is classical (i.e. not degenerated) iﬀ the corresponding
statement is an axiom in the logical system with respect to which the octagon is
deﬁned. For example, the octagon for F ‡ with respect to FOL({A1, A2, A3, A4})
in Fig. 3(b) contains 4 classical squares (viz. those corresponding to A1, A2, A3
and A4) and 2 degenerated ones (viz. those corresponding to A5 and A6). Furthermore, note that this precise correspondence between the 6 squares inside the
octagon for F ‡ and the 6 statements A1–A6 further corroborates the claim that
A1–A6 are the most natural axioms to consider when studying F ‡ .
The fact that each logical system in S ‡ gives rise to a diﬀerent Aristotelian
diagram for F ‡ is already a powerful illustration of the context-sensitivity of
F ‡ with respect to S ‡ . To assess this context-sensitivity in a mathematically
more precise way, we will now make use of the account proposed in Sect. 2.
Since |F ‡ | = 8, we are interested in the 8-range, which is easily calculated to
be R8 = {4, 5, . . . , 15, 16}. Recall that this intuitively means that every possible
Aristotelian octagon (regardless of the formulas it contains, regardless of the logical system in which it is constructed) can be represented by bitstrings of length
between 4 and 16 (inclusive). Again making use of the application described in
the previous section, we obtain Table 1.11
For example, the cell on the uppermost row and rightmost column of Table 1
tells us that if we are working in the system FOL({A1, A2, A3, A4}), the fragment
F ‡ can be represented by bitstrings of length 7 (also see Fig. 5).
Comparing Table 1 with the 8-range, several observations can be made. First
of all, note that even though the logical systems in S ‡ all give rise to diﬀerent
Aristotelian diagrams for F ‡ , it is not the case that they all give rise to diﬀerent
bitstring lengths (which is impossible, since |S ‡ | = 64 > 13 = |R8 |). It turns
out that only 8 bitstring lengths are required to represent F ‡ under the various
8
≈ 0.62, this
systems in S ‡ , viz. 16, 12, 10, 9, 8, 7, 6 and 5. Since |R88 | = 13
9
10

11

We already encountered a similar situation in Sect. 2, where it was shown that each
system in F † gives rise to a diﬀerent Aristotelian square for F † ; see Fig. 2.
An Aristotelian octagon can be seen as consisting of 4 pairs of contradictory formulas (PCDs), and a square as 2 PCDs. The number of squares inside an octagon
thus equals the number of
in which one can select 2 PCDs out of 4 (without
 ways
4!
= 6.
replacement), which is 42 = 2!2!
For reasons of space, a logical system such as FOL({A1, A2, A3}) is abbreviated as
‘123’, and the bitstring length |ΠS (F ‡ )| as S .
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Table 1. The 64 logical systems in S ‡ and the corresponding bitstring lengths.
S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

∅

16

13

10

46

10

235

9

234

8

356

8

1356

7

1234

7

1

12

14

10

35

10

246

9

146

8

456

8

1346

7

23456

6

2

12

15

10

36

10

134

8

236

8

3456

7

1345

7

13456

6

3

12

16

10

12

9

135

8

245

8

2456

7

1256

7

12456

6

4

12

23

10

34

9

123

8

156

8

2356

7

1246

7

12356

6

5

12

24

10

56

9

124

8

256

8

2346

7

1245

7

12346

6

6

12

25

10

136

9

125

8

345

8

2345

7

1236

7

12345

6

45

10

26

10

145

9

126

8

346

8

1456

7

1235

7

123456

5

means that of all the bitstring lengths that might theoretically be necessary to
represent an arbitrary 8-formula fragment with respect to an arbitrary logical
system, about 62 % is already necessary to represent the particular fragment F ‡
with respect to the particular logical systems in S ‡ .
In terms of extreme values, we see that the highest value in the 8-range is
reached, i.e. there is a system S ∈ S ‡ such that |ΠS (F ‡ )| = 16, viz. S = FOL(∅).
By contrast, the lowest value in the 8-range is not reached, i.e. there is no S ∈ S ‡
such that |ΠS (F ‡ )| = 4. In other words, even though there exist some 8-formula
fragment F and some logical system S such that |ΠS (F)| = 4, we cannot take
F = F ‡ and S ∈ S ‡ .12 Note, however, that the second lowest value in the 8range is reached by some system in S ‡ , since |ΠFOL(AX ) (F ‡ )| = 5. The weakest
logical system FOL(∅) thus yields the highest bitstring length (16), while the
strongest logical system FOL(AX ) yields the lowest (attainable) bitstring length
(5). This suggests an inverse correlation between logical strength and bitstring
length: stronger logical systems yield shorter bitstrings. The intuitive explanation of this inverse correlation is based on the fact that bitstring length is itself
positively correlated to the size of the Boolean closure (cf. Sect. 2): a stronger
logical system can prove more formulas in the Boolean closure of F ‡ to be equivalent to each other, so this Boolean closure will contain fewer formulas (up to
logical equivalence), which in turn means that the bitstrings will be shorter.
In order to make this inverse correlation more precise, note that for logical
systems S ∈ S ‡ , the logical strength of S can be taken to be simply the number
of statements in AX that are axioms of S. In other words, for A, B ⊆ AX , we
say that FOL(A) is stronger than FOL(B) iﬀ |A| > |B|. The inverse correlation
between logical strength and bitstring length can now be expressed as follows:
for all A, B ⊆ AX : if |A| < |B|, then |ΠFOL(A) (F ‡ )| ≥ |ΠFOL(B) (F ‡ )| (InvCor)
12

There certainly do exist systems S such that |ΠS (F ‡ )| = 4. This is the case, for
example, for the system S∗ that is obtained by adding to FOL(AX ) the additional
/ S ‡,
axiom all(A, B)∨all(A, ¬B)∨all(¬A, B)∨all(¬A, ¬B). Note, however, that S∗ ∈
∗
‡
and, more importantly, S is far less reasonable than any of the systems in S .
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The truth of (InvCor) can be checked by means of Table 1. Furthermore, note
that we almost have an even stricter version of this inverse correlation principle, in the sense that for almost all sets A, B ⊆ AX , the comparison operator
≥ in the consequent of (InvCor) can be replaced by >. As can be veriﬁed
by means of Table 1, the only counterexamples to this stricter claim involve
A ∈ {{A1, A2}, {A3, A4}, {A5, A6}} and B ∈ {{A1, A3, A6}, {A1, A4, A5}, {A2,
A3, A5}, {A2, A4, A6}}, in which case we have |A| = 2 < 3 = |B| and yet
|ΠFOL(A) (F ‡ )| = 9 = |ΠFOL(B) (F ‡ )|.

6

Conclusion

This paper has studied the logical context-sensitivity of Aristotelian diagrams,
focusing on the fragment F ‡ of categorical statements with subject negation,
and the set S ‡ of logical systems based on the axioms in AX . I have described
an interactive application that can help to illustrate the context-sensitivity of
F ‡ with respect to S ‡ . On the theoretical side, I have proposed a new account
to measure the context-sensitivity of Aristotelian diagrams, and shown that it
leads to precise yet highly intuitive results in the case of F ‡ and S ‡ . In future
work, this account will be applied to other fragments and logical systems.
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Abstract. We augment the applicability of Lappin’s intensional parametrization of the determiners many and few by combinatorial means,
and show how to arrive at graded interpretations of corresponding natural language statements.
Keywords: Natural language semantics
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1

·

Vagueness

·

Quantiﬁers

·

Introduction

Our aim in this paper is incorporate combinatorial techniques into natural language semantics, and, particularly, to develop a concept of natural language
quantiﬁcation. During the last decades, there have been several approaches to
context dependent interpretation regarding determiners like many, and we ﬁnd
that they can be divided into two main streams. One is carried out by linguists,
like Fernando and Kamp [6], Keenan and Stavi [9], Barwise and Cooper [1],
or Westerståhl [13,14], and Lappin [10–12], and they all share the feature of
two-valued interpretation, that is, the expressions, involving many, are either
true or false. Then, there is the other community, namely the fuzzy logicians,
like Zadeh [15], Glöckner [8], or Hájek [2], and Fermüller [3–5]. They, accept the
need of graded interpretations, while the use of contexts, that is in particular
also the acceptance of intensional aspects of the matter, is still best observed
in [12], where extensionality and intensionality get ﬁt into one unifying frame. In
both, the extensional and the intensional setting, one can make use of comparison
classes. Lappin calls them comparison sets in the extensional case and normative
situations for the intensional case. Even though we follow his terminology, we
intend to show, that the underlying combinatorial pattern is the same in both
cases. In so doing, we will give four additional extensional readings for many in
Sect. 2, and eight new intensional readings in Sect. 3, and each time emphasize
the combinatorial underpinnings. Also, in Sect. 2, we characterize what can be
seen as a canonical structure for contexts, which we call a distinction tree. The
ideas get illustrated through an easy context dependent statement, involving
many. Eventually, in Sect. 4, we show how one can go down the road to graded
interpretations of many, and how many and few are functionally related. Thus,
this paper aims at bringing the two streams closer together.
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Lappin’s Approach and Beyond

Our main reference throughout this paper will be Shalom Lappin’s article [12],
and particularly his two-valued intensional parametric interpretation of  many ,
namely this one:
Bsa ∈  many (Asa ) iﬀ
S = ∅, and for all sn ∈ S,

Asa ∩ Bsa   Asn ∩ Bsn 

(1)

The statement is formulated in the following notation (cf. [12], p. 601):
• sa is an actual situation (a situation that supports only states of aﬀairs that
we identify as actual).
• S is a set of normative situations sn.
• a situation is, eﬀectively, a non-maximal possible world1 .
• for a predicate P , we have P s = {a : s  P (a)}, thus the set of a such that
P (a) holds in s2 .
Thus, assuming we have a domain of objects, that share two crisp3 properties
A and B, and distinguished other domains where all objects have the same two
properties, Lappin’s semantics of many evaluates to true iﬀ the original domain
is at least as big, in terms of cardinality, as the distinguished other domains.
Hence, it is necessary to point out that not the range of the determiner is
vague, but what is meant by vague, is that there are diﬀerent possibilities for
interpreting it. Contrasting it with  every , Lappin states this:
“By contrast  many  and  few  allow a large number of distinct interpretations whose speciﬁcation involves essential reference to contextual parameters.
In fact, these quantiﬁers seem to be vague in a way that GQ’s like  every 
are not” ([12], p. 600).

In this section, we will follow that strategy, and come back to the possibility
of augmenting it in Sect. 4. The following statement of Lappin’s can be seen as
a motivation for his approach:
“The determiners many and few are problematic for generalized quantiﬁer
theory because, as has frequently been noted, their interpretations are radically
context-dependent and under-determined” ([12], p. 599).

He singles out the two options of extensional readings and intensional readings,
but in each case (1) is meant to give an adequate semantics. Referring to the
work of Keenan and Stavi (1986, [9]) and Fernando and Kamp (1996, [6]) in this
area, he gives the following assessment:
1
2
3

Cf. p. 601 in [12], footnote 6.
Cf. p. 602 in [12], footnote 8.
Here, crisp means two-valued.
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“Both types of analysis are problematic in that either they do not allow for
certain readings of many (few), or they generate multiple ambiguity with no
apparent upper bound on the set of possible interpretations for these determiners. In Sect. 2 I present a diﬀerent sort of intensional account of vague
quantiﬁers which avoids these diﬃculties” ([12], p. 601).

Also, he explains how extensionality and intensionality are related:
“In addition to intensional readings like those indicated for (7) and (9), it is
possible to derive from (5)4 the full range of extensional readings which have
been proposed on alternative accounts of many by extensionalising S through
the requirement that the elements of S = sa” ([12], p. 603).

For illustration, Lappin gives nine diﬀerent extensional readings of many,
referred to as (10), (11a–d), and (12a–d) (in [12]), and embeds them into his
setting. This appears to be a neat formal frame for ﬁguring things. Along with
it, we present four additional interpretations that ﬁt into this frame, to extend
his list of nine into a list of 13. We want to employ several “comparison sets”
to augment applicability. Thus, for i ∈ {1, . . . , k} let Ci be the i-th comparison
set. Also, we deﬁne:
sa
sa
sa
sa
sa
psa
B := |A ∩ B |, and pi := |A ∩ Ci  |.
sa
sa
Be Ia := {i : i ∈ {1, . . . , k}, pi > pB }, and a := |Ia |.
sa
Be Ib := {i : i ∈ {1, . . . , k}, psa
i = pB }, and b := |Ib |.
sa
Be Ic := {i : i ∈ {1, . . . , k}, pi < psa
B }, and c := |Ic |.
|C + | := max{|Ci sa ∩ Asa | : i ∈ {1, . . . , k}}

Now we can state our four additional interpretations for many:
(A1)
(A2)
(A3)
(A4)

S
S
S
S

sa
= {sn : sn = sa & psa
B  pi , for all i ∈ {1, . . . , k}}
sa
most i ∈ {1, . . . , k}}
= {sn : sn = sa & 
pB  psa
i , for
sa
= {sn : sn = sa & i∈Ia psa
i <
i∈Ic pi }
+
sa
= {sn : sn = sa & |C | < pB }

The second one is clearly just a weakening of the ﬁrst. Employing a ‘>’-sign,
instead of the ‘’-sign (in (A1) or (A2)), would be a strengthening. We will come
back to this in a bit. The third one is apparently somewhat new, even though the
meaning should be clear from a philosophical viewpoint. Having several comparison sets, it says the following: If the sum of the masses of the comparison sets
smaller than the one under investigation, is bigger than the corresponding sum of
the masses of the comparison sets bigger than the one under investigation, then
Bsa ∈  many (Asa ) can be regarded adequate. The last one can be seen as a
strengthening with respect to Lappin’s 12a, using several, instead of one, comparison set. One can also think of very diﬀerent readings of many. For example, there
4

The (1) from the present paper is referred to as (5) in [12].
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may be psychological reasons to consider something as many. In cases in which
there are no comparison classes, or at least, they are not obvious, we can think of
an information overflow interpretation. For example, if we look at a table, that
hosts exactly ﬁve coins, most of us will be able to recognize the number of coins at
once, without counting them. If we put 17 coins instead, most human brains will
consider that as to many to handle at once, and will need to count them. It seems
interesting to encounter such readings as well, but for the sake of brevity we will
not so do here. One example we consider here informally, builds upon the idea of
small children playing LEGO. What could bring a child to consider the number of
red LEGO-bricks as many, is that there are more of the red sort than of all other
colors. That would be Lappin’s interpretation, if he had introduced more than
one allowed comparison set, since we are in the extensional case. Still, it makes
sense to talk about ‘many red LEGO-bricks’, even if there is a color of which
there are more LEGO-bricks. That is what we formalize here. The intensional
case would be the one of one child playing LEGO, but, e.g., at diﬀerent days, and
in diﬀerent rooms, and using these diﬀerent information clusters as comparison
classes. This shall, on empirical grounds, motivate the need to extend Lappin’s
approach. The next example will be our running example for the remaining part
of the paper. It is a context dependent statement that will be revisited in Sect. 3:
“Many students are German”

(2)

For a ﬁrst assessment of this, we intend to use a situation sa to which we informally refer to as Vienna. Formally, we will deﬁne sa as follows:
Be E the set of all people registered in Vienna. Thus, E = {p1 , . . . , pm }
for some m ∈ N. We assume that ’being a student’ is a crisp predicate, and is
decidable, for all people living in Vienna. Hence, we separate the elements of E
in the following way:
Jst := {j : j ∈ {1, . . . , m} and student(pj ) is true}
Again, we assume that, for all such students, it is decidable whether one is
German or not, thus we separate Ist further:
Jst,G := {j : j ∈ Jst and German(pj ) is true}
Similarly, assuming there are k other nationalities C1 , . . . , Ck , apart from the
Austrians themselves, and that each person only possesses one citizenship, we
have:
Jst,At := {j : j ∈ Jst and Austrian(pj ) is true}
Jst,Ci := {j : j ∈ Jst and Ci (pj ) is true} for all Ci with i ∈ {1, . . . , k}.
˙ st,At ∪J
˙ st,C1 ∪˙ . . . ∪J
˙ st,Ck
Thus: Jst = Jst,G ∪J
Before we continue presenting the example for the extensional assessment of (2),
using only one situation, namely sa (= Vienna), we capture that context structure. Here, it is crucial, that the used predicates are crisp, and fulﬁll the law of
excluded middle with respect to the root-set E:
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This intuitive picture captures basically the idea of a canonical structure for
ﬁguring orderings of objects in a predicative way: At each node, we add a new
predicate, that all the node following objects have to fulﬁll forever. Thus, the
leaves carry objects, that fulﬁll all the predicates of the preceding nodes. This
tangible way of writing things down, can eventually lead to an increase of processability by machines. Lets give a deﬁnition:
Definition 1 (Distinction Tree). Be L a finite list of objects, and T a finitely
branching (finite) tree with root T0 . Be n ∈ N the number of objects in L, and
I := {1, . . . , n}. A node corresponds to a sublist of L. In particular, L = T0 .
t. If the
A node t is a successor of node t, if t ⊆ t. For this we write t
list-inclusion is strict, we say that t is an echt successor of t. For a list l =
(tm , . . . , t0 ) of nodes with tm ⊆ tm−1 ⊆ . . . ⊆ t0 , we set m (the number of listinclusions) as length of l, and denote it with lh(l). With slh(l) we denote the
number of strict list-inclusions. Also, we denote with t m t, that there is a list
l = (t, t1 , . . . , tm−1 , t ) with lh(l) = m, and with t sm t the same situation with
slh(l) = m. The list-inclusions are governed by the principle of separation, that
is, if, for r ∈ N, t sr t, then the objects of t fulfill all the very same properties
that the objects of t fulfill, plus exactly r more. If there is such a tree T with
L = T0 , and the union of all leaves gives L again, we call it a distinction tree.
Definition 2 (Context). A context is a distinction tree with L = E, for some
non-empty set E of finite cardinality.
Now, if we evaluate (2), using (Aj) (with j ∈ {1, . . . , 4}), and the context Vienna,
where we take C1 , . . . , Ck as our comparison sets, i.e. we actually evaluate “Many
(foreign) students (in Vienna) are German.”, we have the following four results:
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j = 1: (2) is true if and only if the number of German students in Vienna is
at least as big as the number of students from Ci in Vienna, for all i ∈
{1, . . . , k}.
j = 2: (2) is true if and only if the number of German students in Vienna is at
least as big as the number of students from Ci in Vienna, for more than half
of the i ∈ {1, . . . , k}. (Weakening w.r.t. j = 1)
j = 3: (2) is true if and only if the sum of the fractions that are smaller than
the German one, is greater than the sum of fractions that are bigger than
the German one.
j = 4: (2) is true if and only if the fraction of German students in Vienna is
greater than the one of every single comparison class. (Strengthening w.r.t.
j = 1)
Note that, unlike later on in the intensional case, there is no need to introduce
relativity counts here, since we would simply divide every term by the same
normative term Asa (= 0)5 , and hence it cancels out again immediately.
For readability and the sake of conciseness, we introduced only the four
readings (A1),...,(A4), but we will now, as a preparation for Sect. 4, show, how
the structure behind unfolds into a neat combinatorial pattern. Eventually, we
intend to motivate the use of this pattern for a graded interpretation of many.
We can have the following 13 orders of the numbers a, b, and c:
z1 : a > b > c

z2 : b > a > c

z3 : c > a > b

z4 : a = b > c

z5 : a > b = c

z6 : b > a = c

z7 : c > a = b

z8 : a = c > b

z9 : a > c > b

z10 : b > c > a

z11 : c > b > a

z12 : b = c > a

z13 : a = b = c
These classes correspond to integer partitions where the order counts:
IP := {(a, b, c) ∈ N3 : a + b + c = k}
We can make out three possible majority scenarios and one additional one:
(B1)
(B2)
(B3)
(B4)

sa
for most i ∈ {1, . . . , k} psa
i > pB
sa
for most i ∈ {1, . . . , k} pi = psa
B
sa
for most i ∈ {1, . . . , k} psa
i < pB
neither (B1) nor (B2) nor (B3) hold.

Of course, we could replace “most” with “all” in (B1), (B2), and (B3), but this
would make considerations only easier, thus we decided to go for the slightly
more involved (weaker) interpretation. Also, we want to point out, that the
distinction into the four above scenarios will yield a more precise consideration
than the one from (A1),..,(A4). It could easily be weakened to ﬁt the former
interpretation again, though. The reason why we are not doing it, is that we
5

Cf. remark on p. 9.
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want to emphasize the inherent combinatorial systematics. Particularly, when
we develop the graded interpretation of many, it will make sense to treat few
simultaneously, and therefor we will need the full structure at our disposal. To
stress this a bit further, in [12] Lappin also attempts to so do as well. This can
be read oﬀ the second quote of this paper, and from the following:
“A corresponding interpretation for  few  is obtained by substituting  few 
for  many  and ‘<’ for ‘’ in (5)6 ” ([12], p. 601).

Singling out (B2) as a distinct set of scenarios will enable us to give an even
more direct correspondence of the two determiners, in Sect. 4.
Clearly, | IP | =

(k+1)(k+2)
.
2

The number of possible scenarios for (B1), (B2), and (B3) is the same, namely:
 
 
  k 


If k is even: 12 k2 k2 + 1 . And if k is odd: 12 k2 + 1
2 +2 .
The remaining scenarios from (B4) will be referred to as no-majority situations.
Of them we have:

   k 



If k is even: 12 k2 + 1 k2 + 2 . And if k is odd: 12 k2
2 +1 .
Also, we could give a detailed analysis of the distribution of the orderings of the
numbers a, b, and c, and show how they can be used to determine intermediate
truth values of statements involving many. As this would take to much space,
we delegate it to future work. Here, we only emphasize the existence of this
pattern. The vicinity to probabilistic approaches (like the one of Fernando and
Kamp) may be apparent, even from this narrow treatment, though. Still, we give
an intuition how to evaluate (2) using more than two truth values, making use
only of the numbers a, b, and c:
Many(A, B) = 0, for scenarios from (B1).
Many(A, B) = 12 , for scenarios from (B2).
Many(A, B) = 1, for scenarios from (B3).
And for one of the remaining

 ones from (B4)


c > a → Many(A, B) ∈ 12 , 1 , and a > c → Many(A, B) ∈ 0, 12
Later, we intend to look into that a little bit deeper and also make use of the
measure of the corresponding comparison sets, as already indicated through
(A3). Deeper considerations, into the direction of probability theory, can ﬁnd a
good starting point in [7].

3

Diversification

In this section, we will show, why Lappin’s (1) is not enough to capture all
readings of many, by giving an easy example, employing again (2). Before we
6

The (1) from the present paper is referred to as (5) in [12].
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will so do, lets ﬁx some notation and have a look at the most apparent diﬀerent
interpretations: (S = {sni : i ∈ {1, . . . , n}})
sa

sa

sni

sni

|A ∩B |
|
psa
, and piB,rel := |A|A∩B
, and
sni |
B,rel :=
|Asa |
sa
sa
sa
i
sni
pB,abs := |A ∩ B |, and pB,abs := |A ∩ Bsni |.
Be Iα := {i : i ∈ {1, . . . , n}, piB,rel > psa
B,rel }, and α := |Iα |.
Be Iβ := {i : i ∈ {1, . . . , n}, piB,rel = psa
B,rel }, and β := |Iβ |.
i
sa
Be Iγ := {i : i ∈ {1, . . . , n}, pB,rel < pB,rel }, and γ := |Iγ |.
Be Iα̃ := {i : i ∈ {1, . . . , n}, piB,abs > psa
B,abs }, and α̃ := |Iα̃ |.
i
sa
Be Iβ̃ := {i : i ∈ {1, . . . , n}, pB,abs = pB,abs }, and β̃ := |Iβ̃ |.
Be Iγ̃ := {i : i ∈ {1, . . . , n}, piB,abs < psa
B,abs }, and γ̃ := |Iγ̃ |.

Bsa ∈  many (Asa ) iﬀ
i
S = ∅, and for every i ∈ {1, . . . , n}, it holds: psa
B,rel  pB,rel

(3)

Other options are striking, like the following two weakenings:
Bsa ∈  many (Asa ) iﬀ
i
S = ∅, and for most i ∈ {1, . . . , n}, it holds: psa
B,abs  pB,abs

(4)

Bsa ∈  many (Asa ) iﬀ
i
S = ∅, and for most i ∈ {1, . . . , n}, it holds: psa
B,rel  pB,rel

(5)

Or similarly to what we did before, we can use these two strengthenings:
Bsa ∈  many (Asa ) iﬀ
i
S = ∅, and it holds: psa
B,abs > max{pB,abs : i ∈ {1, . . . , n}} (6)

Bsa ∈  many (Asa ) iﬀ
i
S = ∅, and it holds: psa
B,rel > max{pB,rel : i ∈ {1, . . . , n}}

(7)

To complete our selection:
Bsa ∈  many (Asa ) iﬀ
piB,abs >

S = ∅, and it holds:
i∈Iγ̃

piB,abs

(8)

piB,rel

(9)

i∈Iα̃

Bsa ∈  many (Asa ) iﬀ
piB,rel >

S = ∅, and it holds:
i∈Iγ

i∈Iα
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Remark: To not run into trouble here, we use the following common interpreta|
= 0, if |N | = 0.
tion: For two sets M and N , we have: |M|N∩N
|
A natural question is now, whether we really do something new here, or
whether there is a way to translate (3)–(9), by some means, into (1). This can
also be so expressed:
Proposition 1. Let S = {sn1 , . . . , snn } be a set of normative situations. Furthermore, assume we want to employ the relative reading of many captured
by (3). It is not possible to rewrite S into S  = {sn1 , . . . , snn } such that S 
is a set of normative situations, and we can employ (1) equivalently to (3) using
this S  instead of S.
Proof. Assumptions:
• Asa = ∅, and Asn = ∅ for all sn ∈ S
• ∀sn∈S : |Asa ∩ Bsa |/|Asa |  |Asn ∩ Bsn |/|Asn |

()

We are looking for a S  such that:
∀sn ∈S  :





|Asa ∩ Bsa |  |Asn ∩ Bsn |

Our setting grants us, that A and B are ﬁxed predicates. Also, we can ﬁx some sn
from S for which we have equality in (), and try to rewrite it into an sn , while
Asa
sa is ﬁxed from the very beginning. Thus, generally by assumption, q := A
sn is
a non-negative rational number, depending particularly on the actual situation
sa. Hence, it can be, that q = 13 , as a special case, as well as it may be the case,


that |Asn ∩ Bsn | = 26. Now, since |Asn ∩ Bsn | ∈ N, it can not be, that:
sa

A
sn
∩ Bsn |,
|Asn ∩ Bsn | A
sn = |A

since that would mean, that
argument.



26
3



∈ N, which is clearly wrong. This completes the

(4) can be treated diﬀerently. Indeed, we can switch to a subset S  of S for which
we have that, (4) becomes (1), if we replace S by S  . Regarding (5), (7) and (9),
we can use a similar argument like for (3), hence they are not translatable into
(1). (6) is just a strengthening of (1), thus, the ﬁrst implies the latter, but not the
other way around. Hence, if we start oﬀ with (1), we can rewrite the S from there
into a S  , by dropping the situations for which we have equality, and arrive at
(6). Since (8) is a new plausible reading of many, not directly referring to psa
B,abs
at all, it is not translatable into (1) without losing the intended information that
it should express.
This shows, that there is much more to achieve than (1) suggests. Now,
again for clarity, lets look again at (2) and evaluate it with regard to the following set of normative situations S = {sn1 , sn2 , sn3 }, with sn1 = New York,
sn2 = London, and sn3 = Paris. So, what we intend to evaluate is, actually, the
following statement:
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“Many students are German (in Vienna, compared to NY, London and
Paris)”.
Lets consider the following ﬁctive numbers7 :

City

Inhabitants German students Per cent Students total Relative count
1800000

20000

∼ 0.011

60000

∼ 0.33

10000000

20010

∼ 0.002

150000

∼ 0.13

London 10000000

12000

∼ 0.0012 100000

∼ 0.12

Paris

10010

∼ 0.0046

∼ 0.125

Wien
NY

2200000

80000

Using (1), we are bound to evaluate (2) to false, unlike with, say (3), since, even
though there is a normative situation in which we have (absolutely) more German
students than in the actual one, it is still true, that Vienna has (relatively) the
most German students within all normative situations. This is still a plausible
reading of many. Since (3) is just the relative version of (1), it it obvious how
the interpret the two (absolute and relative) weakenings (4) and (5), as well as
the two (absolute and relative) strengthenings (6) and (7). Clearly, (8) and (9)
are the truly new intensional readings of many. Again, we point out, that, unlike
before in the extensional case, here it makes a diﬀerence whether we introduce
a relative version of (8), namely (9), for the normative situations are distinct.
These respectively evaluate to:
W.r.t. (8): Many(A, B) = 1, since 10010+12000>20010
W.r.t. (9): Many(A, B) = 1, since 0.12+0.125+0.13>0

4

Fuzzy Range

In this section, we intend to arrive at ﬁrst options for interpreting many in
the semy-fuzzy case, i.e. we want our predicates to be crisp, and classically
interpreted, but at the same time, we want to take up the challenge of graded
interpretations of many. In Glöckner’s [8], no intensionality is considered.
Lets have a look at the following function:
+
f : Q+
0 × Q0 \{0, 0} −→ [0, 1], with f (x, y) =

x
x+y

This one fulﬁlls the following ﬁve properties:
•
•
•
•
7

x = y implies, that f (x, y) = 12 
x > y implies, that f (x, y) ∈  12 , 1
x < y implies, that f (x, y) ∈ 0, 12
y = 0 implies, that f (x, y) = 1
‘German students’ corresponds to |B ∩ A|, ‘students’ corresponds to |A|, and
.
‘relative count’ corresponds to |B∩A|
|A|
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• x = 0 implies, that f (x, y) = 0
Thus, as a ﬁrst option one can give the following reﬁnement, for scenarios
from (B4), of what we did at the end of Sect. 2:
c
Many(A, B) = f (c, a) =
c+a
A deeper consideration (still with regard to the extensional case) may be this
one:

sa
i∈Ic pi
sa
sa

=
pi ,
pi
Many(A, B) = f
sa
sa
i∈Ic pi +
i∈Ia pi
i∈Ic

i∈Ia

The combinatorial structure used above allows for an analogue treatment of the
intensional case:
(C1)
(C2)
(C3)
(C4)

for most i ∈ {1, . . . , n} piB,rel > psa
B,rel
for most i ∈ {1, . . . , n} piB,rel = psa
B,rel
for most i ∈ {1, . . . , n} piB,rel < psa
B,rel
neither (C1) nor (C2) nor (C3) hold.

Thus (for scenarios from (C4)):
W.r.t. (5):
Many(A, B) = f (γ, α) =
W.r.t. (9):

γ
γ+α

⎛

⎞

Many(A, B) = f ⎝

piB,rel ⎠

piB,rel ,
i∈Iγ

i∈Iα



piB,rel

piB,rel + i∈Iα piB,rel
i∈Iγ

=
i∈Iγ

And for the remaining ones, analogously to the extensional case:
Many(A, B) = 0, for scenarios from (C1).
Many(A, B) = 12 , for scenarios from (C2).
Many(A, B) = 1, for scenarios from (C3).
Note, that for all scenarios from (B4) and (C4) it is not possible for a and c,
or α and γ respectively, to be zero at the same time. In fact, only if k, or n
respectively, is even, it may happen, that one of them is zero. Otherwise both
values are bound to be greater than zero.
So, through singling out the scenarios (B2) and (C2), we can now see the
symmetry of the parameters a and c, or α and γ respectively. This gives us
the opportunity to deﬁne few complementary to many, by just swapping the
denotation of the respective values a and c, or α and γ respectively. This is
also an argument why one may prefer the strict inequalities over the non-strict
ones, and at the same time a singling out of the third case to which we assigned
the intermediate truth value 12 . A full characterization of few is not part of this
paper, but can be carried out straightforwardly, particularly by means of this
functional equality:
Few(A, B) = 1 − Many(A, B)
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Conclusion and Future Work

We have seen how Lappin’s parametrization of many provides a neat frame to
evaluate natural language statements involving vague quantiﬁer expressions. On
top of that, we augmented the applicability through giving additional plausible
readings, for both the extensional and the intensional case. We have seen how
combinatorics can facilitate considerations, but interesting parts had to be delegated to future work. The full characterization of all mentioned distributions
is clearly our attempt, as well as formally making out all relevant parameters in
play. One class of readings that we did not touch in this paper are the subjective ones. For example, further information about our comparison classes, such
as topological distance, and even sympathy values, can enter the setting. How
to rank these evaluation techniques is a very interesting question, that we will
pursue in the near future. Game semantics, in particular with more than two
players, will surly play an important role. This will bring us to the true fuzzy
scenario, in which the predicates will not necessarily be classically interpreted
anymore. Also, of course, we will treat more complex statements involving logical
fuzzy connectives such as ∧, ∨.
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What the Numbers Mean? A Matter of Context!
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Abstract. In formal languages, it is generally assumed that the symbols
having the form of numbers just denote the usual mathematical numbers. In this paper, we argue that a numeric symbol is a symbol as any
other and therefore may have diﬀerent meanings in diﬀerent contexts.
Enumerating various kind of contexts in which the numeric symbols can
make sense and which one, we come up with a generalized framework
in which relationships between contexts, unit conversion and geometric
transformations are treated in a uniform way. It also reveals the epistemological richness of what the numbers conceptually capture. Finally,
this framework raises the question of contexts as types.

1

Introduction

All formal languages are built on a set of names, also called words or symbols.
Those names have a meaning, or denotation, that depends on context. This context can be implicit like the interpretation of a logical formula [13], multiple
as with possible world semantics [7], explicit like in modular ontologies [2,3]
or in multi-context systems [4]. The interpretation of a logical formula deﬁnes
a domain of discourse and a recursive mapping of the names and constructs
into this domain of discourse. Therefore, the names acquire a diﬀerent meaning for each possible interpretation. The possible world semantics is built on a
set of connected possible worlds, each being endowed with its own domain of
discourse and mapping. This semantics allows the interpretation of constructs
talking about structures of possible worlds as, for example, sequences of periods
of time. The names can have diﬀerent meaning in diﬀerent possible worlds. For
example, the name “president” may denote a diﬀerent person in diﬀerent periods of time. Montague semantics introduces the notion of intentional names, i.e.
names having diﬀerent denotations in diﬀerent contexts [5]. In modular ontologies, the names are preﬁxed with explicit context names. Modular ontologies
introduce names for contexts as well as names for things. In programming languages, the notion of package or namespace also allows preﬁxed names deﬁning
distinct computational objects in diﬀerent contexts.
When using these formal languages, one very often needs to use arithmetic.
Consequently, one introduces to the set of names the set of numeric names
(integers and/or reals made of the characters ‘0’, ‘1’, etc.). In pure logics,
these numeric names are constrained by the suitable axioms (e.g. the Peano’s
axioms) and can only denote objects behaving like numbers for any choice of
c Springer International Publishing Switzerland 2015
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interpretation or possible world. It is even more constrained with the so-called
rigid designators, introduced with possible-world semantics, where the numeric
names denote nothing but the corresponding number (the name 1 denotes 1).
The contextual ontologies have introduced the same artifact with the so-called
concrete domains, where some names are constrained to denote elements of an
underlying algebraic structure [1].
Back to pure logics, the numeric names have diﬀerent meaning in diﬀerent
contexts even if the denotations behave in the same way. However, what can be
a context for numeric names, and therefore what could be their possible denotations, is left unexplored. The objective of this paper is to investigate the nature
of the diﬀerent contexts in which numeric names can acquire diﬀerent meaning
and, therefore what can be these meanings. The outcome is a generic conceptual
framework in which name contexts, units, reference frames for coordinates can
be seen in a uniform way. Such a framework can be used for specifying a concrete
domain to integrate to a concept language (see a ﬁrst attempt in [10]), an API
(Application Programming Interface) to manipulate quantities and coordinates,
or for introducing more expressivity for natural language processing. Additionally, many mathematical operations (arithmetic, aﬃne transforms, etc.) can be
interpreted as mapping names into names, and more precisely as deﬁning name
equivalences. These operations are linked to the contexts and, as a consequence,
the contexts appear as deﬁning which operations can be applied on the number
names.
We will ﬁrst describe the possible meanings of the numeric names when contextualized and consequently the nature of these contexts. We will then further
explore the diﬀerence between numbers for quantities and numbers for positions,
introducing an extended notion of coordinates and their related contexts. We will
conclude with the resulting generic picture and its consequences.

2

Notations

In the following, we will use the notation introduced for modular ontologies in [2].
We introduce the set N of names that denote either objects in a given domain of
discourse, or sets of those objects. The names S made of alphabetic characters
will be called the symbols. The integers Z and reals R will be called the numeric
names to distinguish them from the mathematical numbers supposed to have a
transcendental existence (that we personally deny, but it is not the point of this
paper). Therefore, the set A of numeric names is deﬁned as Z ∪ R. The use of
the mathematical numbers themselves as names has two advantages:
1. we do not have to care about the number notation that depends on the base,
or whether it is in a decimal or scientiﬁc notation,
2. the arithmetic operators can be used to specify the semantics more easily.
It is at the expense of possible confusion that we will try to avoid as much as
possible. One way to avoid this diﬃculty is to introduce notations as contexts:
101 in the binary context would be equivalent to 5 in the decimal context but
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we will not pursue this path in this paper. To sum up, the set of (simple) names
N is S ∪ A.
The modular ontologies introduce a set C of context names that are just
symbols, possibly indexed for facility. We will have to extend this set in the
following. A contextualized name is written c:n where c ∈ C is a context name
and n ∈ N is a symbol or numeric name. We will use this notation for now on
and explore what it means when n is a numeric name. We note CN the set of
contextualized names.

3

Meaning of Numbers

We will distinguish three uses of numeric names, namely as identiﬁers, ordinals
and quantities. In each case, we will qualify the nature of the context and the
way we can relate a context to another. We will add a comment on mathematical
numbers and will open to the next section as conclusion.
3.1

Identifiers

In formal logics, we have to name all the objects we want to talk about individually. Usually, we use the symbols for that. When there are an important
number of objects, it is easier to enumerate them using integers. For example, if
we have a lot of tables, we can have the table 1, the table 754, etc. An everyday
life example is the phone numbers. It also is the role of the identiﬁers in databases; the integers are just names. A mathematical example is the gödelization
where a separate number is computed for each distinct logical formula, allowing
numbers to denote those formulas and therefore theorems about numbers to be
theorems about those logical formulas. For this reason, we propose to talk about
identifiers when using the numeric names this way. Obviously, these numeric
names can denote diﬀerent objects in diﬀerent contexts: tables when we want
to enumerate tables, people when we want to enumerate people, etc. Moreover,
the number attributed to an object is arbitrary. Therefore, the collection of the
objects we want to name is unordered: the table 32 is not before the table 173 in
any sense. In this case, the identiﬁers behave as any name. In particular, there
is no arithmetic associated to it. For example, there is no sense to add neither
two phone numbers nor two identiﬁers in a database.
In this case, a context is just a domain of discourse, i.e. a collection of objects
we want to talk about using, among others, identiﬁers. Let us just write these
contexts in the modular ontology way. For example, we will have contextual
names as c1 :582 or c4 :17. If we want to express that an identiﬁer in a given
context denotes the same object as an identiﬁer in another context, we have to
explicitly specify this relationship. We introduce the notation N1 ≡ N2 where
Ni ∈ CN to express that the two contextualized names are equivalent (i.e.
always denote the same object for whatever interpretation). We will use = only
for strict equality, i.e. with the same context name and the same symbol or
numeric name. For example, we can express that c1 :582 ≡ c4 :17, i.e. that the
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object named 582 in the context c1 is the same as the object named 17 in the
context c4 . Consequently, the relations among the contexts must be speciﬁed in
extension by an enumeration of such equivalences. Given a set of commutative
equivalences {ci :nj ≡ ck :nl } where j = l and i may be distinct from k but not
necessarily (equivalence intra-context), we can deﬁne two sets:
– the equivalence class of a name ci:nj , written E(ci:nj ) is the set {ck:nl |ck:nl =
ci:nj ∨ ∃q.ci:nj ≡ cm1 : np1 ∧ · · · ∧ cmq : npq ≡ ck:nl };
– the projection (or translation) of a name ci :nj in a context ck , written T (ci :
nj , ck ) is the set {ck :nl ∈ E(ci :nj )}, i.e. the restriction of E(ci :nj ) to the
names with context ck . This set can be empty. An obvious property is that
T (T (ci:nj , ck ), cl ) = T (ci:nj , cl )
These deﬁnitions are valid for any names endowed with equivalence deﬁnitions,
not only numeric names. For example, if we have {en:sun ≡ f r:soleil, f r:soleil ≡
de:sonne, es:sol ≡ en:sun}, E(en:sun) = {en:sun, f r:soleil, de:sonne, es:sol} and
T (en:sun, es) = {es:sol}.
3.2

Ordinals

A step further is to add order. We want to name a collection of objects in a
certain order and therefore, there is a ﬁrst object, a second object, and so on.
We deﬁne that a numeric name is an ordinal or an index, if the order on the
numeric names reﬂects the order of the denoted objects, i.e. if c:ni denotes an
object oi and c : nj denotes another object oj in the same context c, then if
ni = nj , oi = oj and if ni < nj , oi is before oj in the underlying order (e.g. the
object c:3 is before the object c:5). In this case, the same number can denote a
diﬀerent object in diﬀerent contexts, depending on the order. For example, a ﬁrst
object in a context can be the last object in another. As for the identiﬁers, there
is no arithmetic but comparison makes sense relative to a context. For example,
there is no sense to add the second to the fourth, but the second is before the
fourth. Therefore a context is both a domain of discourse and an order on this
domain, or at least an order on the part of the domain named by ordinals.
We still have to enumerate the correspondences. The subset of equivalences
between two contexts is called a permutation (or k-permutation if they are
deﬁned on a subset of size k). In mathematics the permutations are endowed
with a group structure by deﬁning the composition of permutations. A permutation P is bijective, therefore |P (ci : nj , ck )| = 1 for all i, j, k. For example,
students may be ordered by their size in the context s and the student s:ni is
bigger than the student s:nj if ni > nj (here the ﬁrst student is the smaller), or
they may be ordered by their weights in the context w and the student w:ni is
heavier than the student w:nj if ni > nj (here the ﬁrst student is the lighter).
These ordinals have meaning in the same set of students and which index corresponds to which between the two contexts s and w (which student ordered by
weight is which one when ordered by size) can be speciﬁed by a permutation.
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Quantities

Measures to Quantities. A measure is a numeric name resulting from a
measurement of an object or a counting operation on a set of objects. When
measuring the height of an object with a measurement tool, we obtain a quantity
(in this case, the height of the object) that depends on the measurement tool.
If it is calibrated in inches (i.e. made such that the tool gives 1 for an inch),
we will get a given number (say 12). If calibrated in meters, we will get another
(namely 0.3). These two measures denote the same height. Notice that the height
cannot be described in itself but only through a measurement tool1 , diﬀerent
measurement tools giving diﬀerent measures for the same height. The diﬀerence
is related to the unit, not the measurement precision or granularity.
In the same way, we can also count the number of objects in a collection
(another kind of measurement). If we have a basket with three apples and ﬁve
pears, counting the number of apples gives 3, while counting the number of fruits
gives 8. The number we get depends on the category used for counting. Here, the
measurement tool is calibrated by the mental categories (i.e. what we consider
the same from a given point of view).
However, there are a variety of measurement tools (rules, laser, balance,
etc.) and we need to abstract their common feature regarding the measure. This
abstraction is called a unit for a measurement and a category (considered as a
kind of unit) for the a count. Initially, a unit, also called a standard, was an
object used as a reference to measure the corresponding feature. For example,
the meter has been for a long time a bar of iridium deposited in the Pavillon
of Breteuil in France (Headquarter of the “Bureau International des Poids et
Mesures”).
The unit can be considered as the context in which the number makes sense.
5 means nothing unless we say whether it is 5 kg or 5 pounds. Therefore, 5 do
not denote the same thing (here the same weight) in diﬀerent contexts, i.e. with
diﬀerent units. In the same way, diﬀerent numbers may denote the same thing
(e.g. the same height) in diﬀerent contexts (e.g. 12 in. and 0.3 m denote the same
height? or length). In the following, we will use the modular ontology notation
in : 12 or m : 0.3, using the standardized symbols for the units when they are
deﬁned. A measure together with its unit, i.e. a contextualized measure, will be
called a quantity. A quantity may be a magnitude or a multitude. A magnitude
is measured as the height, width, weight, monetary value, etc. and the context
is a unit. The notation is of the form u:r where u ∈ C is a unit name and r ∈ R
is a real numeric name. A multitude is counted as the number of apples or fruits
and the context is a category. The notation if of the form c:r where c ∈ C is a
category name and r ∈ R is a real numeric name, e.g. apple:3 or f ruit:8.
The quantities can be added to one another: m:1 + in:12 gives m:1.3 or in:52
(the same quantity with diﬀerent measures), as well as subtracted. However, it
is not possible for arbitrary units. For example, m:1 + kg:3 does not make sense.
1

It is worse for a number that cannot be “seen” but by writing it: here the height can
be seen but can only be named through a measurement tool that produces numeric
names that can then be read.
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However, they can be freely multiplied or divided, but the result is of a diﬀerent
unit. For example, m:1/s:1 is 1 in the context m/s that appears to be a speed.
The possibility to combine units to form new units has to be formalized. Given
the set Ua ⊂ CN of unit symbols for the magnitudes, and C ⊂ CN of categories
for the multitudes, it is possible to deﬁne a syntax of the unit names as the set
U recursively deﬁned as follows:
– U ∈ U if U is in the set Ua ;
– C ∈ U if U is in the set C;
– if U1 ∈ U, U2 ∈ U and n an integer:
• U1 ∗ U2 ∈ U for the product;
• U1 /U2 ∈ U for the division;
• U1n ∈ U for the power.
For example, m/s2 is a unit (namely for acceleration) if m and s are unit symbols
(and they are!). Therefore, we have to extend CN to include U
The relation among the units is called a conversion and is deﬁned by multipliers. For example, any quantity (i.e. the numeric name denoting a length) in
inches can be converted into a quantity in meters by the multiplier 0.025, and
conversely by 1/0.025 = 40. The set of conversions (i.e. the context relationships)
endowed with multiplication forms an algebraic group.
Units to Dimensions. As already mentioned some conversions are not possible. For example, it is not possible to convert meters in kilograms (an operation
between contexts) as it is not possible to add meters and kilos(an operation
between quantities). Therefore, there is not a single algebraic group allowing
converting anything to anything (i.e. relating the names in any context to the
names in another context), but a collection of algebraic groups. For example,
meter, inch, mile, etc. form an algebraic group, and kilogram, pound, ton, etc.
form another algebraic group, the various ways to measure speed as well. The
ﬁrst one is related to distances, the second to weights and the last to speed.
The nature of the feature of an object measured by an algebraic group is called
a dimension. For example, the feature measured by a meter, inch, etc. is a
length (i.e. is of dimension “length”), and the feature measured by kilograms,
pounds, etc. is a weight (i.e. is of dimension “weight”). The International System of Quantities [11] deﬁnes seven atomic physical dimensions, from which all
the other physical dimensions can be deﬁned (with their respective symbols):
the length (L), the duration (t), the mass (m, to not confuse with the symbol
for meter), the electric current (I), the thermodynamic temperature (Θ), the
amount of substance (J) and the luminous intensity (n). The other dimensions
can be obtained by multiplication, division, and, consequently, powers of these
atomic dimensions. For example, the speed is a length divided by a duration
(L/t), and a force is a length multiplied by a mass and divided by the square
of a duration (L ∗ m/t2 ), independently of the unit used to measure it. Dimensional analysis provides a formal account of dimensions [8]. The set of atomic
dimensions can be arbitrarily deﬁned (the set of atomic physical dimensions is
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historically deﬁned and debated). For example, we could add to the seven physical dimensions the monetary value or the number of apples or fruits. It is easy
to see that those can be combined in the same way with the others, e.g. the
monetary value or the number of apples divided by a duration would be a kind
of ﬁnancial or apple ﬂow or growth speed. Given a set of atomic dimensions,
there is an inﬁnity of derived dimensions that are independent from one another
(i.e. deﬁning distinct algebraic groups on units). Given the set Da of dimension
symbols, the set D of all possible dimensions is recursively deﬁned as follows:
– P ∈ D if P is in the set Da ;
– if P1 ∈ D, P2 ∈ D and n an integer:
• P1 ∗ P2 ∈ D for the product;
• P1 /P2 ∈ D for the division;
• P1n ∈ D for the power;
Finally each unit has a dimension and is, therefore, related to the possible contexts (i.e. units) of this dimension. For example, L/t2 is the dimension of the
unit m/s2 , but also of the unit km/h2 .
Formalization. Unless identiﬁers and ordinals where the equivalences must
be enumerated (i.e. deﬁned in extension), it is enough to specify relationships
between contexts to deﬁne equivalence among quantities. A unit is related to
another context by giving a single multiplier m: given two contexts u1 and u2
related by a multiplier m (written u1 ≡ m ∗ u2 ), then any name of the form
u1 :r is equivalent to the name u2 :(m ∗ r) (and, conversely, u2 :r is equivalent
to u1 :(1/m ∗ r)), where r is a numeric name and m ∗ r (resp. 1/m ∗ r) is the
numeric name of the number obtained by multiplying m (resp. 1/m) by r. In this
case, we are using the arithmetic operators applicable on A (the set of numeric
names). For example, we can specify that in ≡ 0.025 ∗ m (one inch is 0.025 m)
and consequently in:12 is the same length than m:(0.025 ∗ 12) = m:0.3. ≡ being
an equivalence relation, we have:
– if u1 ≡ m1 ∗ u2 and u2 ≡ m2 ∗ u3 then u1 ≡ m1 ∗ m2 ∗ u3 , or,
– if u1 ≡ m1 ∗ u2 and u3 ≡ m2 ∗ u2 then u1 ≡ m1 ∗ 1/m2 ∗ u3 .
More generally:
– E(u:n) is the set {ui:(m ∗ n)|(ui:nj = u:n ∧ m = 1) ∨ ∃m, u ≡ m ∗ ui };
– T (u1 :n, u2 ) is the set {u2 :nl ∈ E(u1 :n)}. This set can be empty in which
case there is no equivalence with this unit, or it is of cardinality 1 because the
correspondence is a bijection.
Additionally, the arithmetic operations are deﬁned on the quantities in certain conditions. For multiplication, division and power, the operations are trivial
although it relies on algebra on the context names:
– u1:n1 ∗ u2:n2 = u1 ∗ u2:n1 ∗ n2
– u1:n1 /u2:n2 = u1 /u2:n1 /n2
– u:nm = um:nm
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Notice that on the left, we build a context name expression while on the right
the arithmetic operation is actually applied giving a new numeric name as a
result of the operation.
For addition and subtraction, we have to distinguish between the magnitudes
and the multitudes. In the case of the magnitudes, it depends on the possibility
to convert a unit into another. If it is the case, we have to choose one of the units
and make the operation in this context, converting the other value. If u1 ≡ m∗u2 ,
we have:
– u1:n1 + u2:n2 = u1:(n1 + 1/m ∗ n2 ) or u2:(m ∗ n1 + n2 ),
– u1:n1 − U2:n2 = u1:(n1 − 1/m ∗ n2 ) or u2:(m ∗ n1 − n2 ),
otherwise the operation is undeﬁned.
In the case of the multitude, the categories must be endowed with a lattice
structure given two operations: the union and the intersection. A category is seen
as a set of objects being the same from a given point of view (e.g. the objects
being apples and the objects being red). Therefore the union and intersection
applies to the corresponding sets (the objects that are either red or apples and
the objects that are both red and apples). In a lattice, the supremum of two categories (noted c1 ∧ c2 ) is the minimal set that contains both categories. Therefore,
given two multitudes c1:n1 and c2:n2 , we have:
– c1:n1 + c2:n2 = c1 ∧ c2:(n1 + n2 )
– c1:n1 − c2:n2 = c1 ∧ c2:(n1 − n2 )
For example, the supremum of f ruit and apple is f ruit (the minimal category
that contains both fruits and apples), therefore f ruit:5 + apple:2 = f ruit:7.
3.4

Mathematical Numbers

The numbers in mathematics do not have a unit. Consequently, it is considered
that they are context-independent, or that they are universal in a strict sense
(i.e. the numeric names denote the same corresponding number in all possible
contexts). We can obtain them from what precedes with the so-called dimensionless quantities. Among the derivable dimensions, the division of any dimension
by itself (e.g. L/L) produces a dimensionless “dimension” or ratio. Although
they are all dimensionless, it can still be useful to make some of them distinct
like the angles (a length divided by a length) or the quantity of information,
when we do not want their values to be added or subtracted freely. Nevertheless,
the mathematical numbers could be considered as dimensionless ratios.
Historically, the Greeks used the integers to denote the architecture of the
cosmos. Hence 1 denotes the unity of the cosmos, 2 denotes the concept of
duality (male and female, good and bad) that structure our perception of the
cosmos (made of distinctions), 1 + 2 = 3 is the feeling of unity behind the
apparent duality, etc. Therefore the mathematics of the Greeks has an esoteric
dimension that disappeared later on, but still legitimates a discourse on numbers
as idealities distinct from the measurable account of the physical world. Starting
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from natural numbers (0, 1, etc.), the set of numbers can be completed to ensure
that the results of the various operations (+, −, ∗, /, etc.) still are in the set of
numbers. − requires the relative integers (2–7 is not a natural number, therefore
we need to introduce the negative numbers),/requires the rational numbers (2/7
is not an integer, therefore we have to introduce the rational numbers), and
so on.
3.5

Temperature. . .

A unit of ◦ F (degree Fahrenheit) is 0.555 . . . ∗◦ C (degree Celsius). As all other
units, there is a multiplier between the two units qualifying the same dimension.
However, 1◦ F is not equal to 0.555 . . .◦ C but to −17, 222 . . .◦ C because the
origin (the position of the 0) is not the same. In fact, the temperature is not
really a quantity as a distance or a mass, but a position on a scale. Therefore, in
addition to the conversion as any other unit, there is a displacement (this time
a quantity!) between the origins of the two scales. Consequently, there is not
only the unit that deﬁnes what 1 means relatively to the other units but also an
origin, that deﬁnes what the 0 means, also relatively to the other origins. There
are actually two contexts to deﬁne the meaning of the temperature: the unit and
the origin. This case will be tackled in the next section.

4

Quantities to Coordinates

The numeric names we talked about are called quantities because they correspond to the number of units to accumulate to get the measured quantity. In
this sense, measuring is also counting. m:5 is the number of meters we have to
accumulate to have an equivalent distance. s:56 is the number of seconds we have
to count to have an equivalent duration. However, we can choose arbitrarily a
point on a line, or an instant in time and measure the distance from this point
to any other or the duration from this instant to any other. In the case of the
line, we obtain a position and in the case of time, we obtain a date. The chosen
point or instant will be called the origin. As for quantities, a position or a date
cannot be described in itself but can only be named when giving a context (an
origin) from which the measurement is made. And the obtained measurement
can only be named when given the unit. As for the temperature, there is a need
for a double context.
As a ﬁrst step, we will extend to multi-dimensional names or coordinates.
Here the dimension does not refer to the nature of a measured or counted feature but to the number of features we want to represent simultaneously. To
avoid confusion, we will call it the dimensionality. An obvious case is a multidimensional space (e.g. a 3D space) where a position must be represented by
three quantities. The dimensionality is 3. A coordinate will be written q1 , . . . , qn
for a n-dimensional coordinate where each qi is a quantity, i.e. a contextualized
numeric name. For example, a 3D coordinate in a Euclidean space would be
written m:2.3, in:5, km:6 . Such a coordinate may denote an object situated
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2.3 m ahead on x, 5 inches on y, and 6 km on z. It remains to deﬁne what is x, y
and z. As the point denoted by this name can only be identiﬁed when given the
origin, we use the context names to contextualize the coordinate: O: q1 , . . . , qn
where O ⊂ CN is a context name naming an origin. The relation among contexts
must deﬁne which coordinates in two diﬀerent contexts corresponds to the same
position in the space, or, equivalently, how to transform a coordinate in a given
context into an equivalent name in another. When the dimensionalities of the
related contexts are the same, these relationships correspond to the aﬃne transforms. If the dimensionality is diﬀerent, we have to consider the projections onto
spaces of lower dimensionality or injections into space of higher dimensionality.
Given a set T of transformations t between origins, we will note oi ≡ t ∗ oj
the transformation between the two origins. Formally, matrices usually specify
them. Of course the transformations can be compounded if the dimensionalities
are compatible:
– if o1 ≡ t1 ∗ o2 and o2 ≡ t2 ∗ o3 then o1 ≡ t1 ∗ t2 ∗ o3 , or,
– if o1 ≡ t1 ∗ o2 and o3 ≡ t2 ∗ o2 then o1 ≡ t1 ∗ t−1
2 ∗ o3 .
The transformations can be added, multiplied (including with a scalar), divided
under conditions, giving a whole range of notations for deﬁning equivalence
between coordinates.
As previously, we can deﬁne the equivalence classes and the transformations
as follows:
– E(o: q1 , . . . , qn is the set {oi:t ∗ q1 , . . . , qn |(oi = o ∧ t = id) ∨ ∃t, o ≡ t ∗ oi }
where id is the identity transformation;
– T (o1: q1 , . . . , qn , u2 ) is the set {o2: ql,1 , . . . , ql,n ∈ E(o1: q1 , . . . , qn )}, in case
of injections, this set can be big because there are many ways to inject an
n-dimensional space into a space with a dimensionality higher than n.
Applied to the temperature (i.e. a 1-dimensional space), ◦ K:5 ≡ ◦ F :9 while
ks: ◦ K :5 ≡ f s: ◦ F :−450, 67 if we deﬁne the transformation T between ks
(the Kelvin scale) and f s (the Fahrenheit scale) as a translation of 255, 372 and
the conversion between Kelvin and Fahrenheit as 1.8 respectively. It naturally
applies to the geometric transformations.
Another example is the notion of date that is duration since an origin that
depends on the used calendar (christian, islamic (Hijra), buddhist, etc.). But a
duration is very often written not as a single number (e.g. the number of seconds
since the birth of JC) but as a coordinate with the name of the day (between
1 and 31), the name of the month (either symbols: January, February, etc., or
numbers between 1 and 12), the name of the year (from 1), the name of the hour
(between 1 and 24), etc. Therefore some calendars or choices of representation
can be represented as multi-dimensional coordinates and the injection of dates
as single numbers into them must be speciﬁed.

5

Discussion

From the preceding analysis, we are now in a position to sum up and comment
on both the syntactical and semantical outcomes of our propositions.
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Introducing quantities, i.e. a measure and a context, and coordinates, i.e.
tuples of quantities, we introduced syntax on numeric names:
– numbers in Z ∪ R are numeric name;
– c:n where c is a context name and n is numeric name, is a quantity;
– o : q1 , . . . , qn where o is a context name and qi are quantities is called
coordinate; in this case the possible operations extends to all sorts of geometric
transformations.
When the context is a unit, there is also a syntax of context names:
– a unit symbol is a context name;
– if U1 , U2 are context names, and n an integer, U1 ∗ U2 , U1 /U2 and U1n are
context names as well.
At the syntactic level of names in general and numeric names in particular,
we have proposed to relate contexts by specifying equivalence relations among
names. Two names are equivalent within the same context, or in diﬀerent contexts, if and only if they denote the same object. When using symbols, the
deﬁnition of the mapping is enough and can be composed. For ordinals, these
mappings appear to be permutations. For the magnitudes, multipliers between
contexts are suﬃcient for specifying how to map equivalent quantities depending on the unit. For the multitudes, one must use the set inclusion structures
hierarchies of categories. Finally, we can specify mappings among coordinates
by aﬃne, projection and injection transformations from a context to another.
Formally, equivalences can be deﬁned:
– directly on the numeric names through statements of the form Ci:nj ≡ Ck:nl
in the case of identiﬁers and ordinals;
– indirectly on the contexts:
• on magnitudes by multipliers: Ci ≡ m ∗ Cj inducing that ∀n, Ci :n ≡ Cj :
m ∗ n ∨ Cj :n ≡ Ci:1/m ∗ n;
• on multitudes by inclusion: Ci ⊂ Cj inducing ∀n, Ci:n ≡ Cj :n but not the
other way around;
• on coordinates by transformations: Ci ≡ t ∗ Cj inducing that
∀ q1 , . . . , qn , Ci : q1 , . . . , qn ≡ Cj : t ∗ q1 , . . . , qn ∨ Cj : q1 , . . . , qn ≡
Ci:t−1 ∗ q1 , . . . , qn
Semantically, a context is a domain of discourse and a denotation. We are
now at a position to say the domain of discourse could be:
– the identiﬁers can denote objects in general, and not just numbers, without
any implicit constraint;
– the ordinals can denote ordered objects where, in addition to a domain of
discourse, the order on numeric names reﬂects the order on the objects;
– the quantities are talking about the dimensions of the objects, i.e. countable
or measurable features of objects. Consequently, a context deﬁnes the possibility to use some arithmetic on numeric names reﬂecting the corresponding
arithmetic operations on numbers but with some restrictions related to the
algebra of dimensions and units;
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– of course they can even talk about numbers, in which case there is a single, universal context providing a ﬁxed denotation with unconstrained use of
arithmetics;
– ﬁnally, the coordinates can talk about positions in abstract spaces, most of
them being just euclidean spaces. The contexts behave as origins and provide
the possibility to use complex transformations between these spaces and the
way to name the positions.
The introduced concepts are summarized by the Fig. 1 where we can see
the hierarchy of names on top, the ﬂat hierarchy of contexts on bottom, and the
notions of contextualized names as the quantity (both magnitude and multitude)
and the position in between, composed of both a name and a context. As an
illustration the notion of date is shown as a particular case of a mono-dimensional
coordinate measured with time units.
Manipulating units and reference frames as contexts is unusual but provides
a conceptual framework on which name equivalences, including for numbers and
coordinates, can be represented in a uniform way. A consequence is that the
conversions and transformations are now deﬁnitely linked to the contexts, as
the mappings are. Another consequence is that the contexts, if we exclude the
denotation, do not need any intrinsic descriptions. A unit is just a unit. A meter
is what a meter measures, nothing else. An origin is just an origin. An origin is
a position that is named (0, . . . , 0) in its own reference frame, nothing else. The
contexts only serve as support to express relationships with other contexts. We
know that an inch is 0.025 m but it says nothing about what an inch or a meter
is intrinsically. The description of a context is only relative to other contexts.
The other counter-intuitive result is that arithmetic and mathematical transformations appear to manipulate names and not idealities. Up to this point it is

Fig. 1. The introduced concepts
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not necessary to exhibit what a position, or height, or weight or even a number
is to be able to manipulate it through a set of computable equivalences, hence
the importance of the equations. Finally, by grouping the objects denoted by the
numeric names with respect to applicable functions (comparisons, permutations,
conversions, transformations), the algebraic groups of contexts seem to behave
as types with respect to the denoted objects.

6

Conclusion

We explored what the numeric names are talking about, considering they are
syntactic names as any other. Consequently, their meaning depends on the context whatever the nature of the context. We came up with a number of diﬀerent
kinds of context constraining what the numeric names can talk about: objects in
general, ordered objects, measures?and even numbers! A further extension was
introduced with the notion of coordinates as a accumulation of two contexts:
one to qualify the magnitude and one to qualify the origin. The whole provides
a uniform framework in which conversions, transformations and mappings can
be freely combined up to some restrictions imposed by the contexts themselves.
Practically, an API (Application Programming Interface) has been written
in Java based on the principles described in this paper (see the structure project
on [9] code repository), as an alternative proposal to the JSR-275, obsolete but
still is used in some advanced libraries, and JSR-363 API proposals [6]. They
introduce the notions of quantity, unit and dimension but only for the physical
dimensions. The BOOST unit package in C++ is more advanced, introducing
the distinction between quantities and mono-dimensional coordinates [12]. None
handles the notion of multitude. In these propositions, the coordinates in general
are not included or part of a distinct library, and the set of possible dimensions is
not easily extensible as it is in our case. For example, the currencies are handled
separately when they are integrated in our case. Therefore, we provide the possibility to extend the number of dimensions and the associated units, as well as
to deﬁne any kind of coordinates, reference frames and transformations between
them. [10] points some hints on how to introduce quantities in description logics but did not use the notion of context. It is the next step to build and use
knowledge representation languages on this framework.
Finally, we observed that the relations among contexts deﬁning equivalences
among names have a structure made of connex components that, in the case of
units, corresponds to dimensions. Moreover, the diﬀerent kinds of contexts also
deﬁne possible operations from straight equality to geometric transformations.
The next step is to investigate the nature of the context, the structure of those
sets of contexts and their intuitive relationship to types. Of course, the notion of
set and category in the sense of category theory may play an important role in
this direction. In eﬀect, having objects (here the contexts) only deﬁned by the
relations they have with other objects is typical of category theory. Therefore
the next step is to use category theory to better specify what has been presented
in this paper.
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Abstract. The paper identiﬁes a key pragmatic principle that is responsible for the information-sensitivity of deontic modals. Informationsensitivity has been extensively discussed in the recent linguistic and
philosophical literature, in connection with a decision problem known
as the Miners’ puzzle (Kolodny and MacFarlane 2010). I argue that the
so-called Ellsberg paradox (Ellsberg 1961) is a more general source of
information-sensitivity. Then I outline a uniﬁed pragmatic solution to
both puzzles on the basis of a well-known decision procedure (MiniMax).
Keywords: Deontic modals · Information-sensitivity · Pragmatics
Acts · Outcomes · Decision-theory · Ellsberg paradox · Miners’ puzzle
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What is the ideal, most desirable choice in a decision situation depends on
our epistemic states. Call this the information-sensitivity of desirability and of
similar normative concepts.
Information-sensitivity is a special form of context-sensitivity. Context-sensitivity makes the truth- or assertability-conditions of utterances dependent on
features of the world. Information-sensitivity, in contrast, makes these conditions
dependent on the features of the world as known by an agent. Often the agent
does not have access to all the facts relevant for her decision, but has only
limited knowledge. This knowledge can—and often does—serve the agent well
in deciding what she should do. When the context makes available less than
all the facts pertinent to a decision, the agent, from her limited informational
standpoint, is bound to have subjective normative commitments rather than
objective ones.
In this paper I am concerned with the subjective normative commitments
expressed by modal vocabulary in speciﬁc contexts. I argue for an extended
form of information-sensitivity of deontic modals such as ought to and should by
taking a closer look at the role of certain complex actions and outcomes. I show
that the information-sensitivity can be interpreted as adherence to a speciﬁc
norm of decision in two well-known decision problems. While my aim is not
to provide a logic of decision or a compositional semantics for deontic modals,
my remarks contribute to a better understanding of the pragmatics of deontic
modality, leaving the standard modal semantics untouched.
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The Miners’ Puzzle

A good starting point for my observation is the Miners’ Puzzle (Kolodny and
MacFarlane 2010). In the miners’ setting (M) we have to decide for the best
course of action regarding 10 miners who, as far as we know, can be in either
one of two shafts, A or B. The two shafts are about to be ﬂooded and we do
not have enough sandbags to prevent this from happening. We have sandbags to
block only one of the two shafts. If we block neither shaft, we save nine miners
and lose one. If we block the right shaft, we lose no miner. But if we block the
wrong shaft, we lose all the miners. In this context, the following sentences sound
true.
(1) We ought to block neither shaft.
(2) If the miners are in shaft A (B), we ought to block shaft A (B).
To make sense of these sentences in one’s modal semantics, it has been argued,
one needs information-sensitive deontic modality and, more notably, the violation of a version of modus ponens. I will assume that a baseline semantics for
deontic modals such as Kolodny and MacFarlane (2010) or Kratzer (2012) is on
the right line, and my observation should be taken as a pragmatic complement to
such a baseline semantics. However, I contend that information-sensitivity further aﬀects the reasoning with deontic modals where complex actions—rather
than simple actions, which have been the focus of discussion so far—are taken
into consideration.
1.1

Complex Acts and Outcomes

In context (M), a complex action is a disjunction or conjunction of basic acts.
Since the basic acts are block A (Ba ), block B (Bb ), and block neither shaft
(Bn ), complex acts are just compounds like Ba ∨ Bb and Ba ∧ Bn . Likewise for
complex outcomes. What are then the predictions of the standard account for
complex acts and outcomes?
With an enlarged set of actions, the desirability of the original acts change.
The desirability of an act is measured by checking out whether the act chosen
warrants that the miners’ lives are saved in the greatest possible proportion.
Interpreting S0 , S1 etc. as the possible outcomes: 0 miners are saved, 1 miner
is saved etc. we get the following entailments: Ba ⊃ S0 ∨ S10 and Bn ⊃ S9 .
The entailment of Bb is the same as that of Ba , since blocking shaft A (B)
guarantees only a disjunctive outcome to the eﬀect that we either lose all the
miners or save all.1 (The consequent-proposition—representing the outcome—
serves to evaluate the deontic worth of the antecedent-proposition—representing
the act.)
1

In the standard modal semantics (Kratzer 2012), the consequent of such an entailment is a proposition in the ordering source, while the antecedent is the proposition
in the scope of the deontic modals. Roughly, the more consequent-propositions in
the ordering source follow from the antecedent-proposition, the more deontically
valuable the antecedent-proposition is.
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These entailments represent the original scenario, whereby Bn is preferred
to either of the other two acts, because it guarantees S9 . The complex outcome
S0 ∨ S10 , which only guarantees that 0 lives are saved, is very unappealing in
comparison to the simple outcome S9 . This is indeed an intuitive result.
My question now is what happens when we consider for comparison complex
acts rather than simple ones. The answer is not always straightforward. Consider,
for instance, the acts Ba ∨ Bb , Ba ∨ Bn , and Bb ∨ Bn . Which of these acts is best?
The relevant entailments are Ba ∨ Bb ⊃ S0 ∨ S10 and Ba ∨ Bn ⊃ S0 ∨ S9 ∨ S10 .2
(The disjunction Bb ∨ Bn has the same entailment as Ba ∨ Bn .) Deciding on
a preference is not simple in the absence of additional theoretical assumptions,
and so I will postpone discussion of this case.
However, it is much easier to decide on conjunctive acts (assuming they are
available). Consider the corresponding entailment of the act of blocking both
shafts, namely Ba ∧ Bb ⊃ S10 . Choosing to block both shafts is the best possible
decision that we can imagine in setting (M), because it maximizes the lives saved
(thereby minimizing the lives lost). In the miners’ setting, blocking both shafts
has no competitors. The other conjunctive acts, Bn ∧Ba and Bn ∧Bb are not even
deﬁned, since what would be the point of choosing e.g. to block neither shaft
and to block shaft A? The act is contradictory, so useless from a deliberation
standpoint.3
The undeﬁnedness of certain complex acts points to a limitation of the Miners’ setting. For instance, our evidence should not be restricted to cases that
make most complex acts impossible. For a more comprehensive account of deontic modality we need a broader range of complex acts and outcomes. These are
genuine factors in deliberation and decision making, and thus a general semantics of deontic modality should take them into account. A step towards a more
general account will be taken in the following section.

2

Ambiguous Complex Acts

Daniel Ellsberg (1961) introduced a decision-theoretic setting that poses problems for some cherished principles of expected utility theory and probability
theory. An Ellsberg (E) setting is the following.4
(E) Consider a sack containing ten coloured balls. For the present decision, the relevant colours are red, blue, and yellow. The distribution of
2

3
4

In decision-theoretic terms, complex acts and outcomes are obtained by putting
together the information in the estimated desirability matrix of a decision problem.
More precisely, we could gather the information on a speciﬁc row of a matrix (which
corresponds to an act), or by considering for deliberation a combination of rows
(acts) of the matrix (cf. Jeﬀrey 1965/1983). For completeness, the outcomes—seen
as entailments of the acts—should be weighted with the probabilities of the relevant
conditions, but we shall leave this information implicit.
It is natural to stipulate that acts, viewed as propositions, should be non-empty, and
thus should have at least one element (i.e., world).
See also Fishburn (1986) and Halpern (2005) for further discussion.
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colours is as follows. Exactly three balls are red. The remainder seven
balls are blue or yellow in unknown proportion. We have to decide which
ball-colour to choose, knowing that we get to keep the ball if a ball of
that colour is then randomly drawn from the sack. This is desirable,
since the balls are all made of massive platinum on the inside.
Setting (E), unlike (M), makes probabilistic information relevant to the decision. This context, unlike the miners’ context, allows for a more meaningful deliberation about complex actions. The Ellsberg setting is more general than (M),
while preserving all the properties of the (M) setting. To see this, let us reformulate the (E)-assumptions to obtain the same problem noticed in the original (M)
context. To this eﬀect, it suﬃces to add several assumptions which are intuitively
acceptable in (E).5
(3)
(4)
(5)
(6)
(7)
(8)
(9)

We may choose either one of R, B, or Y .
We ought to choose R (not: B or Y ).
We ought to choose B or Y over R or Y .
If B ≥ Y , we ought to choose B.
If Y ≥ B, we ought to choose Y .
Either B ≥ Y or Y ≥ B.
We ought to choose either B or Y .

(assumption)
(intuitive claim)
(intuitive claim)
(intuitive conditional)
(intuitive conditional)
(assumption)
(from 6–8)

Assuming that if an act A1 is not dispreferred () to another act A2 , we ought
to choose act A1 , the intermediary steps (6)-(7) seem right.6 By disjunctive syllogism applied to (6)–(7), paired with (8), we get (9), which contradicts (4).This
is the miners’ problem resurfacing in (E). But the miners’ problem is independent of the ones generated by the Ellsberg context, and the latter cannot be
formulated in the (M) setting.
5

6

Notation: R, B, and Y stand for red, blue, and yellow balls. R > B means that
there are more red balls than blue ones, or that R is more probable than B. Because
the outcomes of the acts are equal, the probabilistic relation > translates into a
preference relation  (but not vice-versa). So R > B means that choosing red is
more probable than choosing blue, but can also read as saying that the former is
preferable to the latter. Finally, the disjunctions should be interpreted as inclusive,
unless either . . . or -phrases are used. E.g. opting for R ∨ B brings about the prize if
any of the red or blue balls is then randomly drawn. (The same could be expressed
in terms of conjunction, if we interpreted the letters as bets on colours, because
e.g. choosing blue or yellow will amount to betting on blue and yellow.).
A version of the puzzle can be stated even if we assume that the deontic necessity
modal ought to requires a strict preference relation. To do this, we assume that one
of the following should hold: B > Y , Y > B, or Y = B. We then formulate three
conditionals having these three statements as antecedents. For instance, we’ll have
the new conditional: If Y = B, we ought to be indiﬀerent between the three options.
(The other two conditionals will be like (6)-(7), but formulated in terms of the strict
relation, >.) It then follows by disjunctive syllogism that we ought to choose B, Y ,
or R, which contradicts (3).
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To see one of these additional problems, it is essential to take (4) and (5)
to be true.7 This shouldn’t be a problem, as most people presented with this
case ﬁnd them true.8 The basic intuition is that R and B ∨ Y warrant clearcut (expected) desirabilities, whereas the other acts don’t. The problem appears
when these preferences are coupled with the reasonable assumption that the
addition of equal amounts (of probability or desirability) to each member of an
inequality should not change the direction of the inequality sign. Nonetheless, if
we assume additivity, (5) is not consistent with (4). If (4) entails that R  B,
by additivity we get that R ∨ Y  B ∨ Y , which is exactly the opposite of (5).
Additivity is not a principle to be lightly dispensed with. Additivity is for
probabilistic and decision-theoretic settings as important as modus ponens is
for logical reasoning. If we think that A is more probable than B, then it is
intuitive to consider A ∨ C more probable than B ∨ C. Moreover, if A is more
probable than B or C, it does not follow that A is more probable than both
taken together. These intuitive judgements follow from additivity, and concern
not only probabilities but also desirabilities.9 Therefore, it is worth exploring
the cause of non-additivity in the (E) setting, since the deontic modals in (E)
are sensitive to probabilistic information. I will argue that the diagnostic of nonadditivity reveals a common feature about deontic modality in both (E) and (M)
settings.
The role of complex acts in our decision problem is related to their ambiguity status. We say, for instance, that B is ambiguous because we don’t know
how many blue balls there are in context (E). So we know neither the precise
probability of drawing a blue ball nor its precise desirability. Y is also ambiguous. R, however, is not, because we know precisely the number of red balls, and
consequently their probability and desirability. Now, by including complex acts
in our decision problem, we are faced with the possibility that a non-ambiguous
act can be formed from an ambiguous one, and vice-versa. This aﬀects what we
know about the probabilities involved in assessing the acts, and ultimately—as
we will see—their relative desirabilities. An illustration of the shift in relative
desirability is the unexpected transition from (4) to (5), or vice-versa. In possible
words terminology, some worlds will be desirable/ideal when we are faced with
one pool of simple acts and less appealing when we are faced with a diﬀerent
pool of complex acts.10
7

8
9

10

Complementarity does not hold in (E) either. Complementarity requires that if A 
B, then ¬A  ¬B, where ,  etc. are preference relations. Yet R  B, but ¬R =
B ∨ Y  ¬B = R ∨ Y , and so complementarity is violated.
For experimental evidence that the pattern of reasoning is robust see references in
Camerer and Weber (1992, 332ﬀ.).
In natural language semantics, additivity has been invoked as evidence for introducing a quantitative probability measure to account for (epistemic) probabilistic
modals, and against the standard Kratzer-semantics of those modals (Lassiter 2010,
Yalcin 2010).
In Nasta (2015b) I call this property instability and show that it holds of preferences
and deontic commitments in general.
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The argument in the next section can be viewed as showing why ambiguity
is problematic in (E). But the feature that generates the problem will turn out
to be deeper than ambiguity, since it is present in the non-ambiguous case (M).

3

Solution: Risk Aversion

My proposal is that the information-sensitivity and the decision procedure that
informs (M), also informs (E), and so that the same features produce, in both
settings, problems with diﬀerent principles of reasoning. In both (M) and (E)
cases, we know that choosing one act ensures the overall better desirability given
the outcomes in each uncertain condition. In (E) we have a fairly clear-cut preference for one of the acts (namely, choosing red). This suggests that the heart of the
matter is risk aversion: certain options are preferred because their competitors
involve uncertainty with respect to great losses, and produce very unappealing
expected desirabilities. Certain acts are preferred even if some other acts dominate them in speciﬁc conditions,11 essentially because dominance is oﬀset by the
undesirability of certain possible outcomes.
The short way of diagnosing our cases is to say that they implement a MiniMax strategy, a strategy that minimizes the worst losses in terms of expected
value, or, in other words, maximizes the lowest expected outcome of a choice.
MiniMax predicts that a unique action will be preferred in the (M) and (E)
cases. It is critical in obtaining such a preference that the deliberating agent
does not have the information needed to raise the desirability of the alternative
actions which incur huge risks. So we can interpret the information-sensitivity of
deontic modals as follows: what we have to do depends on our knowledge, which
must exclude or minimize the possibility of the most undesirable outcomes.12
The problems concerning reasoning-principles appear because (M) and (E)
implicitly introduce assumptions inconsistent with minimizing the worst outcomes. (M) introduces the problematic assumption through an application of
modus ponens. (E) introduces the problematic assumption through an application of additivity.
Take additivity ﬁrst. This principle requires that A  B entail A∨C  B ∨C,
and vice-versa. For additivity to respect a decision procedure (e.g. MiniMax), it
has to be the case that the introduction of disjunction in each member of the
inequality (), does not change their relevant decision-theoretic status needed
by the decision procedure. What is this status? We may call this status the
acceptable desirability of a proposition reﬂecting a decision, which, in line with
MiniMax, ensures the minimal maximal loss (or minimal lowest gain) by committing to that proposition (or act). Thus, inference must preserve not simply
certain probabilistic/truth values (as required by logic and probability theory),
but also acceptable desirability (as required by the decision procedure). The
11
12

E.g. in (M), blocking shaft A dominates the other two acts under the condition that
the miners are in shaft A.
This decision procedure is closely related to the minimax regret rule invoked in
rational choice theory; see Levi (1980, 144ﬀ.) for discussion and references.
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acceptability status depends on the contextually relevant decision procedure,
and in (E) that procedure is MiniMax. Thus, the introduction of disjunction
should preserve this desirability status.
However, disjunction does not generally preserve acceptable desirability,
and consequently the principle of additivity—which relies on disjunction
introduction—is not valid relative to the MiniMax procedure. For instance, if
I prefer R to B in (E), and thus ﬁnd R acceptably desirable, it does not follow
that R ∨ Y is acceptably desirable. It should now become clear where the inconsistency lies. The inconsistency is generated by the ambivalence with respect to
the MiniMax procedure in reasoning about the (E) setting. On the one hand
we assume MiniMax to conclude that R is desirable, and, on the other hand,
we implicitly violate MiniMax to derive the desirability of R ∨ Y . But since
disjunction introduction—essential to additivity—does not preserve acceptable
desirability, and MiniMax requires just that, either additivity or MiniMax should
be given up.13 It is easy to see that the common judgement of the Ellsberg cases
inclines us towards keeping MiniMax. After all, very robust intuitions in (E) lead
us to minimize the greater losses in desirability.
In terms of information-sensitivity, the trouble with the additivity-based reasoning is that acceptable desirability presupposes a certain knowledge, namely
knowledge of the acceptable desirability of a certain proposition. But knowledge
of the acceptable desirability of propositions is not closed under disjunction
(unlike preservation of truth). That is, in establishing deontic claims, we cannot
rely on ‘unacceptably desirable’ worlds, i.e., worlds in which the acts are not
known to be acceptably desirable, or worlds in which, for all we know, the worst
outcome occurs. So we cannot infer deontic modal claims from propositions that
contain unacceptably desirable worlds as their denotations.
What trouble additivity makes for (E), modus ponens makes for (M). This
time, the trouble is not that acceptable desirability is not preserved, but that
modus ponens introduces a false assumption of acceptable desirability. In terms
of information-sensitivity, the conditional (that is needed in the modus ponens
inference) introduces the assumption that it is known that a certain proposition
(characterizing a desirable outcome) has the acceptable desirability status, which
means that it is known to the deliberating agent that proposition has a maximal
minimal desirability.
The assumption that the deliberating agent has information that rules out the
worst outcomes is false, and reasoning on its basis generates a contradiction. As
before, the contradiction is generated by applying MiniMax to obtain a conclusion,
while using in another part of the reasoning an inference rule (viz. modus ponens)
which is incompatible with MiniMax. The inference rule thus yields a conclusion
which is inconsistent with the MiniMax conclusion independently derived.
As suggested, the latter problem is present in both (E) and (M) settings. Note
that the antecedents of the conditionals in the two puzzles, (E) and (M), update
the modal background with epistemic information. Thus, we get the following
readings.
13

I discuss more extensively the role of disjunction in settings (M) and (E) in Nasta
(2015a).
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(10) a.
b.
(11) a.
b.

If the miners are in shaft A, we ought to block shaft A.
If the miners are in shaft A, and we know it, we ought to block shaft A.
If B > Y , we ought to choose B.
If B > Y , and we know it, we ought to choose B.

If the emphasised implications14 wouldn’t go through, and we would still want
the conditional to be good in the context of deliberation, we need to modify the
antecedents. Accordingly, even if the miners are in shaft A, we still need to block
neither shaft. (And similarly for the Ellsberg case.) In other words, minimizing
risk would require us, as decision makers, to take an option which is optimal
with respect to our state of information, but would be sub-optimal with respect
to a richer—and, by hypothesis, unavailable—body of information.
My diagnostic for the problematic reasoning is that when we are going
through e.g. the miners’ scenario, we have a proclivity for erroneously assuming,
for the sake of local coherence, that the deliberating agent knows which shaft
is open. So we simply add the assumption of relevant knowledge to our information state, though this assumption is not justiﬁed by the facts in the global
context. Note that the proposed diagnostic—based on a local, pragmatically
triggered error—does not amount to an error theory. First, such local pragmatic implications are useful in communication, and seldom generate problems.
(No cooperative speaker would reason her way through these decision problems
in the way indicated here!) More importantly, our diagnostic is consistent with
the observation that competent speakers and reasoners become quickly aware of
the tension between the assumptions in the local and global contexts. However,
acknowledging this local coherence-based reasoning makes it less surprising that
we can momentarily fall pray to such inconsistency.
To sum up, both (M) and (E) in their conditional formulations give rise
to problems when modus ponens is applied without regard to the MiniMax
decision procedure. In addition, the application of the additivity principle in (E)
determines a further violation of the MiniMax decision procedure. The violation
of MiniMax has been traced back to the introduction of disjunction (in the case
of additivity), and to a coherence-based implication of the conditional (in the
case of modus ponens). Since in the present context it is plausible that MiniMax
is being used in deriving the preferred act (or the corresponding deontic modal
proposition), violations of MiniMax in other parts of the reasoning generate
inconsistency. Thus, taking MiniMax as fundamental, we have an explanation of
the puzzling inconsistencies obtained in the (M) and (E) settings.
The information-sensitivity of deontic modals can be characterized by their
contextual sensitivity to the decision procedure, which in turn requires knowledge. As we have seen, the truth-value of a deontic modal claim depends on the
decision procedure used to establish that claim, which amounts to saying that
an ought-claim is sensitive to what we know to be the best solution (according
14

See von Fintel (2012, pp.28–29) for relevant evidence of this type. This evidence
suggests that conditionals admit of implicit restrictors which are sensitive to local
pragmatic implications. Such local pragmatic (coherence-based) implication exists
in several other linguistic domains (cf. Simons 2014).
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to the decision procedure). But what we know and what we assume to know
in making inferences can come apart, since certain inferences may introduce
epistemically and deontically unwarranted assumptions, as they do in our cases.

4

Concluding Remarks

In light of the previous discussion, I agree with Kolodny and MacFarlane (2010,
pp.130,136) that what we ought to do depends on our knowledge. I also agree
with them that modus ponens does not satisfy this desideratum. However,
I have a more speciﬁc take on the sort of knowledge that matters and how the
illicit assumption of relevant knowledge comes about in the case of conditionals. In contrast to previous accounts of the miners’ puzzle—e.g. Kolodny and
MacFarlane (2010), Cariani et al. (2013), Charlow (2013)15 —my approach is
more explicit on how to apply the decision-theoretic principles to contexts involving probabilistic information.
It is well beyond the scope of this paper to oﬀer a complete recipe for picking
out contexts where MiniMax is successfully applicable. It is nonetheless worth
asking, How general is the strategy proposed here? My contention is that the
strategy is more general than we might have guessed by looking at an isolated
decision setting. At the very least, it applies to cases where some outcomes are
certain (as in M) and to cases where the outcomes are not certain (as in E),
irrespective of whether the actions evaluated are simple or complex, and
(arguably) irrespective of their ambiguity status. However, I cannot make claims
about the precise bounds of the cases for which the strategy would work. As I
suggested, decision procedures other than MiniMax are relevant in other diﬀerent settings. We cannot build preferences based on a unique decision procedure.
Moreover, even keeping ﬁxed the broad context of e.g. the (M) or (E) case,
it’s not clear that MiniMax should apply to whatever decision problem we may
come up with, and indeed it might well be indeterminate whether any decision
procedure applies at all.16
To conclude, my proposal gives pride of place to a decision norm in the pragmatics of deontic modality in a particular type of context, as provided by the (M)
and (E) cases. In this type of context, I interpreted the information-sensitivity
15

16

Though see Carr (2012) and Lassiter (2011), who directly approach the miners’ puzzle, and Goble (1996) whose deontic logic account may constitute a good framework
for dealing with both (M) and (E).
On the one hand, it is easy to check that MiniMax gets a good prediction for the
conjunctive act of blocking both shafts in (M), and for the act of choosing a red
ball in (E). On the other hand, it is much more diﬃcult to come up with a sharp
comparison between the disjunctive acts Ba ∨ Bb , Ba ∨ Bn , and Bb ∨ Bn . The latter
two acts guarantee that either no miner will be saved or nine miners will be saved
or all of them will be saved (S0 ∨ S9 ∨ S10 ), whilst the former act guarantees that
either zero or ten miners will be saved (S0 ∨ S10 ). A ﬁrst problem is that in order
to estimate the desirabilities of the acts we have to come up with probabilities for
the disjuncts. And even after doing that, it is not clear that there will be only one
obvious way of choosing between the estimated desirabilities thus obtained.
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of deontic modality as sensitivity to a MiniMax decision strategy. Deontic modal
talk in such contexts is sensitive to what might be the worst outcomes. If our
information state leaves the occurrence of the worst outcome open, the act leading to that outcome is dispreferred. This holds true for both simple and complex
acts, and my introduction of (E) was in part motivated by the observation that
(M) somewhat obscures this fact. Nonetheless, my primary motivation has been
to provide a common diagnostic for the problems raised by (M) and (E). In
virtue of capturing this unifying feature, my analysis oﬀers guidelines for a more
comprehensive pragmatics of deontic modals under uncertainty.
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for Reasoning About Social Context
and Relative Social Power
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Abstract. Social context has a profound eﬀect on how people interact with each other, and should have important ramiﬁcations for how
intelligent systems interact with people. However, social context has
received comparatively little attention in research on context-aware systems. This paper begins by highlighting possible dimensions for descriptions of social-interactional context, based on social science research.
An important component is the interactants’ place in the social hierarchy, and especially their relative social power. The remainder of the
paper presents results on using machine learning methods to learn crossdomain classiﬁers for predicting relative social power. An experimental
evaluation of cross-domain learning between three domains suggests that
the important features for determining whether or not one interactional
domain can be used to predict the relative social power of interactants
in another are which social power dimension has the most inﬂuence in a
given domain.
Keywords: Social-interactionalcontext
intelligence

1

· Relative social power · Social

Introduction

For a wide range of settings, contextual factors play a key role in both reasoning
and understanding (see Brézillon and Gonzalez [4] for a rich collection of perspectives). Much of the work in context-aware systems has focused on leveraging
contextual factors for predicting single user actions, to enable such systems to
integrate more seamlessly and eﬀectively into people’s lives [9,14]. However, as
Kalatzis et al. [15] observe, such treatments of context generally do not address
communication and social interactions, which also play an important role in
human behavior. Kalatzis et al. addresses this by focusing on the community
and developing pervasive computing systems able to model the types of contextual factors normally considered at the level of individual users, but at the level
of an entire community. This paper considers how context-aware systems can
understand the social relationships themselves.
c Springer International Publishing Switzerland 2015
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Social relationships such as relative social power may seldom be made
explicit, but they provide a context that can have a profound eﬀect on how
two individuals interact in terms of what constitutes an appropriate action and
how observed actions should be interpreted. The paper both presents a general
discussion of key dimensions for social context representations, based on the
social science literature on social context, and presents concrete experimental
results on applying machine learning to the task of identifying relative social
power.
The capability for systems to reason about and act intelligently in regard
to observed social interactions would enable them to become more active participants and to interact in a natural and socially appropriate manner. This
ability would enable them, for example, to participate proactively in a team
with people. If a system is aware of the social context and the appropriate ways
in which to interact, it would be able to recognize when and whom to interrupt
when needed, and to propose ideas and solutions without “stepping on toes,”
optimizing chances of acceptance of its plan by the team.
The goal of this paper is three-fold: to demonstrate the need for reasoning
about the social, interactional context, to show what a model of the social,
interactional context must be able to represent, and to demonstrate an initial
step towards developing representations and methods with which to reason about
the social interactional context. The ﬁrst section discusses why a system needs a
representation of social interactions in order to understand what is being said and
interactants’ intentions, and to disambiguate between possible meanings. The
second section presents aspects of social interactions that any social, interactional
model would need to be able to represent and suggests for how to represent some
of those aspects. The third section presents results on computational methods
for predicting relative social power.
The discussion of computational methods for predicting relative social power
builds on work by Metcalf and Leake [18] investigating representations and similarity metrics for comparing characteristics of speakers’ performance in conversations, and the application of machine learning classiﬁers to the results to
identify social power relationships (e.g., applying a random forest classiﬁer can
identify relative social power from a feature set representing the absolute diﬀerence in certain features produced between two speakers during a conversation).
The paper presents new results on the generality/transfer of the resulting classiﬁers, testing their ability to predict relative social power in domains other then
the ones on which they were trained. The results suggest that the performance of
a classiﬁer trained on one domain at predicting another depends on the speciﬁc
dimensions along which the relative social power is based.

2
2.1

Justifying Modeling the Social-Interactional Context
Motivations and Desiderata

We use “interactional context” to describe the implicit factors underlying a given
type of interaction and, therefore, determining those types of actions that are
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permissible, expected, cooperative, or deviant in the given situation. Awareness
of the social-interactional context is necessary for an agent to demonstrate social
cognition and to seamlessly integrate itself into an interaction [24]. Therefore,
the ability to reason directly about the social-interactional context could provide
a number of beneﬁts. For example, it could improve the performance of dialogue
systems, in-home assistive robots, or automatic proﬁlers, and augment humanto-human interactions. This knowledge could allow a system to more accurately
interpret social interactions by being able to account for intensions, expectations,
and appropriate or script-like behaviors.
Deﬁning the social context as a frame within which to analyze interactions
is motivated by its close relationship to modes and expressions of the social
self. The expression of one’s social self is one aspect of the discourse a person
expresses or enacts, with the other half being the cognitive self. The duality of
a person’s discourse reﬂects the interplay between internal cognition and the
external social and environmental inﬂuences that alter and interact with it. It
is this close relationship that will allow a system to use the social-interactional
context to reason about an interactant’s more cognitively related aspects, such
as intentions and expectations.
When people participate in diﬀerent domains of social life, they structure
their speech, communicative acts, and actions in general according to the what
is appropriate and expected within the current social domain [13]. Knowledge
of the current social domain could allow a system to predict the types of language a person in likely to use. The accurate prediction of future speech turns
by the human interactant would make it possible for a system to provide the
interactant with what he or she needs before the interactant needs to explicitly
ask for it. The capability to eﬀectively and accurately reason about how a person is situating him or herself within a social situation, would greatly improve
a system’s accuracy at accounting for intentions, expectations, and appropriate
or script-like behaviors.
Our goal for representing the social-interactional context is to develop a structured representation of the social-interactional domain enabling a computational
system to identify discriminatively meaningful features and characteristics for a
given social domain. A guiding principle is to develop a representation that is in
line with the theoretical constructs and methodologies laypeople and scientists
use to talk about and understand social interactions. The resulting representation should be one that is both in line with current theory and is structured
such that a computational system can reason about formalized features and
characteristics so as to identify what is expected and what is acceptable.
We focus especially on social context as manifested in discourse. Discourse is
a means by which to do a social action, such as inﬂuencing knowledge, identity, or
social relations, therefore, it is also a way to express and maintain social patterns
[13] and can be used as a framework with which to analyze various forms of identity,
for both groups and individuals. Using discourse to reason about social identity
can allow a system to identify which communities someone identiﬁes with. This
social identity can then be used to contextualize the interaction. By contextualizing the interaction with information about the identity an interactant is enacting,
it becomes easier to reason about types of intentions someone might have.
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A Sample Application: Augmented Reality

To make concrete the beneﬁts of reasoning about the social-interactional context,
consider augmented reality (AR) systems. AR seeks to directly aﬀect and alter
the ways in which we perceive and interact with our environment, making it is
an interesting domain in which to apply context aware technologies. AR can be
used to augment or facilitate people’s ability to interact with their environment
and with other people. In order for AR to be able to eﬀectively augment human
interactions, it needs to be able to reason about the interactants’ goals are for
an interaction and why they are trying to achieve them [11,19,22], which in turn
requires understanding of the interactional context.
A system able to reason about the social-interactional context could be used
to guide and train people on how to behave in a given social environment. Such
an application could be beneﬁcial, for example, to those who frequently travel to
other societies and cultures for which the users might not be overly familiar with
the customs, and to those who struggle with interacting with other people. In
both cases, an AR system could continue to assist the users by oﬀering guidance
and suggestions when needed. Facilitating the ability of people to transition
into other interactional environments could reduce the potential for conﬂict and
insult. The availability of systems able to reason about and exploit social context
would transform the nature of interactions between people and technologies,
enabling computers to respect social factors in the same way people do with
other people. The ﬁrst step towards developing such systems is to develop a
model and concepts for describing social interactions.
2.3

Representing the Social-Interactional Context

Representations of the social-interactional context should enable a computational system to identify discriminatively meaningful features and characteristics
for a given social domain. We propose that development of such representations
be guided by the theoretical constructs and methodologies that social scientists
use to talk about and understand social interactions. The resulting representation should be one that is both in line with current theory and such that a
computational system can reason from it eﬀectively.
As people are able to learn socially situated patterns of language through
the observation of others and feedback from those with whom the interact, the
representation should also facilitate learning on the part of the computational
systems, structuring structure descriptions of a given social domain in a form
that facilitates the application of learning methods. In other words, the representation scheme must be selected in concert with the learning method.
2.4

Components

Social scientists have developed a variety of methods for analyzing how humans
interact [1,2]. Our approach is inspired by Hymes’ SPEAKING model [12], a
framework within which the social context and the interactional context can be
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represented. According to this framework, each interaction is situated within a
speech situation, which is a series of speech events that take place in a given
physical and psychological environment. Each speech situation is made up of
speech events, a series of speech acts that all focus on the same topic or achieving
the same goal. A speech act is a category that describes the intended meaning
of an utterance or phrase; it describes what the speakers expects the hearer to
do given that he or she has heard the speech act [3].
The SPEAKING framework has eight slots with which it represents the various aspects of an interaction, or a speech situation: Setting/Scene (physical and
psychological environment), Participants/Personnel, Ends (goals), Art Characteristics (form and content), Key (tone with which something is said), Instrumentalities (e.g., spoken versus written), Norms of Interaction and of Interpretation
(the behaviors that general accompany some speech act), and Genres (the categories of the speech acts and speech events). SPEAKING provides a convenient
framework with which to represent and reason about a social interaction at a
high level, and provides a potential ﬁrst step for a representational framework
for social-interactional context.
2.5

Challenges Implementing SPEAKING

It is generally very easy for humans to ﬁll in the SPEAKING framework, especially for familiar interactions and situations. However, developing automated
methods for a computational system to use to ﬁll in this framework is not
straightforward. For example, it is unclear how to represent utterances within
the Art Characteristics slot. As many of the speech act schemes are focused
on representing task and goal oriented interactions, they do not have a way to
represent utterances that seem to have the goal of developing common ground,
such as, “I am also in the CS department here,” or “I like your shoes. I have a
pair just like them at home.” While these exact utterances might not be overly
common, this type of utterance tends to occur frequently when two people meet
for the ﬁrst time.
According to the existing speech act schemes (e.g., [5–7]), such utterances
would be classiﬁed as “information giving” and, potentially, also “response seeking.” However, according to this classiﬁcation, these two examples would have
the same type of intended meaning as an utterance such as, “The train leaves
a 10 AM,” which does not seem to accurately get at the intention behind the
utterance.
On the other hand, there are other slots for which low level representations
seem relatively straightforward to deﬁne, for which immediately available computational techniques might be applicable. Setting could be represented in a
number of ways, such as with coordinates, surrounding environmental attributes,
people who are standing within a given proximity, or some location type (e.g., a
classroom or a car). People already have many words for describing a person’s
tone of voice. Therefore, a set of words used to describe tone of voice could
be identiﬁed with the same method used to identify aﬀective categories [23].
The participants can be represented in terms of their cognitive and belief states,
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representations of which are being developed by [10,21], plus information about
the social relationships that exists within a given interaction.
2.6

Identifying Social Relationships

Identifying social relations requires relationship type identiﬁcation, social hierarchy identiﬁcation, and the identiﬁcation of the quality of the relationship. Each
of these three subcomponents can be used to describe the relationship between
interactants. Social hierarchy identiﬁcation describes the social status one participant in an interaction has relative to the other participant(s). Identifying
the authoritative individual in an interaction further deﬁnes and constrains the
behaviors likely to be present in a given interaction. Having a bounded model
of the expected behavior for a given interaction facilitates identifying deviant
behavior.
There is a large literature that described various norms of interaction for
a variety of cultures, but this has not been described in a way that facilitates
translating them into a formal representation scheme. Therefore, in order to
develop lower level representation for reasoning about this slot, expertise knowledge could be leverage to develop a formal knowledge representation and the
features of an interactional that could be used to apply the representation correctly. Alternatively, we have begun to explore machine learning methods for
learning how to predict relative social power.

3

Computational Identification of Relative Social Power

We have begun investigating computational methods for identifying one aspect of
the social-interactional context, the participants’ relative power relationship. Our
current target is to develop methods for identifying each participant’s relative
social power based on the production of linguistic features. We are studying the
feasibility of using machine learning to build classiﬁers able to accurately predict
the relative power between two speakers. Our approach develops representations
of linguistic features of interactions, to provide as input to machine learning
methods, and then tests which candidate representation schemes and machine
learning methods have the best performance at this task.
Our initial experiments [18] compared the predictive accuracy of a set of
speaker representation metrics and classiﬁer pairings. The features were based
on Pennebaker’s work on function words [20]. Two methods were considered for
representing the features associated with each speaker pair, one a 14-element feature vector, for which each element corresponded to a diﬀerent type of function
word, and another representation which derived a single value from the individual feature values. Six diﬀerent metrics were then applied to compare these
representations. Finally, a Support Vector Machine (SVM) and a Random Forest
Classiﬁer were trained to predict relative social power. Results were compared to
determine which representation and classiﬁer pair was able to more accurately
predict the relative social power between two speakers.
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The resulting relationship type classiﬁcations assigned one of two directional categories (i.e., pointing to which speaker had more power) and one nondirectional category (i.e., reporting that both speakers had the same relative
social power). Identifying the existence of a diﬀerence in relative social power
and the direction in which the power diﬀerence points are two diﬀerent tasks.
It was found that in both directional cases the 14 dimensional feature vector
representation enabled the most accurate predictions, however, the method used
to calculate speciﬁc feature values for the best results diﬀered. When identifying
that no diﬀerence in social power existed, a feature vector representing how many
of the features diﬀered provided the best results. When identifying the direction
of the relative social power, a feature vector that represented both those features
that varied and direction in which they varied was the most accurate.
The experiment reported in this paper expands on the above study by examining the cross-domain eﬀectiveness of this approach: how well classiﬁers trained
in one interactional domain are able to predict the relative power relationship in
another interactional domain. The domains examined in this experiment were
the ICSI meeting domain [16], the United States Supreme Court trial domain [8],
and the tutoring domain [17]. Each source contains transcripts of face-toface interaction events each–75 for the meeting domain, 204 for the Supreme
Court domain, and 54 for the tutoring domain–each of which contain a number
of interactions between participants. Each domain diﬀers according to the types
of power each of the interactants have over one another and which dimension of
power is the most inﬂuential.
3.1

The Interactional Domains and Data Sets

The meeting domain was analyzed using the ICSI Meeting Corpus, which represents a set of task oriented meetings with a variety of [16] participants. Participants range from undergraduate students to Ph.D. students, Postdoctoral
Fellows, and Professors. Therefore, the meetings contained interactions between
people enacting diﬀerent social roles with diﬀerent amounts of social power. This
is a domain where relative social power can be measure most consistently on at
least two of the three dimensions of relative social power, power from expertise
and respect and power from traditional, externally imposed statuses.
The Supreme Court domain was analyzed using the Cornell Supreme Court
Corpus [8], which contains the transcripts from a number of trails that were
presented before the United States Supreme Court. This corpus included interactions that involved a number of people with diﬀerent amounts of social power,
such as Chief Justice, Justice, Prosecutor, Witness, and Expert Witness. Relative
social power is primarily measured along one dimension in this domain, traditional, externally imposed status. This domain’s interactions are more structured
and the ways in which relative power is recognized is through formal means of
acknowledgment and reference.
The tutoring domain data set was the Talkbank Tutoring Corpus [17], which
includes interactions between tutor and student pairs where the goal is for the
tutor to teach the student to achieve some goal, whether it be to play a new game
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or to solve an algebraic equation. Although these interactions do not involve a
variety of diﬀerent social roles, they are interesting because the relative social
power is based on the dimensions of need and expertise. In this domain, externally imposed social roles are not as meaningful as the relative social power in
the tutoring domain does not always reﬂect the relative social power outside of
the tutoring domain.
Thus the domains reﬂect a diversity of factors determining social power. Our
previous experiments provided support for the hypothesis that within a given
domain, features for predicting social power can be learned automatically. However, they left open the question of whether learned results could be transferred
to enable predicting social power in new domains. That question is the focus of
the following experiment.
3.2

The Experiment

The experiment tested cross-domain performance for conﬁgurations using three
comparison metrics for the features of diﬀerent speakers. Each of the metrics directly compared the number of instances each speaker produced for
each feature. The metrics were absolute diﬀerence (Delta), positive-negative
scaled feature-based Euclidean distance (EuclidPosNeg), and the binary (GLTL)
speaker metrics. For the positive-negative scaled feature-based Euclidean distance metric, a vector for each speaker’s value for a given feature(the number
times a given feature was observed) was provided as input to the Euclidean
distance formula. Each feature was assigned either a positive or negative value
depending on whether speaker X had more instances of a feature (positive) or
whether speaker Y did (negative). The binary metric contained a sequence of
ones and zeros, where one indicated that speaker X had more instances of given
feature that speaker Y. The assignment of each speaker to the roles of X and
Y was necessary in order to be able to compute each of the similarity metrics.
In the training and test sets, each speaker pair was classiﬁed twice so that both
speakers played the role of speaker X and speaker Y. This was done to validate
that the assignment of a speaker to X or Y did not impact the classiﬁcation
results.
Each of the similarity metrics was used to train and test a Random Forest
Classiﬁer (RFC) as the task of predicting relative social power. The selection
of each of these metrics and the classiﬁer was based on their performance in
Metcalf and Leake [18].
Each of the corpora was represented using each of the speaker similarity
metrics discussed above, which were then used to train a RFC. In total, 54 classiﬁers were trained. The classiﬁcation task was broken into two tasks, predicting
whether or not a diﬀerence in relative social power existed and, if it did, to
determine who had more power. This meant using three binary classiﬁers, one
to determine if two speakers had the same amount of power, one to determine if
speaker X had more power, and one to determine if speaker Y had more power.
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Fig. 1. The average accuracy across speaker similarity metrics with which instances
where speaker X had more power than speaker Y where classiﬁed.

3.3

Results

The average accuracy across classiﬁcation tasks for each training and testing corpora combination can be seen in Figs. 1, 2 and 3. Each of the metrics performed
almost equally well at the task of predicting relative social power for each of the
corpora combinations. Looking at the average accuracy for each of the corpora
combinations for each of the tasks, it can be seen the while performance was relative similar across all of the classiﬁcation tasks, there were some diﬀerences. Additionally, across all of the classiﬁcation tasks it can be seen that some of the corpora
combinations pairs were better able to predict one another than others. It can be
seen that across the classiﬁcation tasks, the Cornell Supreme Court (CSC) and
the ICSI Meeting Corpora performed nearly equally well at predicting one another
(accuracy = 0.94). Additionally, they both performed about equally well in predicting relative social power in the tutoring domain (CSC accuracy = 0.83, ICSI
accuracy = 0.82), while the tutoring corpus nearly as well at predicting the relative social power for both the meeting and the Supreme Court domains (average
accuracy = 81, CSC accuracy = 0.81, CSC accuracy = 0.80). Overall, the meeting
and Supreme Court domains seem to be the most similar and the Supreme Court
and tutoring domains seem to be the most dissimilar in terms of determining relative social power through function words.
3.4

Discussion

The performance of each of the domain corpora at being able to train a classiﬁer to predict relative social power in another domain indicates similarities and
diﬀerences in the types of social power that structure each of the domains. We
hypothesize that the meeting and Supreme Court domains were able to accurately predict the relative social power in each other domains because their
relative social power are both largely based on externally imposed statuses.
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Fig. 2. The average accuracy across speaker similarity metrics with which instances
where speaker Y had more power than speaker X where classiﬁed.

Fig. 3. The average accuracy across speaker similarity metrics with which instances
where speakers X and Y had the same power where classiﬁed.

While the task-driven meeting domain, especially at an academic institution, can
have a more ﬂexible social hierarchy that the Supreme Court domain, according to expertise, and occasionally need, these shifts in relative social power are
most likely temporary. The academic institution, meeting domain, while likely
to be ﬂexible within meetings, is likely to quickly revert back to its original,
status-based social hierarchy immediately after the need causing a shift has
been addressed. Consequently, as soon as expert oﬀers his or her expertise, the
context changes, with power shifting back to the individuals with the highest
status.
The ability of the academic, institution meeting domain and the Supreme
Court domain to accurately predict each other’s relative social power, indicates that externally imposed statuses can play a large role that can overshadow
expertise-based social power shifts.
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The tutoring domain stands apart from the other two domains in terms of the
accuracy with which the tutoring domain could be used to predict the relative
social power of the other domains and vice versa. The diﬀerences in accuracy
indicate that the task of identifying relative social power in tutoring is of a
diﬀerent nature than the task of identifying relative social power in the Supreme
Court and academic meeting domain. A plausible explanation for this diﬀerence
is that the relative social power in the tutoring domain is primarily based on the
need dimension along with some inﬂuence from the expertise dimension. This
suggests that there is marked diﬀerence in the nature of power that is externally
imposed and, potentially, expertise-based and relative social power that is need
based.
Overall, this experiment suggests that domains for which relative social power
is deﬁned along diﬀerent dimensions are not the best candidates for predicting one another. In terms of developing a computational system able to reason
about the social-interactional context, these results suggest that a system needs
to be sensitive to nuances that diﬀerentiate diﬀerent contexts. However, these
nuances, or dimensions occur across interactional domains. Therefore, a system
able to reason about the social-interactional context only needs as many separately trained classiﬁers and reasoning mechanisms as there are dimensions
along which interactional contexts systematically diﬀer. This conclusion suggestions that to identify this type of context, there does not need to be a diﬀerent
classiﬁer for each interactional domain, but instead a diﬀerent classiﬁer for each
category of interactional domain, where category is deﬁned according to dimension such as need-based, expertise-based, and status-based relative social power.

4

Conclusion

Despite strong awareness of the importance of context, social context has been
comparatively unexplored. This paper has argued for the (1) importance of considering the social context, both for devices meant to facilitate daily activities
and for systems able to support social interactions, and (2) to enable intelligent user interfaces to perform more eﬀectively when actively participating in
an interaction. Social-interactional settings are data rich environments that can
help to provide signiﬁcant amounts of contextual information about the individual participants through such features as relative social power, word choice, and
relationship type.
The view in this paper alligns with Kalatzis and colleagues [15] in presenting an argument for the social-interactional context as a valid and beneﬁcial
contribution to reasoning about how a device should interact with its user and
its environment. However, this paper diﬀers from their work in it proposes a
social context framework that emphasizes social interactions between people
and, eventually, between people and computational systems. Additionally, in
our approach conclusions about non-user interactants are based on the information that is known a priori by the user or information that is directly observed
by the system during an interaction. Instead of trying to select the next most
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likely action based on a sequence of contextualized actions, this framework aims
to predict attributes about the interactants, such as their relation to one another
and aﬀect.
We have shown how the slots deﬁned in the SPEAKING model can be used
to represent features of an interaction to which machine learning methods can be
applied to develop eﬀective classiﬁers to predict one aspect of social context. The
experiment studies the cross-task generality of the learned classiﬁers, providing
insight into the ways in which an interactional domain is able to vary and which
similarities/diﬀerences are important for predicting the relationships between
interactants. The results demonstrate the speciﬁc interactional domain is not
the most important factor in determining whether or not one domain can be
used to accurately predict relative social power in another domain. Instead, the
dimensions upon which the interactant relations vary are the most important.
This suggests that it is possible to predict relative social power in a previously
unobserved domain so long as the dimensions along which certain aspects of the
social relations vary have been observed before.
Overall, this paper argues that reasoning about the social-interactional context is beneﬁcial and presents support for its feasibility in intelligent systems.
Next steps will be to develop methods with which to derive slot representations for features that are not straightforward and to further investigate additional types of participant relationships, beyond social power, particularly the
dimensions upon which they vary and the domains with which the dimensional
variations are associated.
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4. Brézillon, P., Gonzalez, A.: Context in Computing: A Cross-Disciplinary Approach
for Modeling the Real World. Springer, Berlin (2014)
5. Bunt, H.: The semantics of dialogue acts. In: Proceedings of the Ninth International
Conference on Computational Semantics, pp. 1–13. Association for Computational
Linguistics (2011)
6. Bunt, H., Alexandersson, J., Choe, J.W., Fang, A.C., Hasida, K., Petukhova, V.,
Popescu-Belis, A., Traum, D.R.: ISO 24617–2: a semantically-based standard for
dialogue annotation. In: LREC, Citeseer, pp. 430–437 (2012)
7. Core, M.G., Allen, J.: Coding dialogs with the damsl annotation scheme. In: AAAI
Fall Symposium on Communicative Action in Humans and Machines, Boston, MA,
pp. 28–35 (1997)
8. Danescu-Niculescu-Mizil, C., Lee, L., Pang, B., Kleinberg, J.: Echoes of power:
language eﬀects and power diﬀerences in social interaction. In: Proceedings of the
21st International Conference on World Wide Web, pp. 699–708. ACM (2012)

Investigating Methods and Representations

397

9. Doolin, K., Taylor, N., Crotty, M., Roddy, M., Jennings, E., Roussaki, I.,
McKitterick, D.: Enhancing mobile social networks with ambient intelligence.
In: Chin, A., Zhang, D. (eds.) Mobile Social Networking, pp. 139–163. Springer,
New York (2014)
10. Heiphetz, L., Spelke, E.S., Harris, P.L., Banaji, M.R.: The development of reasoning about beliefs: fact, preference, and ideology. J. Exp. Soc. Psychol. 49(3),
559–565 (2013)
11. Hervas, R., Bravo, J., Fontecha, J., Villarreal, V.: Achieving adaptive augmented
reality through ontological context-awareness applied to aal scenarios. J. UCS
19(9), 1334–1349 (2013)
12. Hymes, D.: The ethnography of speaking. Anthropol. Hum. Behav. 13(53), 11–74
(1962)
13. Jørgensen, M.W., Phillips, L.J.: Discourse Analysis as Theory and Method. Sage,
Thousand Oaks (2002)
14. Kalatzis, N., Liampotis, N., Roussaki, I., Kosmides, P., Papaioannou, I.,
Xynogalas, S., Zhang, D., Anagnostou, M.: Cross-community context management
in cooperating smart spaces. Pers. Ubiquit. Comput. 18(2), 427–443 (2014)
15. Kalatzis, N., Roussaki, I., Liampotis, N., Kosmides, P., Papaioannou, I.,
Anagnostou, M.: Context and community awareness in support of user intent prediction. In: Brézillon, P., Gonzalez, A.J. (eds.) Context in Computing, pp. 359–378.
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Neither Noise nor Signal
The Role of Context in Memory Models
Ian O’Loughlin(B)
Paciﬁc University, Forest Grove, OR, USA
ian.oloughlin@pacificu.edu

Abstract. Context plays a crucial role in learning and memory, but a
satisfactory characterization of this role in models of memory remains
elusive. Classical and recent studies show that context cannot be meaningfully treated as either the ﬁgure or the ground, the noise or the signal,
in memory models. This impasse belies certain cognitivist assumptions
common to traditional cognitive science. A number of postcognitivist
movements in philosophy and cognitive science have oﬀered eﬀective critiques of the basic framework, often borrowed in memory science, that
depicts the human cognitive system as a dimensionless executive control
unit receiving and transforming signals as input from the environment.
These revisionary movements have also oﬀered up alternative dynamic
approaches to cognitive modeling and explanation, which can and should
be deployed in memory science in order to resolve the impasse surrounding the modeling of context and memory.

1

Context and Memory

Context plays a crucial role in learning and memory. Although researchers across
several domains agree that this is so, a satisfactory characterization of this role
in models of memory remains elusive [1, pp. 101], [2]. In early conditioning studies, the context of a conditioning experiment was treated as a necessary evil: as
a subject is conditioned to respond to a stimulus, the apparatus of the experiment also engenders responses similar to a conditional stimulus [1]. This noise
in conditioning experiments eventually came to be treated as a modular stimulus in its own right, spawning a vast, albeit somewhat heterogeneous, collection
of methodologies surrounding context conditioning [3,4]. In memory models, a
representation of context came to play a very similar role to representations of
any other target stimuli [5,6]. Recently, however, a number of studies have once
more demonstrated incongruities in treating context as just another represented
stimulus [7,8]. This leaves modelers at an impasse: context cannot be adequately
modeled as another signal received by the learning and remembering system, but
nor can it be adequately modeled as merely the noise in contrast to which such
signals proceed.
This impasse, however, is predicated on an assumption about the nature of cognitive systems. This is the assumption that there is a static baseline of awareness
which receives signals in a void. Everything must be either signals or noise only
c Springer International Publishing Switzerland 2015
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if remembering systems are essentially zero-dimensional receivers of input, if the
framework for our models is a basically computational picture of discrete phases of
input, storage, and output. In cognitive science, these cognitivist assumptions are
beginning to give way under their own weight. Especially in approaches within the
dynamic systems family of modeling methodologies [7,9,10], as well as research
trajectories informed by embodied and situated cognition [11–13], the subject
as a zero-point receiver and transmitter of representations is quickly becoming
obsolete [14–16]. Philosophers of mind have been debating the merits and demerits of just this framework for a century, and recent cognitive science has begun to
attend to these lessons in earnest.
Although researchers in the cognitive science of human memory have not
commonly been among the ﬁrst to question cognitivist assumptions, whether
models based on the computational architecture of encoding, storage, and
retrieval can adequately serve has lately come under ﬁre from both cognitive
psychologists and philosophers [17–19]. In the emerging foundation for new models of human memory, the line between data and algorithm has been erased
[20], the phases of memory processes have become continuous rather than discrete [21], and memory construction and reconsolidation have become the rule
rather than the exception [22]. These developments taken together point to a
plausible, albeit revisionist, resolution to the context modelers’ impasse: context has resisted memory models that rely on fundamentally computationalist
architectures because these frameworks insist that a stimulus is either a signal being received as “input” or the mere noise against which such signals are
discerned. Relinquishing this demand may entail the dissolution of modularity
and of any notion of a dimensionless “executive unit” which receives input and
directs output–revisions which have been independently motivated in the philosophy of cognitive science–but the resulting frameworks will allow models to
faithfully characterize the complex role that context plays in human memory.

2

Modeling Figure and Ground in the Cognitive
Psychology of Memory

Although many strands still connect the two, research into learning and research
into memory have been long divided into two parallel (and sometimes less parallel) trajectories in cognitive psychology. Although the primary focus of this paper
is memory research, the story of the way context has come to be modeled begins
with learning and conditioning experiments in the middle of the twentieth century. Early researchers in conditioning quickly discovered that the context of any
given successful case of conditioning became something like its own conditioned
stimulus, in addition to whatever target stimulus to which the subject had been
conditioned in the context in question. Experimenters began treating the context as another CS in their models, and thus set the stage for what would become
the standard treatment of context in models of human memory [1, pp. 101]. Furthermore the revisions needed to make memory models adequate for context are
almost certainly analogous to needed revisions in learning models, especially since
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these treatments have remained more or less parallel in the divergent research traditions. Researchers who are concerned to draw conceptual connections between
these, such as Mark Bouton, have made this evident:
“In contemporary learning theory, context is typically deﬁned as
the background stimuli provided by the apparatus (e.g., Skinner box) in
which the experiment is conducted. This deﬁnition is similar to the one
used in the human memory literature, where context is often deﬁned as
stimuli provided by cues emanating from the room in which the experiment occurs (e.g., Smith, 1988; Smith and Vela, 2001). In either case, the
context is a relatively long-duration stimulus that surrounds or embeds
the target stimuli that are to be learned or remembered (whether they
are conditioned or discriminative stimuli, or items in a list).” [2, pp. 233]
Memory researchers have even perhaps tended to be a bit more cautious than
those modeling learning in their treatment of context. While in the conditioning
literature context is often treated as a sort of necessary evil, an additional CS
that always accompanies conditioning, context in the memory literature is often
characterized as a cue, a signal that aids, perhaps crucially, in retrieval of memory. In an article from 1995–in which the cracks in the computationalist ediﬁce
are already beginning to show, and to which we shall return presently–Wesley
Spencer and Raz Naftali sensibly and sensitively wrote that “The term context
denotes all conditions and circumstances under which memory for an item was
acquired.” [7, pp. 528] This characterization is distinct from Bouton’s in a subtle but important aspect: those researchers who treat context as “emanating
cues” are essentially treating context as a signal, following the CS assignation in
learning experiments, while those who follow Spencer and Naftali in treating it
as the whole of the “conditions and circumstances” surrounding an encoded or
retrieved memory are essentially treating context as the ground of such signals.
As each of these researchers is well aware, experimentally, context has failed to
behave well in either of these roles.
The Spencer and Naftali study demonstrated one such incongruity. It has long
been known that aging has adverse eﬀects on the memory abilities of human subjects. In their study, Spencer and Naftali showed that memory ability for context
deteriorates much earlier and more severely in aging humans than does memory
ability for content. [7] That is, aging adults show much more susceptibility to
memory failure for context than would be expected were context just another
stimulus that has been stored and retrieved. While semantic memory (remembering facts) and episodic memory (remembering past episodes) remain largely
intact quite late in the life of the healthy remembering subject, our ability to
remember the contexts associated with these retrieved memories declines dramatically long before this. It is perhaps this poor ﬁt between context and signal
that induces the authors to characterize context as “circumstances” rather than
“cues”, although they do not explicitly recommend any particular theoretical
revisions.
Michael Fanselow has more recently demonstrated another diﬃculty in treating context as a memory item that is stored and retrieved. The habituation and
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extinction rates for remembering and forgetting in a large variety of circumstances have been thoroughly studied and documented, including basic conditioning experiments. Fanselow has found that habituation and extinction rates
for context conditioning are not only divergent from what would be expected,
but indeed in some cases they are inverse [1,8]. Fanselow’s study showed that
although, as is well known, the eﬀectiveness of an instance of classical conditioning is inversely proportional to the delay between US and CS (at least above a
very brief threshold, the role of which is controversial), the eﬀectiveness of context conditioning is emphdirectly proportional, for a number of cases, to the delay
between the introduction of the context “stimulus” and unconditioned stimulus.
Rats introduced to a context “stimulus” simultaneous with, or directly preceding, unconditioned stimulus, exhibit no conditioning whatsoever to the context
“stimulus”, despite the fact that simultaneous and directly preceding instances
of CS are standardly what produce the most reliable conditioning. Once more,
treating the context as a stored, remembered item in the fashion of a conditioned
stimulus or environmental cue seems directly contravened by empirical results.
These are not the only diﬃculties faced by researchers who have tried to model
context within a framework of stored and retrieved items; context is sometimes
assigned multiple roles, or multiple neural bases, to try to resolve these seeming
inconsistencies [5, pp. 2431].
In traditional models of human memory, it can be diﬃcult to know how
else context could be modeled. Although the details vary, the basic framework
in memory research is to model human remembering on the encoding, storage,
and retrieval of memory traces.1 That is, the human rememberer is taken be
fundamentally analogous to an input/output device; memories are stored data,
that has been encoded, that can be transformed into various outputs under
certain conditions. Stored memory traces are taken to represent the fact or
episode that will later be recalled, and treating context as a stored item is just
to treat it as a stored representation.2 Many attempts in cognitive psychology
and neuroscience to understand the role of context in memory involve an attempt
to better understand the location and structure of the stored representation of
the context. Fanselow as well, when describing the context conditioning in his
footshock experiments, writes:
“This exploration allows the animal to store an integrated representation of the context and once that integrated representation is formed
exploration decreases. This contextual representation is also necessary
1

2

It is true that there has been some revisionary language in memory science lately:
‘persistence’ rather than ‘storage’, reconsolidation instead of ‘consolidation’, but I
have argued elsewhere that these changes–although indicative of an admirable spirit–
have so far been little other than cosmetic [19].
Matthew Sanders and colleagues make this explicit, writing: “In order for context
conditioning to proceed, the various stimuli in the environment must be associated
with one another as the context. Therefore, we have proposed that one function of
the hippocampus is to assemble a contextual representation...” [6, pp. 220].
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for contextual fear conditioning, so the animal must be given suﬃcient
time to explore the chamber prior to shock delivery.” [8, pp. 79]
But the notion that the human mind is an engine primarily in the business
of the storage and transformation of encoded representations is a product of
the 20th-century computationalism that has been fraught with basic challenges
of late. In certain areas of psychology, cognitive science, and the philosophy of
mind a number of developments have provided good reason to think that this
picture of cognition as the computational transformations of representations is
hopelessly inadequate to the data and conceptually problematic.

3

The Remembering Subject in Postcognitivist
Philosophy of Mind

In recent decades, a number of researchers have successfully brought postcognitivist considerations to bear on topics in cognitive science, based on the work
of several early-twentieth century philosophers. Some among these are Hubert
Dreyfus, who has been applying Wittgensteinian and Heideggerian ideas to work
in artiﬁcial intelligence [23], Alva Nöe, who has been fruitfully applying ideas
from Merleau-Ponty and others to work on the cognitive science of perception [24], and Daniel Hutto, who has been utilizing certain insights from Wittgenstein and others in revisionist critiques of psychological explanation [25], as well
Peter Hacker and Maxwell Bennett, who have devoted much, albeit controversial, work to applying Wittgenstein, critically, to cognitive neuroscience [26]. The
resulting Heideggerian, Wittgensteinian, Merleau-Pontian, postcomputational,
postcognitivist view of mind and cognition is far from complete or uncontroversial. These revisions have gone in diﬀerent directions, among which there are
inconsistencies, conceptual diﬃculties, and uncharted territories. Nonetheless,
there are lessons to be taken from this developing characterization of mind that
may help to make sense of the troublesome role that context is proving to play
in models of human memory.
First, as others have noted, the postcomputational mind is not amenable
to the bright line between data and algorithm that our models once drew
[27, pp. 97]. This is a point that is especially emphasized by those postcognitivist researchers who owe at least moderate allegiance to connectionism and
neural networks.3 The jury is still out as to whether it makes sense, in any contexts, to talk about a neural network “representing” or “storing” anything at
3

Connectionism, of the medium-strength variety, is the endorsement of neural network
architectures as robustly informative for those who would study minds. That is,
there are few who doubt that neural network architectures have something to do
with cognition, a least at the “subsymbolic” level, and there are few who think that
neural network architectures have already solved all of our puzzles about cognition,
but many among the postcognitivist vanguard stand on the middle ground here,
urging that cognitive scientists and philosophers of mind have real and revisionary
lessons to learn by paying close attention to the way that neural networks actually
function.
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all. What is certain is that if such networks can rightly be said to store information, this must be in a very diﬀerent sense (perhaps of both terms:‘store’
and ‘information’) than we are used to employing to describe traditional computational architectures and processes. Since the changing weights in a neural
network act as both process and product, any “information” in the network
cannot be separated from the processes acting on said information, not even in
principle. The notion of representation seems even worse oﬀ in this regard. There
has not yet been a convincing case presented for how any part or process of a
neural network can rightly be said to represent anything at all, but even if such
an account were available, it would almost certainly bear little resemblance to
the inert, encoded, “stored representations of context” above. A model of human
memory that respects the connectionist dissolution of the data/algorithm distinction must not treat context as an item that is stored and accessed in the
processes of memory.
Another distinction that has become notoriously blurry in postcognitivist
frameworks for cognition is that between subject and environment. This erasure
is most well known in its guises as embodied, embedded, enactive, and extended
cognition, but these branches stem, in part, from philosophical considerations
about the nature of the situated subject. Classical computationalism models
the human cognitive system as a dimensionless, ﬂoating, executive function that
stands apart from the environment it contingently inhabits, receiving input and
directing output at a distance, as it were. There have now been many arguments, from many diﬀerent traditions, deployed against the possibility of such
distance between subject and world, but one well known example comes from
Wittgenstein. Wittgenstein seeks to convince us that once we frame the problem in terms of a gap between mind and world, we will never be able to cross
it. Wittgenstein’s grocer, upon being asked for ﬁve red apples, could not successfully recognize which apples were red on the basis of an inner mental image
of redness unless he had ﬁrst recognized which inner mental image was red on
the basis of something else [17,28]. I take it that at least some instances of the
“4E” movement in cognitive science (especially among those under the rubrics
of the ﬁrst three E’s) are explicit attempts to resolve the diﬃculty framed by
Wittgenstein. Notably, these are of course not attempts to resolve the diﬃculty
by bridging the gap in question, but rather by obviating the apparent need for
an explanation that bridges this gap. The embedded, enactive mind is already
in and of the world, and so there is neither a narrow nor wide gap to be bridged
in our explanations. This is especially important for models of context, since
the traditional treatment of context in memory models just is the attempt to
separate out the environment from the subject and salient stimulus in question.4

4

Although I am here taking my philosophical cue from Wittgenstein, this point brings
to mind some particularly Heideggerian critiques of standard cognitive science, given
Heidegger’s insistence that we are always already involved in the world, as Dreyfus
often points out [23]. An excellent treatment of this Heideggerian/Wittgensteinian
point is a recent monograph by Lee Braver [16].
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Both of these developments, the erasure of the dividing line between data and
algorithm, as well as the stretching, complicating, and blurring of the lines that
separate subject from environment, are indicative of a more general tendency
in postcognitivist philosophy of mind and cognitive science: a cautious and critical attitude toward modularity and informational encapsulation. This can be
expressed as skepticism about whether cognitive phenomena can or should be
explained in terms of “information processing”–once the unchallenged currency
of inquiry in cognitive science. Even setting aside the notorious diﬃculties in getting from syntax to semantics (or, set in another key, from Shannon information
to meaningful content), information processing explanations are fundamentally
modular ordeals. A common theme among the approaches that seek to revise or
reject the basic tenets of classic computationalism is the rejection of just this
fundamental, encapsulated modularity: whether we are taking the Watt governor, the charts of expert navigators, or perceptrons as a starting point for
understanding cognitive systems, our explanations and models will be relentlessly continuous, dynamic, and interdependent.5
This leaves those of us who would model cognitive phenomena in a new and
diﬃcult position: these models have traditionally been cast in terms of processes
and (conceptually isolated) products, and they have taken the target to be a
cognitive subject in an environment, receiving stimuli and performing operations
on them as such. If these elements have been proscribed, one might wonder
whether whatever is left can even go under the name model. This is a reasonable
concern, but fortunately the business of dynamic, non-modular, fundamentally
embedded and interdependent models has already gotten itself oﬀ to a solid
start.

4

Modeling Without Modularity in Learning
and Memory

The role played by context in contemporary models has been fraught with
internal and external inconsistencies. Treating the “context” of a memory as
a stored, discrete item that can be transformed by computation-like processes
has not worked. Treating the context of a memory as though it is not one of the
stored stimuli aﬀecting the memory process has not worked any better. That
is, although many elements of memory models demonstrate empirical tendencies that only imperfectly ﬁt the encoding-storage-retrieval framework for these
models, context, in particular, is the problem child. The resources traditionally available to cognitive modeling just seem inapt for whatever role context
is playing. A mark of the recent postcognitivist movements in cognitive science
and philosophy is the rejection of the computation-inspired modeling techniques
that seem to frame exactly this problem. These movements have been spurred
5

This is not to say that informational encapsulation has no place in models, or that a
given explanans may not fruitfully be broken up into component “systems”–rather
it is something like a shift in the burden of proof, a consistently suspicious attitude
toward over-modularizing that which can be done in continuous and dynamic terms.
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forward by similarly ill-behaved empirical cases from other research domains
already, and it is reasonable to think that letting go of cognitivist assumptions
about modularity, processes and products, and subjects and environments, may
resolve the otherwise intractable diﬃculties that memory researchers continue
to encounter in trying to ﬁt the square nature of context into the round holes of
their explanatory models. New models and explanatory resources have begun to
resolve impasses in other areas of cognitive science; there are good reasons, as
evinced above, to think that context is a particularly problematic candidate for
classically cognitivist models. Yet it can seem that without the usual toolkit of
information, modular systems, and an executive subject that performs processes
on stimuli received from the environment, we are simply not left with a model–or,
for that matter, perhaps not even with an explanation.
This is not a trivial or shallow concern. For many cognitive phenomena, we
have a deeply felt need for the revelation of an underlying process made up of
component parts and processes, if we are to have an explanation of these phenomena at all. The ability to model a phenomenon at all is sometimes taken to
be the ability to underwrite a phenomenon by charting out the involved information processing in terms of modules and processes. This identiﬁcation, however, should be resisted. There are certainly explananda that merit mechanical,
subcomponent, information-processing explanantia, but it is carelessly myopic
synecdoche to treat modeling per se as identical to this. Explanations come in
many forms.6 Fortunately, we need not unravel the ultimate nature of explanation before moving forward with revised frameworks for capturing context in a
model of human memory. Explanations and models that ﬁt our desiderata are
abundant nearby, and these can serve as existence proofs that what we seek to
do in constructing these postcognitivist models can, in fact, be done.
The models and explanations that I have in mind, of course, are predominantly those that hail from the “dynamic systems” family of methods and
resources. Researchers in the dynamic systems tradition are interested in nothing
if they are not interested in models–and often, in models of cognitive phenomena–
yet these models persistently eschew the computational trappings that postcognitivist philosophy and science have rejected. That is, the dynamic systems model
is built on continuous, interdependent mathematical tools that frame elements
which co-vary, co-consist, and develop continuously in time. Patterns are studied even without being conceptually isolated, elements of the environment are
modeled without separating them from a dimensionless executive control unit;
any process/product separation questions are simply not well-formed queries of
a dynamic model. Nor are stimuli standardly treated as “signals” that have been
received or retrieved. These models’ primary business is to avoid such things and
yet maintain explanatory power and rigor.
John Spencer, Michael Thomas, and James McClelland compiled and edited
an excellent volume of such models recently, the target domain for which was
6

Indeed, adequately characterizing just what explanation consists in is a notorious
enough diﬃculty that I take it that any identiﬁcation of explanation and information
processing-style models can only be a tacit, uncritical move.
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human development [10]. The dynamic systems and connectionist researchers
represented in this volume tackle a number of complex phenomena associated
with development, and in each case succeed in building a dynamic and explanatorily powerful model without running afoul of postcognitivist insights. The special role allotted, explicitly and implicitly, to context in dynamic models of child
development is nicely characterized by Paul van Geert and Kurt W. Fischer in
a summary article within the Spencer et al. volume, who encourage us to follow
the dynamic models and treat person and context together as a quasi-uniﬁed
soft assembly:
“If we then speak about the development of the child, we actually
refer to long-term changes in the child and automatically also to the
corresponding long-term changes in the child’s contexts. These changes
refer primarily to patterns of correlation over time (that is, in a single
person’s life trajectory) and not to identiﬁable entities. That is, development refers to a person-context assembly throughout the life span;
contexts are no longer to be seen as independent variables or circumstances in which the person can be placed at pleasure, according to the
whim of a researcher who treats such contexts as independent variables,
the eﬀect of which has to be estimated over many subjects” [29, pp. 327].
The dynamic development models summarized by van Geert and Fischer
tend toward either the very narrow time scale or the very broad, with target
phenomena usually taking after either real-time development and reaction to
ongoing stimuli or taking after longitudinal, long-term studies of development in
the sense of childhood development. These success stories thus ﬂank the usual
time scales of memory studies, which tend to fall somewhere in between. This
is a challenge for the memory scientist who would model context using dynamic
systems resources, but there is no reason to think that the challenge cannot be
met. After all, the long-term development studies modeled by the researchers
in the Spencer et al. volume are already operating at a remove from real-time
interactions. Memory scientists will, in most cases, need to follow suit, building
dynamic models based on data extracted from large numbers of remembering
cases across time. In such models, context will be neither a stimulus nor the
unassuming background against which stimuli are discerned, but will follow the
soft assembly framework van Geert and Fischer describe. The line one draws
between a system and its environment, in a dynamic model, is as speciﬁc or
nonspeciﬁc as the line-drawer pleases. This also obviates the need for memory
scientists to decide whether’context’ refers solely to external stimuli, solely to
internal stimuli, both, or whether the term needs subscripts: memory scientists
are well aware that context is presently used, sometimes imperiously, in each of
these ways [30].
This also presents a challenge for dynamic systems modelers. As Karl
Newell and colleagues point out, diﬀerences in time scales provide real, but not
insurmountable, conceptual diﬃculties for dynamic system modelers [31]. The
dynamic systems research program is still very much a new endeavor. Given also
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the fact that it is interdisciplinary in the in the truest sense–it exists between
disciplines, in methods and approaches that do not properly belong to any of the
many disciplines to which these have been applied–one can expect that applying
these methods to new cases will produce some puzzlement. For example, declarative memory studies rely on linguistic data, which in turn require clever and
still controversial techniques to model using dynamic systems resources. Human
language really is, of course, a largely discrete, modular, information-laden
endeavor, and hence experiments dependent on linguistic data can sit uneasily
with the emerging dynamic systems paradigm.7 This obstacle is easily avoided–
or at least delayed–though, by choosing non-linguistic data as explananda to be
modeled dynamically within memory science. These are easy enough to come
by, even in studies of human memory: non-declarative memory has a rich array
of experimental data, and even “declarative” varieties of memory like semantic
and episodic memory are often the subject of studies that do not furnish any
linguistic data. Indeed, dynamic and connectionist models of neuronal function
have been common for some time, but even when researches treat hippocampal
networks in terms of attractor dynamics, these very same researchers still tend to
speak in terms of stored representations when they ascend to the cognitive level
to discuss context memory [32,33]. One exception is the recent work of Guoqi
Ling and colleagues, who have designed an attractor network model by working
backward from a novel energy function designed for cognitive plausibility, rather
than basing the model on neural dynamics and then encountering an impasse
when confronting cognitive-level phenomena [34]. The modeling framework presented by Ling et al. has not yet been applied to context in particular, but
their characterization of reconstructable (and nonbinary) “memory patterns”
as stable equilibrium points of dynamical attractor networks already invites a
context-rememberer soft assembly.
So a way forward for capturing context in our explanations of human memory has become clear and equipped with reasonably successful resources. Context
does not ﬁt the standard computational models that cognitivist frameworks have
traditionally oﬀered to memory scientists. Researchers have attempted to tweak
these models, but it is clear that tweaking is insuﬃcient. The problematic bad
ﬁt between target phenomena and modeling framework makes a signiﬁcant revision seem all but inevitable, and happily the postcognitivist front in philosophy
and cognitive science provides signiﬁcant resources for the endeavor. There are
obstacles and diﬃculties on all sides–not just because of the intermediate time
scale involved in most memory studies, but also because memory science itself
does not yet have the language to characterize its phenomena without implicitly invoking computationalist elements like encoding, storage, and retrieval.
Furthermore, an interesting subsection of human memory revolves around linguistic abilities, which are resistant to dynamic modeling. Nonetheless, we have
7

This is not to suggest that language-involving cognitive phenomena are necessarily
beyond the ken of dynamic systems modeling techniques, only that there is good
reason to expect successful models of these to be among the late-comers to the
dynamic systems table.
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good reason to try to construct signiﬁcantly revised modeling frameworks for
human memory and the clearly crucial role that context plays in these processes
according to these dynamic modeling techniques. Memory models at the cognitive level need not build on computationalist foundations. This can avoid the
problematic treatment of context as “content” that we ﬁnd in work like that
of Spencer and Naftali above. We already have many of the needed resources
available, even if the initial dynamic models of human remembering phenomena
are constrained to non-declarative cases, or to non-linguistic studies of semantic or episodic memory.8 In thus relinquishing the trappings of the cognitivist
framework, context–which is so clearly fundamental to the operations of human
remembering–may be adequately modeled by those who seek to explain human
memory.
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Abstract. After presenting Kripke’s criticism to Frege’s ideas on context depend‐
ence of thoughts, I present two recent attempts of considering cognitive aspects of
context dependent expressions inside a truth conditional pragmatics or semantics:
Recanati’s non-descriptive modes of presentation (MOPs) and Kaplan’s ways of
having in mind (WHIMs). After analysing the two attempts and verifying which
answers they should give to the problem discussed by Kripke, I suggest a possible
interpretation of these attempts: to insert a procedural or algorithmic level in
semantic representations of indexicals. That a function may be computed by
different procedures might suggest new possibilities of integrating contextual cogni‐
tive aspects in model theoretic semantics.
Keywords: Semantics · Pragmatics · Context dependence · David Kaplan ·
Francois Recanati · Indexicals · Procedures

1

Context of Utterance, Truth Conditions and Cognitive
Signiﬁcance

Indexicals are the prototypical examples of context dependent expressions.1 Frege intro‐
duced the idea of context of utterance as a condition for interpreting what is said by a
sentence:
“[…] If someone wants to say today what he expressed yesterday using the word ‘today’, he will
replace the word with ‘yesterday’. Although the thought is the same, its verbal expression must
be diﬀerent, in order that the change of sense which would otherwise be eﬀected by the diﬀerent
time of utterance may be canceled out” (Frege 1918, p. 64).

On this view, depending on the context of utterance, two diﬀerent sentences may
express the same sense. Kripke (2008) challenges this point of view; he remarks that
1

Indexicals are expressions like “I”, “Here”, “Now”, “Today”; belonging to diﬀerent syntactic
categories they are typically considered a semantic category characterized by context depend‐
ence and perspectival aspects (Perry 1997; Neale 2007). According to some authors they consti‐
tute the “basic set” of context dependent expressions, according to others they are just a case
among a more general context dependence of lexical items (For a survey see for instance
Domaneschi et al. (2010), Domaneschi and Penco (2013)).
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this passage raises a problem with the compositionality principle: the expressions
“Today” and “Yesterday” have diﬀerent linguistic meanings, therefore, Kripke assumes,
diﬀerent senses. If we have two sentences “Today is F” and “Yesterday was F” uttered
the following day, the two sentences should express diﬀerent thoughts, given that the
sense of a sentence is composed by the senses of the parts and the rules of composition;
and if the senses of the parts are diﬀerent, they should express diﬀerent thoughts. Yet
Frege – apparently against his own principles –claims that the two utterances express
the same thought.2
A way out in this diﬃculty may come from a rational reconstruction3 of Frege’s ideas
given by Wolfgang Künne (2007): we have to distinguish between “thought” (the meta‐
physical truth conditions of an utterance in a context) and “ways of articulating the
thought” (the epistemological-cognitive aspects of an utterance). If we apply this consid‐
eration to the Fregean quotation given above, we ﬁnd therefore an “easy” solution to
Kripke’s worry: the utterances “Today is F” and “Yesterday was F” said the subsequent
day are two diﬀerent ways to articulate the same truth conditions: these two utterances
express the same “semantic” sense, what would be for Frege an eternal thought, true
independently of time, if true at all.4 Also in a Kripkean semantics, the two utterances
should have the same truth-values in all possible worlds (in which that day exist). It
seems therefore possible to accept Frege’s claim that the two sentences express the same
thought, if we regard the truth-conditional notion, inspired by Frege’s ontological
worries of eternal thoughts.
Still the two utterances have diﬀerent cognitive signiﬁcances, and the problem
remains on how to connect the cognitive aspect and the truth conditional representation.
Diﬀerent answers have been given to the following question: how to treat the cognitive
aspect of thought and of language processing inside a framework of truth-conditional
semantics? How can we accommodate cognitive aspects in model theoretic semantics
since these aspects are exactly those features that model theoretic semantics is designed
to ignore? Context dependent expressions are a fundamental test case for this problem.
2

3

4

Dummett (1989) claims that, given indexicals and other context dependent expressions, Frege’s
claims about the sense of a sentence should be translated in claims about the sense of an utterance
in a context. We should accordingly reformulate the so-called Fregean “context principle” (the
meaning of a word depends on the sense of the sentence/utterance in which it appears).
Künne’s reconstruction follows the acknowledgment of the presence in Frege’s works of two
diﬀerent trends concerning the concept of sense: (i) the ontological or semantic viewpoint, that
is centered in the deﬁnition of sense as truth conditions in Grundgesetze §23 and has been
developed by the semantic tradition after him. (ii) the epistemological or cognitive viewpoint
that is centred on the deﬁnition of sense as informative or cognitive content starting from the
essay “Über Sinn und Bedeutung”. See also Penco (2013) on the diﬀerence between Kripke and
Künne.
Frege’s ontological worries are connected to his idea of eternal truth conditional thoughts; a
sentence together with diﬀerent aspects of the context of utterance (time, location, and speaker)
may express diﬀerent thoughts, but the content of each utterance is eternally true, if the truth
conditions are satisﬁed. This is the basic Fregean semantic and ontological stance against the
idea of a “minimal proposition” expressed by a sentence and varying in truth and falsity
depending on context. See Dummett (2006), p. 12.
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Traditionally direct reference theory has chosen to separate semantics and cognitive
signiﬁcance; recently there has been a change in this perspective, given by two of the
main paradigms working inside a direct reference framework: Francois Recanati’s truth
conditional pragmatics and David Kaplan’s semantics (revisited). Recanati (2012,
2013) and Kaplan (2012) give new suggestions on cognitive signiﬁcance using, respec‐
tively, modes of presentation (MOPs) and ways if having in mind (WHIMs). In what
follows I will discuss indexicals as a case study for the treatment of cognitive aspects
in semantics.

2

Attempts to Find a Uniﬁed Treatment: Mops vs Whims

When we use indexicals we are dealing with singular thoughts, thoughts about an indi‐
vidual entity (be it a time, a place or a person). Recanati (2012) applies an idea (suggested
by Evans and McDowell) according to which we may treat singular thoughts as strictly
depending on the objects they are about; the sense of an indexical is not a description
but a non-descriptive mode of presentation (MOP).5 Recanati distinguishes linguistic
and psychological MOPS, where the linguistic ones are similar to what Kaplan calls
“character” and correspond to the linguistic rule encoded by the expression, while the
psychological ones are what is activated by characters, and may be considered cognitive
constraints on the rational subject.
Psychological MOPS have a role in thought as Mental Files. Mental ﬁles are mental
counterpart of indexicals and other singular terms6, and their relation to the objects they
are about is not based on the information they may contain, but on the direct relation
they have with the object. The structure of psychological mental ﬁles is mapped on the
structure of the indexicals: at the linguistic level an expression type like “Today” encodes
a linguistic rule that, in a context, connects the corresponding token to the referent (the
day of the utterance); at the psychological level the mental indexical corresponding to
the token of “Today” has the function of storing information derived by the context of
utterance. The thought contains the mental ﬁle itself, as “vehicle”, not necessarily the
information that can be stored in it. If I say “Today is F” I will have a mental ﬁle where
to store information of diﬀerent kinds, and tomorrow I will connect the stored informa‐
tion using the mental ﬁle “Yesterday”.
Recanti would consider our problem of “Today is F” and “Yesterday is F” in a way
that resembles Künne’s move, but with some speciﬁcation and diﬀerent terminology.
Following our example we might say that the utterances of “Yesterday is F” and “Today
is F” – entertained with two diﬀerent linguistic MOPs and two diﬀerent psychological
MOPS – express two diﬀerent thoughts, although expressing the same singular propo‐
sition (with the same truth conditions). The two diﬀerent psychological MOPs or mental
5

6

Frege himself, speaking of sense, did not give only examples with deﬁnite descriptions, but also
of senses as chains of communication beginning with an initial baptism: think of the example
of a mountain discovered by two travellers from two diﬀerent routes and called “Aﬂa” by one
and “Ateb” by the other one.
I will not treat here Recanati’s view on deﬁnite descriptions, on which there are peculiar prob‐
lems discussed by Vignolo (2012).
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ﬁles could be coordinated when the subject realizes that the two mental indexicals are
connected each other. The information stored in one ﬁle can be stored also in the other
temporary mental ﬁle. In case of loss of memory of a speaker, we may have some inter‐
esting problems. Recanati (2012) (pp. 179–182) takes the example presented by Perry
on Rip van Winkle, a person waking up after twenty years of sleeping. The sentence
“Yesterday was F” uttered (in the same day) by a normal speaker and by Rip van Winkle
would express two diﬀerent truth conditions, because the former (uttered by a normal
speaker) will be true if the day preceding the day of utterance was F, and the latter
(uttered by Rip van Winkle) will be true if the day twenty years ago was F. But here,
given Rip’s mentally referring to a day twenty years before, the linguistic mode of
presentation contrasts with the psychological mode of presentation. The objective
content of the utterance of “Yesterday was F” is diﬀerent from what Rip van Winkle
actually refers to.
In a strong interpretation of the theory, no two speakers can share the same thought,
given that no speaker can have the same psychological MOPs. A ﬁrst example is given
in the case of EGO-ﬁles. Partly following Perry (2000), Recanati (2013) (pp. 165–167)
says that in a sentence with an indexical, like “I am F”, the indexical “I” expresses the
same linguistic MOP and two diﬀerent psychological MOPs, one for the speaker and
the other for the hearer. The hearer cannot have the same psychological MOP because
she cannot entertain the thought as “I am F”. Therefore, Recanati concludes, we have
here two thoughts that have the same truth conditions for hearer and speaker, but diﬀer
for their non-descriptive psychological MOPs7.
But what would happen with other indexicals? Given that every indexical thought
is ego-centered, although a linguistic MOP-token may be shared by many speaker, its
correspondent psychological MOP-token will be diﬀerent for each person. This strong
interpretation has the shortcoming of multiplying thoughts beyond necessity. Although
the theory of mental ﬁles as indexicals is a very nice attempt to keep together truthconditional and cognitive aspects, the risk of multiplying entities should be carefully
considered. On the one hand Recanati seems to be compelled to multiply mental ﬁles in
diﬀerent species: every epistemically rewarding relation will activate diﬀerent mental
ﬁles of diﬀerent kinds: demonstrative ﬁles, with perceptual MOPS, memory ﬁles with
memory MOPS, recognitional ﬁles with recognition MOPS, and - at the two sides of his
classiﬁcation - proto-ﬁles and higher order ﬁles (or encyclopedia entries). On the other
hand thoughts themselves would increase in number: each singular occasion or context
of utterance may produce a speciﬁc thought depending on the activated mental ﬁle.
On the ﬁrst multiplication of entities, the multiplication of mental ﬁles, Papineau
(2013: 167 ﬀ.) remarks that a perceptual ﬁle disappears when the epistemic rewarding
perceptual contact disappears; for this reason Recanati is obliged to multiply kinds of
ﬁles and epistemic rewarding relations: when a perceptual ﬁle is closed we have a
memory rewarding relation that opens a memory ﬁle, and so on. Papineau suggests a
7

This is also a solution of Frege’s idea that a speaker gives a unique sense to the expression “I”;
in a similar vein Kripke (2008: 215) suggests an utterance with the indexical “I” expresses a
thought which can be thought or had only by the speaker himself but may be understood by a
hearer who apparently ≪knows what type of thought is being expressed≫.
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simpler view where the mental ﬁle, activated by a perceptual relation, outlasts the orig‐
inal encounter and is reactivated when remembered or re-encountered. Once opened,
ﬁles become therefore permanent repository of information about the item in question.
Although this repair may help to solve some shortcomings of Recanati’s view, we
have to face the problem of the second kind of overabundance of entities, the multipli‐
cation of actual thoughts depending on contexts of utterance. To every use of an indexical
there should correspond a psychological MOP that opens a mental ﬁle, making therefore
a new thought for every occasion of utterance. Papineau’s main doubt is the tendency
to infer, from the use of indexicals to express a thought, that the thought itself must be
similarly indexically structured. Although this criticism seems to hit the target, on the
ground that “there seems no rationale for requiring that every epistemically rewarding
relation generates its own ﬁle” (Papineau 2013: 171–172), yet we have to be careful,
given the ambiguity of the terminology about thoughts that we have disambiguated using
Künne’s distinction: if we refer to truth conditional thoughts we have the standard case
in which the same type of sentence uttered in diﬀerent contexts has diﬀerent truth condi‐
tions (“Today is F” is true depending on which day is uttered; “I am tired” is true
depending on the time I utter the sentence, and so on). In these cases the thought does
not have any indexical structure, because its truth conditions are ﬁxed to the context of
utterance and – using Frege’s ideas – there is only one eternally valid thought (although
Recanati would prefer to speak of the same singular proposition entertained). If we refer
of ways of articulating a thought, the implicit suggestion is that diﬀerent psychological
MOPS, linked to diﬀerent mental ﬁles, may be all connected to the same singular prop‐
osition with the same truth conditions (as in “Today is F” and “Yesterday was F”); this
multiplication of mental ﬁles might be a correct rendering of the diﬀerent ways of artic‐
ulating a thought, where - in Recanati’s view - there is always the possibility for infor‐
mation to “ﬂow” among diﬀerent ﬁles connected to the same source.
Recanati distinguishes thought vehicles and thought contents, and we might say that
mental ﬁles as thought vehicles are ways of grasping thought contents. Pagin (2013)
claims that it is not clear how the idea of thought vehicle can match the idea of mode of
presentation. I think however that this criticism might be overcome remarking that we
may use diﬀerent vehicles of thought, diﬀerent non-demonstrative MOPs to refer to the
same thought content, or individual concept (maybe intended formally as a function
from possible worlds to extension)8.
Speaking of concepts as functions, we don’t have yet a clear description of a possible
logical form that helps formally representing mental ﬁles. On the one hand Recanati
tries to give a mental counterpart of a linguistic analysis, on the other hand this mental
counterpart needs to be expressed in a truth conditional semantics or pragmatics,
inserting the cognitive aspects in the formal treatment of the working of language and
linguistic communication. Eventually Recanati remarks that the standard Perry-Kaplan
8

According to Pagin we cannot have two distinct mental ﬁles when there is no way to distinguish
them but with their being in a relation of acquaintance. If we wanted to distinguish them we
should use some descriptive content, contra the idea that mental ﬁles are deﬁned non-descrip‐
tively. An answer may be that two distinct mental ﬁles for the same individual are connected
with two distinct psychological non descriptive MOPs. The challange, however, remains open.
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framework “is no longer inﬂuential as it used to be” (2012, p. 195), implicitly suggesting
therefore that his mental ﬁle project might be developed as an alternative to the Perry
Kaplan framework. Yet, at the time of writing his book on mental ﬁles, Recanati did
take into consideration the new stance held by Kaplan (2012) in a paper on Keith
Donnellan. It seems to me that this last paper by Kaplan is nearer to Recanati’s stance
that it may appear (and therefore the novelty of the approach might contrast the supposed
lack of inﬂuence of the Kaplan-Perry paradigm in this new update). I will spend the rest
of the paragraph to give a short summary of the new ideas presented by Kaplan.
Kaplan (2012) makes a new Fregean move in the context of direct reference theory,
developing new suggestions on the background of the standard distinctions between
content and character or, in Perry’s terminology, objective content and cognitive role
(see Perry (2000, 2013)). The distinction concerns, on the one hand, the objective
semantic aspect, dealing with truth conditional content, and, on the other hand, the
cognitive (epistemological) aspect, dealing with pragmatics and belief contexts. Two
utterances with two diﬀerent indexicals “I” and “he” may represent the same objective
content, but have diﬀerent characters and therefore performing diﬀerent cognitive roles,
as it appears in the well known examples by Perry on diﬀerent behaviors depending on
the use of “I” and “he” in the context of an attack by a bear or in the context of a
supermarket, when seeing sugar leaking from a trolley.
Kaplan does not abandon the distinction between character and content, but thinks
that it must be supplemented with the idea of diﬀerent “ways of having in mind” the
same objective content. Ways of having in mind are not just what is expressed by the
character or linguistic meaning of an expression, but represent what he claims to be
“Frege’s enduring insight” that is:
“In the realm of cognitive signiﬁcance, we must account not only for what is represented, but
also for how it is represented” (Kaplan 2012, p.158).

What is Kaplan’s new move? It is a fundamental revision of semantics, where,
instead of considering only the classical truth conditional content, semantics itself should
also take into account cognitive aspects. We cannot separate the theory of objective
content from the theory of cognitive signiﬁcance, Kaplan claims. This separation, that
has extruded the problem of cognitive signiﬁcance from semantics to relegate it to the
domain of pragmatics or psychology, may be considered “appropriate”, but it wrongly
seems to imply that a systematic theory of cognitive signiﬁcance “has nothing to
contribute to investigations traditionally thought to be semantic.” On the contrary,
Kaplan claims,
“Cognitive signiﬁcance is not foreign to semantics. For the maximum explanatory power, our
semantic theory should countenance cognitive content, objective content, and extensions.”
(Kaplan 2012, p. 141).

That cognitive aspects have always been discussed by direct reference theorists is
not a novelty; the novelty is to consider them as a proper part of semantics, without
relegating them to pragmatic problems dealing with psychology or speakers’ behavior.
Beyond the diﬀerence on where to place the boundary between semantics and prag‐
matics, Kaplan’s attitude is therefore not so distant from the proposal made by Recanati
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with the use of non-descriptive MOPs. Where Recanati speaks of linguistic MOPs and
psychological MOPs, Kaplan speaks of character and “ways of having in mind”
(WHIMs).
What are WHIMs? Like Recanati’s MOPs they are something “non-descriptive”,
although they may form or may be connected to a cluster of descriptions. There may be
diﬀerent ways of having in mind, depending on diﬀerent occasions: Donnellan taught
us – with the idea of referential uses of descriptions – that we can have an individual in
mind “in a way that is independent of the description that we use to refer to it” (Kaplan
2012). Descriptions used to refer are “shaped” to the occasion or to the context where
we enter in cognitive touch with the referent: WHIMs might be considered “perceptual
modes of presentation”, and are the fundamental aspect of cognitive signiﬁcance; they
are therefore to be sharply distinguished from linguistic meanings (or characters). The
consequences that Kaplan derives from these ideas are however slightly diﬀerent from
the Recanati’s ones, although beginning with a striking similarity.
According to Kaplan, we may interpret Frege’s sense of a singular term like “Mont
Blanc” as a particular WHIM, expressing a particular cognitive perspective on a state
of aﬀair; we may then have two diﬀerent thoughts concerning the same state of aﬀair
(for instance “Mont Blanc is higher than 4000 mt” and “that mountain is higher than
4000 mt”). Using diﬀerent WHIMs in fact, as using diﬀerent mental ﬁles, we may not
be aware of referring to the same mountain. Therefore one of the main problems of
“having in mind” becomes the problem of coordination or synch of diﬀerent WHIMs, a
problem that Kripke begun to discuss in a “Puzzle about Belief”.9 Indexicals are a perfect
example of the problem of coordination.
In Kaplan’s stance we may ﬁnd an original answer to the criticism given by Kripke
to the Fregean quotation discussed at the beginning of the paper. According to Kaplan
“my utterance of ‘Today’ yesterday and my utterance of ‘Yesterday’ today may have
the same cognitive signiﬁcance, provided I have kept track of these days correctly”
(Kaplan 2012, p. 137). This has the advantage of adhering more literally to Frege’s claim
of identity of thoughts in case of the two correlated utterances.
Kaplan’s claim however – probably contra Frege – amounts to say than thought,
intended as cognitive significance, depends on awareness: if we have a correct
awareness of the flow of time, the two utterances express the same thought or cogni‐
tive significance.10 On the influence of Evan’s proposal of “dynamic thoughts”11 the
main question for Kaplan becomes a question of awareness: on the one hand, if I
9

Kripke (2011:125-161). Kaplan (2012:156). See Perry (2013) who gives a solution of Kripke’s
puzzle, considered as a problem of syncing, showing that the disquotational principle is not
generally valid.
10
But in case of people with tracking or memory failures the two sentences may represent two
different thoughts, as it seems to happen in general with Recanati’s mental files.
11
Kaplan seems to have accepted Evan’s criticism on his earlier ideas (see Evans 1981, fn.
21). Behind Kaplan we find Evans’ idea on dynamic thoughts based on the “ability to keep
track” places, times and objects in time. The idea of sense of a singular term as “way of
thinking” an object becomes, in the case of indexicals, way of keeping track of an object.
In case of Today-Yesterday, “the thought episodes on the two days both depend upon the
same exercise of a capacity to keep track of a time”.
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don’t bother much, then there is difference in cognitive significance between the two
sentences, but, on the other hand, if I bother to keep track of the passing of time, I
will continue to “have in mind” the same day; therefore the two sentences will have
the same cognitive significance.
This conclusion needs clarification. Kaplan shares Burge’s viewpoint according to
which Frege’s claim of sameness of thought expressed by two utterance “Today is F” and
“Yesterday is F” said the subsequent day “makes it clear that cognitive significance is not
linguistic meaning” (Kaplan 2012, p. 159). From this Burge 2005 derives the idea that
thoughts are abstract entities in the third realm, and difference in cognitive significance
pertains to our grasping the same truth-conditional thought; for Kaplan this permits to have
the same thought with the same cognitive significance, depending on our awareness. On the
contrary it seems that in Recanati we will have two different mental files with different
cognitive significance; what is in common with both authors is the need to discuss how two
different expressions may be connected or coordinated (how two mental files may be
connected to make the information content flow from one to the other).
There is however an apparent contrast between Kaplan’s principles; on the one hand,
if we take care, we may continuously be aware that the two utterances refer to the same
day; in this case Kaplan speaks of the same thought and the same cognitive signiﬁcance.
However, following Kaplan’s principle that distinct WHIMs depend of distinct occa‐
sions or contexts, when keeping track of that day, we are in a diﬀerent context and
diﬀerent occasion: therefore we will change our way to keep it in mind, having the
perception of the passing of time, probably by waking up and looking at the alarm clock.
It seems therefore, contra Kaplan’s claim on the sameness of cognitive signiﬁcance
given by awareness, that the diﬀerence in the occasion in which I consider the time
should prompt diﬀerent ways of having in mind, therefore diﬀerent cognitive signiﬁ‐
cances. In fact, if a WHIM depends on the occasion of utterance, the uttering of “today”
and “yesterday” seems to be the stereotypical case of diﬀerent occasions of utterance,
and we should take into account the diﬀerence of WHIMs in order to understand how
they may sync.
Besides, if we rely on awareness, how can we solve problems of syncing that arise
when there is a diﬀerence of awareness between speakers? Let us go back to the case
treated by Recanati of the loss of memory of Rip van Winkle. Two fully rational and
coherent speakers – who don’t change their mind, but may have awareness failures –
may have diﬀerent beliefs: where a normal speaker may believe that “Yesterday was
F” is true, Rip van Winkle may believe that “Yesterday was F” is false, because they
are intentionally referring to diﬀerent days. To solve their disagreement they cannot rely
on their awareness: both are aware of the ﬂow of time, but one of them is wrong. They
need therefore to rely on some external criteria (either an omniscient point of view, or,
for the sake of simplicity, a calendar): awareness alone will not do.
The problem of failures of syncing is similar with proper names (Hesperus/Phos‐
porus) deﬁnite descriptions (the mane drinking martini/the man greeting in the doorway)
and indexicals: if somebody gives her assent to “Today is F”, but refuses to give her
assent to “Yesterday was F” the day after, because she does not realize that just one day
passed, shall we say the she is irrational? Not really. It is simply a case of ignorance or
lack of information. To say that we have the same thought only in case of “awareness”
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avoids the problem of explaining the diﬀerences in informational content given by two
diﬀerent WHIMs. “Today” and “Yesterday” are always conventionally and intentionally
correlated, but two diﬀerent persons may make diﬀerent correlations. The psychological
origin of the diﬀerent correlation may be found in diﬀerent awareness, in diﬀerent days
people have in mind (certainly Rip Van Vinkle is aware of what he refers to with
“Yesterday”), but the logical mistake is due to a contrast between a correct and an
erroneous use of “Yesterday”12.
Can the lack of correct sync between two utterances of “Today” and “Yesterday”
be explained just with lack of awareness? I have suggested that it is not the case: if two
people disagree, they cannot rely on “awareness”, because they both are aware to refer
to a day they have in mind and both believe it is the same day they refer to as “Yesterday”
during what they think it is the day after. There is something “cognitive” in the use of
indexicals which is neither linguistic meaning nor awareness. What is missing in the
picture is the aknowledgemt of diﬀerent ways of applying WHIMs or MOPs to the
context of utterance. Rip van Winkle’s way of applying “Yesterday” is just connecting
his memories of the last day he remembers; but he might also ask for information, or
check on a calendar (as sometimes happens to students who have drunk a lot, and are
not sure how much time passed from their binge). Ways to apply WHIMs or MOPs are
not only linked to psychology, but to common social practices we learn in leaning
language and social interaction.
Let me summarise where we are now. The idea of coordination or sync – that follows
Perry’s idea of “cognitive paths” – is an interesting new way to discuss old problems
like Kripke’s puzzle about belief. However making thoughts depending on awareness
of people makes them very far from from Frege’s idea of cognitive sense, that was
supposed to be as objective as possible and not depending on the subjective vagaries of
human psychology. With Recanati and Kaplan we seem to have a step towards a
“psychologization” of Fregean thoughts. Is it the right step to take?

3

Three Levels Semantics Between Psychology and Shared
Representations

Kaplan’s suggestion for a three level semantics we have quotes before (“our semantic
theory should countenance cognitive content, objective content and extension”)
12

The diﬀerence with the standard cases is that in the standard examples (Hesperus/Phosphorus,
etc.) two speakers refer to the same object and have diﬀerent beliefs about it; in the Today/
Yesterday case two speakers have the same belief about what is conventionally referred to as
the same day, even if in fact - in our case with loss of memory - they intend to refer to diﬀerent
days. Using Kripke’s terminology, in case of Rip van Winkle’s mistake, we may say that the
semantic reference of “Yesterday” is diﬀerent from the speaker’s reference. Of his two WHIMs,
one is correctly expressed (when Rip was saying, e.g. “Today is F” at the time of his utterance),
the other WHIM is just wrongly expressed with the term “Yesterday”, because erroneously
connected in Rip’s mind with the “Today” said twenty years ago.
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is reminiscent of the three level semantics conceived by Frege for predicates.13
Assuming model theoretic semantics as general framework in which to take care of the
cognitive dimension of semantics, we might translate Kaplan’s proposal into something
like the following:
Sentence

Predicate

Singular term

Cognitive Content

function from contexts to objective content
(character plus MOPS or WHIMS)

Objective Content

function from possible worlds to extensions
(Intensions)

Extension

Truth Value

Class

Individual

In this setting, character is a function from context to content. However char‐
acter alone cannot perform the entire job. Characters give general directions inde‐
pendently of when, where and who is speaking; however, as Kripke (2011: 268)
remarks, “in any particular case, to determine the reference one needs a specifica‐
tion of the speaker, the time, or both”. In other words, once given the general form
of a semantics of indexicals, we are left with a pair (context plus character) which
is supposed to give the content for semantic evaluation; however, as Predelli (2005,
p.74) says, the semantic module “sits and waits” for clause-index (or caractercontext) pairs to be delivered by pragmatic processes. But how is it possible to
obtain the contents from the clause-index pair? The problem is: should semantics be
concerned with how semantic values are determined?
In his 2012 paper Kaplan tries to say something more that putting his distinction
between character and content into the framework of semantics. Like the distinction
between linguistic and psychological MOPS, he needs a distinction between
linguistic meaning and cognitive significance: “it would be odd to end up viewing
cognitive contents as nothing more than the conventional meaning of language”
(2012 fn. 38). WHIMs (or psychological MOPs) are something more than linguistic
meaning or character. What is exactly the difference? According to Recanati they
are the mental counterpart of linguistic entities. According to Kaplan they are the
way in which a referent is directly fixed by our intentions, depending on different
occasions. Both are mainly dealing with psychological aspects. What is their role in
semantics?
Kaplan and Recanati insist that WHIMs and psychological MOPs concern a speciﬁc
cognitive access to reality, that should explain and clarify aspects of direct reference
theory. They both insist on the diﬀerence between linguistic meaning and cognitive
signiﬁcance; however cognitive signiﬁcance cannot be separated from linguistic
13

See 1906 Frege’s letter to Husserl (in The Frege Reader: 301 ﬀ.). For a discussion see Wiggins
(1984), Penco (2013a).
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meaning, just because it can be deﬁned as what is “activated” by the use of linguistic
meaning in a context. The need to recognize a new level in semantics that goes beyond
character or linguistic meaning is certainly a novelty in the direct reference framework,
but we still have to ﬁnd how to treat the problem inside a semantic theory.
The problem is which logical form – if any – to give to MOPs and WHIMs. As we have
just been reminded by Kripke and Predelli, the character of an indexical is a general rule
that is valid independently of any special occasion or context of utterance. What happens
when the context is taken into consideration? We need to find which specific procedure
may be attached to the function that given the context fixes the semantic content. In order
to understand or use an indexical it is not enough to know its character, but also to master
the procedures that permit its use in a context: if we know that “I” means “the speaker of
the utterance” we don’t know yet how to pick the speaker in the context; we need some
specific procedures we learn when we learn language: look for where the sound comes from
and pick the individual who has made that sound among others. Or, when we have to
express ourselves, pronounce that sound to call attention to us, learning how to activate the
right sound in the right language and at the right time.14.
If I hear “Yesterday” I need a procedure that helps me in understanding which is the
day before the day of the utterance and diﬀerent procedures may attain that aim (looking
at a calendar, ask a friend, keeping in mind the day looking at the sky, remembering
happenings). Normally I will have the default assumption of correct memory; but if
something falsiﬁes this assumption, I may guess that something went wrong in the way
of applying the indexical expression.
What should happen in the semantic model of these aspects of cognitive signiﬁcance?
How could we represent psychological MOPs and WHIMs? It seems that they should
represent individual perspectives of individual psychologies. The move seems welcome
for some authors, like Papineau, who fully supports Recanati’s decision to focus on the
individual rather than the community. He is highly suspect of any one notion that could
do justice both to the public and individual dimensions of thought: his claim is that “there
is any real work for the idea of a public concept, once we have a good account of indi‐
vidual mental ﬁles and the use of words to communicate them”.15
However, when we make experiments in psychology of language we are not working
on the specific ways the brain works in individuals, but on statistics on what different
speakers share in the use of language, to check on the psychological plausibility of a theory

14

A particularly original way to see the difference between two occurrences of “I” is given in Textor
(2015). To avoid interference with human psychology, we might think of which procedures to put
in an intelligent system. A robot would need a procedure that, when hearing the sound “I” makes
the system individuate where the sound comes from, and brings it to the individual who has made
the sound in the context. On the other hand, if the robot has to express itself, it will not look for a
sound and search a person, but it will look for activating his voice with the sound “I”.
15
Although, as we have seen, he criticizes the postulation of some mental ﬁles corresponding to
indexicals; he criticizes the analogy because “it encourages the view that there are token mental
ﬁles corresponding to token linguistic demonstratives, when in truth there is nothing corre‐
sponding in our actual cognitive structure.” (Papineau 2013: 167).
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or model of language.16 Papineau himself (2013: 166) recognizes that mental files should
be conceived as a sub-personal speech production system. A study of individual compe‐
tence, in this perspective, would be probably well suited for some kind of connectionist
analysis of subsymbolic mechanisms and processes of the mind. As Smolensky (1988)
once remarked, besides the analysis of psychological processes, we may have higher-level
representations (like the ones developed in symbolic artificial intelligence) as the repre‐
sentations and analysis of the cognitive systems that supervene the processing of indi‐
vidual minds, although they must be compatible with the psychological data.
Following the three levels semantics suggested by Kaplan we might insert an algo‐
rithmic level in model theoretic semantics as a possible way to represent Recanati’s MOPs
and Kaplan’s WHIMs, as procedures attached to functions. What is required by a semantic
theory is what can be shared among speakers and how cognitive significance may affect
our way of expressing and understanding thoughts and thought components. We should
therefore look for different kinds of objective procedures that may be attached to charac‐
ters or linguistic meanings (intended as functions from contexts to contents). Without a
context of utterance linguistic meanings are inert; they need to be activated, and – without
a specific procedure –characters cannot give any semantic value. Whether to treat these
procedures as part of pragmatics or semantics is still an open question. Yet, speaking of
procedures or algorithms we are back to the realm of objective representation of cogni‐
tion; truth conditional thoughts can be articulated and grasped from different viewpoints.
MOPs and WHIMs aims at showing that linguistic meanings are not enough, and we need
something more for describing the working of linguistic and mental interactions. However,
we should carefully distinguish between the psychological and neurophysiological search
to go “inside” the working of human brain-mind, and a representation of what is open to
view, a procedural representation of the different ways in which a truth conditional thought
can be represented: different (kinds of) procedures in different (kinds of) contexts of utter‐
ance are kinds of things we may grasp and learn.
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Abstract. Similarity is well-known to be a core concept of human cognition, e.g., in categorization and learning. Therefore, expressions of similarity in natural language are of special interest: How to account for their
meaning including the results on similarity in Cognitive Science and Artiﬁcial Intelligence without abandoning referential semantics? In this paper
we will lay out a framework connecting referential semantics to conceptual structures by generalizing the notion of measure functions known
in degree semantics from the one-dimensional to the many-dimensional
case mapping individuals to points in multi-dimensional attribute spaces.
Similarity is then spelled out as indistinguishability with respect to a
given set of attributes.

1

Introduction

Similarity is well-known to be basic in human cognition, e.g., in categorization
and learning processes, and has given rise to a wide range of approaches in Cognitive Science and Artiﬁcial Intelligence in which the relation of similarity is captured in terms of, e.g., distance or feature bundles. In natural languages semantics linguistic expressions of similarity are of special interest: How to account
for their meaning making use of the results in Cognitive Science and AI without
abandoning the idea of referential semantics?
Following Umbach and Gust (2014) linguistic expressions of similarity
include, in addition to adjectives like similar and verbs like resemble, demonstratives of manner, quality and/or degree like German so, Polish tak and English such. These demonstratives modify (some or all of) verbal and nominal and
degree expressions, posing the problem of how to reconcile their demonstrative
characteristics with their modifying capacity. Umbach and Gust argue that these
demonstratives express similarity to the target of the demonstration gesture, and
that the emerging similarity class constitutes an ad-hoc generated kind.
Similarity is spelled out with the help of multi-dimensional attribute spaces
integrated into referential semantics by generalized measure functions mapping
individuals to points in these spaces, generalizing the notion of measure functions
familiar in degree semantics (cf. Kennedy 1999) from the one-dimensional to the
many-dimensional case. Similarity is deﬁned by the notion of indiscernability
c Springer International Publishing Switzerland 2015

H. Christiansen et al. (Eds.): CONTEXT 2015, LNAI 9405, pp. 425–439, 2015.
DOI: 10.1007/978-3-319-25591-0 31

426

H. Gust and C. Umbach

known in rough set theory (cf. Pawlak 1998) establishing an equivalence relation.
Compared to Gärdenfors’ conceptual spaces (Gärdenfors 2000), this approach
employs a qualitative notion of similarity (as suggested by (Tversky 1977) instead
of a geometric one. More importantly, while Gärdenfors’ conceptual spaces are
‘stand alone’ systems, the approach presented here integrates a conceptual level
of representation into referential semantics, and it does that in a way that has
already been paved by degree semantics.
The focus of the current paper is on the formal details of this approach,
which have only brieﬂy been touched upon in Umbach and Gust (2014). The
notions of attribute spaces, measure functions, representation, indiscernability
and granularity will be laid out here in detail. Similarity will be deﬁned as
a categorical predicate sim, with a comparative relation more sim based on
the categorical predicate. This notion of similarity will be compared to that
in Tversky (1977) which is relational in nature. Section 2 will provide a brief
summary of the linguistic data; in Sect. 3 the basic deﬁnitions will be given; in
Sect. 4 similarity will be deﬁned, and in Sect. 5 this notion of similarity will be
compared to Tversky’s notion of similarity.
This paper grew out of a collaboration of Artiﬁcial Intelligence and Natural
Language Semantics and includes both perspectives. The AI background is in
knowledge representation and ontologies, feature extraction, and reasoning with
examples, cf. Randall (1993). The semantic background is in referential semantics, in particular demonstratives, degree expressions and generics (Kaplan 1989;
Kennedy 1999; Carlson 1980). Rather than trying to conceal the diﬀerent perspectives we will make them explicit where advisable.

2

Demonstratives of Manner, Quality and Degree

The approach in Umbach and Gust (2014) starts from German so (‘such’/‘like
this’). It is one of a class of demonstratives found across languages that serve
as modiﬁers of quality and/or manner and/or degree, including also, e.g., Polish tak and English such. Carlson (1980) proposed an analysis of English such
as directly referring to a kind. This analysis was adopted by Anderson and
Morzycki (2015) for Polish tak, which behaves analogous to German so in modifying nominal, verbal and also adjectival expressions, extending the notion of
kinds to events and also degrees. Umbach and Gust (2014) argue that a directly
kind-referring approach has a number of shortcomings and suggest an analysis
based on similarity. While in the case of demonstratives like this the referent
of the demonstrative phrase and the target of the demonstration gesture are
identical - this is an in-build feature of the Kaplanian theory of demonstratives in the case of manner/quality/degree demonstratives the referent and the target
of the demonstration are similar (with respect to relevant features).
Consider the examples in (1). In (a), Anna’s manner of dancing is characterized as being similar in certain respects to the dancing event the speaker is
pointing at. In (b), Anna’s cup is characterized as being similar to the cup the
speaker is pointing at. Finally, in (c) Anna’s height is characterized as being similar to the height of the person the speaker is pointing at. In all of these cases,
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by using the demonstrative so a similarity class is created based on the target
of the demonstration. In the case of nouns and verbs the similarity class clearly
exhibits kind-like properties and should be considered as an ad-hoc generated
kind, e.g., in (1a) there is an ad-hoc generated sub-kind of dancing events similar
to the dancing pointed at, and in (1b) there is an ad-hoc generated sub-kind of
cups similar to the mug pointed at. In the case of adjectives, as in (1c), it is an
open issue whether the similarity class created by the use of the demonstrative
should be considered as a genuine kind (see Anderson and Morzycki and Umbach
and Gust; we will not go into this issue here).
(1) a. (speaker pointing to someone dancing):
So tanzt Anna auch.
‘Anna dances like this, too.’
b. (speaker pointing to a cup):
So eine Tasse hat Anna auch.
‘Anna has such a cup/a cup like this, too.’
c. (speaker pointing to a person):
So groß ist Anna auch.
‘Anna is this tall, too.’
The most urgent question when dealing with similarity is that of the relevant respects, or features, of similarity. Without ﬁxing relevant respects the
notion of similarity would be trivial (Goodman 1972). In the case of adjectives
like tall there is only one dimension, which is ﬁxed by the adjective’s lexical
meaning — in the case of tall the feature of similarity is height. In the case
of multi-dimensional adjectives like healthy and beautif ul, as well as nouns
and verbs, features of similarity have to be provided by the context. There are,
however, constraints on which features qualify as licit in similarity comparison.
Consider the anaphoric use of so in (2): so ein Auto can easily be understood
as denoting a Japanese car but not as denoting a new car. These constraints
are subject of an experimental study presented in Umbach (submitted) and are
traced back to the idea of principled (vs. mere statistical) connections between
properties and kinds discussed in the literature on generics (see Carlson 2010).
(2) a. Anna hat ein japanisches Auto. Berta hat auch so ein Auto
(nämlich ein japanisches Auto).
b. Anna hat ein neues Auto. Berta hat auch so ein Auto
(*nämlich ein neues Auto).
‘Anna has a Japanese car / a new car. Berta has such a car, too.’
One more issue when studying expressions of similarity in natural languages
is the diﬀerence between demonstratives, like German so and English such, and
adjectives, like German ähnlich and English similar. Although the two types
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of similarity expressions appear equivalent in meaning at ﬁrst sight, there are
fundamental diﬀerences. One of these is their behavior in additive contexts as
in (3). The question-under-discussion in (3) (‘Which cars do Otto and Anna
drive?’) has been partially answered by the preceding sentence - Otto drives a
Mercedes Benz. Adding another Mercedes Benz driver should require an additive
particle, which is in fact obligatory when using the demonstrative but is highly
redundant when using the adjective.
(3) (Otto drives a Mercedes Benz – what about Anna?)
a. Anna fährt auch so ein Auto.
b. ??Anna fährt auch ein ähnliches Auto.
‘Anna drives such a car/a similar car, too.’
On the basis of this and other observations it is argued in Umbach (2014) that
adjectives expressing similarity diﬀer from demonstratives expressing similarity
in carrying an in-built distinctiveness requirement on their arguments, which is
the reason why the additive particle is not licensed in (3b). This entails that the
similarity relation expressed by adjectives is irreﬂexive while that expressed by
demonstratives is reﬂexive.
Similarity is, from the point of view of referential semantics, a simple predicate – so ein Auto/such a car denote an element of a set of cars similar to the
target of the demonstration or antecedent (see the examples in (4,5) in Sect. 4).
Since this set exhibits kind-like properties, it is justly considered as an ad-hoc
created sub-kind, for example, an ad-hoc created sub-kind of cars (cf. Umbach
submitted). It would be unsatisfactory, however, if similarity were just an arbitrary predicate. The challenge posed by similarity is to gain insight into the
mechanism and the constraints of this relation (and thereby into the mechanism
and constraints of ad-hoc kind formation). For this reason, the similarity relation is spelled out in multi-dimensional attribute spaces inspired by knowledge
representation techniques familiar in Artiﬁcial Intelligence.
In the next section, multi-dimensional attribute spaces, families of contexts,
predicates on attribute spaces and convex closures thereof are deﬁned. This is
the machinery used in Sect. 4 to implement a context-sensitive predicate sim
and, based on that, a comparative similarity relation mores im relation. This is
compared in Sect. 5 to Tversky’s implementation of similarity.

3

Multi-dimensional Attribute Spaces

The basic idea of the framework presented in this paper is to have a referential
semantics for natural language expressions where predicates talk about entities
in the world, and a representational layer where predicates talk about abstract
entities like numbers and symbols specifying attributes. Entities of the world
are related to these abstract entities by processes of measurement or feature
extraction or perception etc. The representational layer facilitates comparing
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entities in the world with respect to their attributes and, in particular, determine
whether they are similar with respect to certain attributes.
Representation by attributes is familiar in AI in, e.g., knowledge representation. Multi-dimensional attribute spaces in knowledge representation make
use of attributes (i.e. dimensions) with all sorts of values, for example numbers
and symbols. Points in these spaces correspond to lists of attribute-value pairs.
A parallel, even if simpler conception is found in referential semantics, more precisely, in degree semantics where gradable adjectives are interpreted by measure
functions mapping individuals to degrees, that is, points on a dimension with
metric values. Attribute spaces can be seen as a generalization of dimensions
in degree semantics involving more than one dimension and allowing for values other than metrical ones. Likewise, mappings from individuals to points in
attribute spaces can be seen as a generalization of measure functions from the
one-dimensional to the many-dimensional case. From this point of view, making
use of multi-dimensional attribute spaces in referential semantics is not a radical
novelty but rather a generalization of the broadly accepted idea of degrees and
measure functions.
The basic components of the framework presented in this paper are (i)
domains, (ii) attribute spaces and measure functions and (iii) predicate systems
over attribute spaces. They will be deﬁned subsequently.
3.1

Domains and Representations

We deﬁne a domain as a subset of the universe together with a set of predicates
and non-overlapping sets of positive and negative examples for each predicate.
We deﬁne families of contexts as sets of domains with related predicates that
may diﬀer, however, in their positive and negative examples. Examples must
behave consistently within a family of contexts, that is, they must not change
their roles1 .
Definition 1. Domain
A domain is a quadruple D = D, .+ , .− , P  with:
– D a set representing the domain,
– P = {p1 , ..., pn } a set or family of predicates over D,
– .+ : {p1 , ..., pn } → P(D) a function which assigns positive examples to each
predicate,
1

A side remark for semanticists: While in a classical (two-valued) truth-conditional
semantics it is presumed that an individual is either p or ¬p, from the point of view of
knowledge representation there may be individuals for which this is not (yet) known.
This is the reason why the set of positive examples p+ need not cover the extension
of p (and p− need not cover ¬p). The idea is that with increase of information the
range of indeterminateness decreases. This behavior can be accounted for in logics
with a notion of underdef inedness (see Muskens 1995). We will, however, not go
into this issue here but rather assume that the underlying logic is classical and
representations are (possibly incomplete) approximations.
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– .− : {p1 , ..., pn } → P(D) a function which assigns negative examples to each
predicate,
−
– p+
i , pi ⊆ D .
+
– pi ∩ p −
i =∅
Definition 2. Family of contexts
A family of contexts C(P ) = {Dk , .+k , .−k , Pk |k = 1, 2, ....} evaluates P if
– Pk ⊆ P
– for any two contexts Ci , Cj ∈ C(P ) and for all p ∈ Pi ∩ Pj the following
conditions hold 2
• elements of p+ and p− cannot change roles in a diﬀerent context:
p+i × p−i ∩ p−j × p+j = ∅
• discriminative power: p+i × p−i ∩ Dj × Dj = ∅ → p+j × p−j = ∅
(Predicates discriminating elements in one context should be able to discriminate elements in another context.)3
Attribute spaces are common structures for representation. They generalize
vector space approaches in allowing heterogeneous dimensions equipped with
value sets of diﬀerent scales (nominal, ordinal, interval, ratio), where value sets
may themselves be attribute spaces (the values being points in such spaces).
An attribute space F is given by a set of attributes A = {a1 ...an }, such that
for each ai in A there is a set of values Vai . Points in an attribute space are in
Va1 × ... × Van . A representation includes an attribute space F , a (generalized)
measure function μ mapping elements of a domain into an attribute space and a
set of predicates p∗ talking about points in the attribute space. These predicates
serve as approximations4 of the predicates P of the domain and will be detailed
in Sect. 3.2.
Definition 3. Representation
A representation F = F, μ, .∗ , D of a domain D = D, .+ , .− , P  is given by
– an attribute space F ,
– a measure function μ : D → F ,
– .∗ : P → Ω F 5
together with the consistency conditions
– ∀x ∈ p+ : p∗ (μ(x)) = true
– ∀x ∈ p− : p∗ (μ(x)) = f alse
for all p in P .
−
From this we get μ(p+
i ) ∩ μ(pi ) = ∅.
2
3

4
5

This is a slightly diﬀerent formalization of NR, UD, and DD in (van Rooij 2011).
If a predicate bike discriminates between bikes and trikes in a context containing
only bikes and trikes it should at least discriminate between bikes including trikes
and cars in a context containing bikes, trikes and cars.
More precisely: p∗ ◦ μ approximates p.
where Ω F is the set of characteristic functions in F .
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Fig. 1. Domains and representations

3.2

Predicates on Attribute Spaces

Attribute spaces are familiar methods of representation in AI and also in
some branches of natural language semantics, e.g., in frame-based approaches
(Barcalou 1992). What distinguishes attribute spaces and representations as proposed in this paper is the idea of predicates on attribute spaces. On the worldy
side, a domain includes a set of relevant predicates p ∈ P . According to the
notion of a representation in this paper these predicates have counterparts on
the representational side, namely the predicates p∗ ∈ .∗ (P ) = P ∗ . Counterpart
predicates are required to be consistent with their originals; more precisely, they
have to agree in truth value with the set of positive/negative exemplars of the
original predicate (see Deﬁnition 3). Moreover, counterpart predicates will be
assumed to be convex, that is, true of all points in the convex closure of (the
images of) the positive exemplars.
Reasons for furnishing attribute spaces with predicates are, (i) they facilitate
a straightforward deﬁnition of indiscernability in the sense of rough set theory
(Pawlak 1998), that is, a relation establishing classes of points which count as
equivalent (in a speciﬁc context, with respect to speciﬁc inferences). The indiscernability relation provides attribute spaces with a grid of granularity, allowing
comparison of attribute spaces of diﬀerent granularity which are identical otherwise. Indiscernability and granularity will be exploited to deﬁne a categorical
and a comparative notion of similarity in the next section6 .
6

It has been objected that in order to account for diﬀerent granularity of representations one could use diﬀerent sets of attributes and values, that is, diﬀerent
attribute spaces. This would require, however, a way to compare granularity directly
on attribute spaces, which would be less intuitive and in the end close to what we
suggest.
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From the point of view of AI and knowledge representation there is another
reason to have predicates on attribute spaces. If you assume that elements in
a domain D are not directly accessible and instead require some sort of feature
extraction or perception or measuring processes, then reasoning is possible only
with the results of such processes, that is, on the level of representations.
Convex Closures on Attribute Spaces. It has been argued by
Gärdenfors (2000) that natural properties correspond to convex regions in conceptual spaces, convexity being required by cognitive economy in learning and
memory. Since Gärdenfors’ conceptual spaces are metrical there is a notion of
betweenness facilitating a deﬁnition of convexity such that a region is convex
if for all points x and y in that region any point z between x and y is also in
that region. Attribute spaces as speciﬁed in this paper do not have a metrical
between relation. Convexity in these spaces will be deﬁned by convex closure
operators.
Definition 4. Closure operator on attribute spaces
An operator cl is a closure operator on an attribute space F iﬀ
– cl : P(F ) → P(F )
– For all X ⊆ F
• X ⊆ cl(X)
• cl(cl(X)) = cl(X)
– cl(∅) = ∅
Definition 5. Convex closure
A closure is convex if the anti-exchange property holds:
y, z ∈
/ cl(X) ∧ y = z ∧ z ∈ cl(X ∪ {y}) → y ∈
/ cl(X ∪ {z})
We assume, as does Gärdenfors, that predicates in a domain are well-behaved in
the sense that they cover convex regions, that is in our case, they correspond to
convex subsets of an attribute space. More precisely, predicates p∗ on attribute
spaces are required to be true for every point in the convex closure of the predicate’s positive examples when mapped to the attribute space. This is, we expect
representations to be strongly consistent.
Definition 6. Strong consistency
A representation F = F, cl, μ, .∗ , D of a domain D = D, .+ , .− , P  is strongly
7
consistent if ∀pi ∈ P : p∗i (cl(μ(p+
i ))) = {true}
We can make this even stronger by stipulating that the p∗i itself have convex
extensions, which implies strong consistency.
Above we deﬁned a number of constraints on closure operators. That does
not, however, answer the question of how to deﬁne a particular closure operator.
One way of doing that is by exploiting a partial order. On a (partially) ordered
set D, ≤ we can deﬁne closure operators in a natural way:
7

We make use of the convention that a function f applied to a set of arguments refers
to the set of images: f (X) = {f (x)|x ∈ X}.
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Definition 7. Closure operations on partial orders
For A ⊆ D we deﬁne:
left closure: cl← (A) = {x ∈ D|∃y ∈ A : x ≤ y}
right closure: cl→ (A) = {x ∈ D|∃y ∈ A : y ≤ x}
closure: cl(A) = {x ∈ D|∃y, z ∈ A : y ≤ x ≤ z}
For all three constructions the anti-exchange property holds, so all the resulting
sets are convex. Thus, if F is (partially) ordered, we can easily deﬁne a convex
closure operator. In order to emphasize the aspect that an attribute space F
is equipped with a closure operator cl, we add it to the representation: F =
F, cl, μ, .∗ , D of a domain D = D, .+ , .− , P .
Predicate Systems. Predicates deﬁned on attribute spaces classify points in
such spaces facilitating diﬀerent levels of granularity of representation. Given a
set of base predicates B (e.g. small, medium, big) over a feature space F we
 inductively (analogous to deﬁning a topology relative
deﬁne a set of predicates B
to a base):

– B⊆B

 →X ∩Y ∈B

– X ∈B∧Y ∈B



– X ∈ B ∧ Y ∈ B → cl(X ∪ Y ) ∈ B
If F is (partially) ordered we get additionally

 → cl→ (X) ∈ B
– X∈B
 → cl← (X) ∈ B

– X∈B
We assume that the elements of B are convex (cl(X) = X for X ∈ B) and we
 is generated by B and cl. We can view . as operator generating
say that B
the predicate system for a give base. A good candidate for B is {p∗1 , ..., p∗n }. For
∗ is the predicate system
a representation F = F, cl, μ, .∗ , D, .+ , .− , P , P
generated by P ∗ = {p∗1 , ..., p∗n } and cl.
Indiscernability. Two elements in a domain D are indistinguishable on the representational level if they are mapped by μ onto the same point of the attribute
space. But even if they are mapped to diﬀerent points, they may nevertheless be
indistinguishable in yielding the same inferences. This is the case if they agree
on all predicates. We borrow the term indiscernable from Rough Set Theory:
Definition 8. Indiscernable
Given a representation F = F, μ, .∗ , D, .+ , .− , P  we deﬁne:
∗ : q(x) ↔ q(y)
x ∼F y ≡ ∀q ∈ P
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Granularity. For two representations F and F  sharing the same attribute
space F we can ask whether one is more ﬁne grained than the other, that is,
whether two entities can be distinguished in one representation but not in the
other one. Since indiscernability of entities in a representation depends on the set
of predicates P provided by the domain, granularity of representations depends
on the set of predicates P , too.
Definition 9. Family of representations evaluating a system of predicates
Given a family of contexts C(P ) = {Dk , .+k , .−k , Pk |k = 1, 2, ....} evaluating a
system of predicates P we get the corresponding family of representations
FC(P ) = {F, μ, .∗k , Dk , .+k , .−k , Pk |k = 1, 2, ....}
On FC(P ) we can deﬁne a partial order:
Definition 10. Coarser representation
Given two representations
Fi = F, μ, .∗i , Di , .+i , .−i , Pi  ∈ FC(P ) and
Fj = F, μ, .∗j , Dj , .+j , .−j , Pj  ∈ FC(P ) we deﬁne:
Fj ≥ Fi iﬀ Pj ⊆ Pi ∧ ∀x, y ∈ F : x ∼Fi y → x ∼Fj y
We say Fj is coarser than Fi (Fj > Fi ) iﬀ Fj ≥ Fi but not Fj ≤ Fi .
This completes the formal machinery required for the deﬁnition of similarity
in the next section.

4
4.1

Defining Similarity
Similar

We started out from the analysis of demonstratives of manner, quality and
degree, in particular German so, in Umbach and Gust (2014). It was argued
that these demonstratives express similarity to the target of the demonstration
gesture, and that the emerging similarity class constitutes an ad-hoc generated
kind. This suggests that the similarity relation expressed by the demonstratives
is adequately captured by the notion of indiscernability as deﬁned above.
Definition 11. Similar
∀x, y, ∈ D : sim(x, y, F) ≡ μ(x) ∼F μ(y)
Deﬁnition 11 entails that the notion of similarity expressed by the demonstratives
is an equivalence relation (see also Sect. 5).
The sim predicate is used in Umbach and Gust (2014) for a compositional
interpretation of the demonstrative so. When modifying nominals so occurs in
an ad-determiner position and is thus combined with the indeﬁnite determiner,
see (4).
In the nominal case (and in the verbal case) features of comparison have to
be inferred from the context of the utterance – so eine Tasse (‘such a cup’) may
denote cups similar in form and/or color and/or design etc. – whereas in the
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adjectival case there is only one feature of comparison, which is ﬁxed by the
lexical meaning of the adjective – so groß (‘this tall’) can only mean similar in
height.
We assume that features of comparison provide attributes spanning the
attribute space in a representation F. We write F(f ) to indicate a representation with a single linguistically ﬁxed attribute f . The variable t in (4,5) is a
free variable denoting the target of the demonstration gesture.
(4) so eine Tasse (‘such a cup’)
[[so]] = λD.λP.D(λx.sim(x, t, F) ∧ P (x))
[[so ein]] = λP.λQ.∃x.sim(x, t, F) ∧ P (x) ∧ Q(x)
[[so eine Tasse]] = λQ.∃x.sim(x, t, F) ∧ cup(x) ∧ Q(x)
(5) so groß (‘this tall’)
[[so]] = λf.λx.sim(x, t, F(f ))
[[so groß]] = λx.sim(x, t, F(height))
The predicate sim, which is a simple modiﬁer of determiners and degree expressions in (4,5), receives its explanatory power by being deﬁned as indiscernability
in attribute spaces.
4.2

More Similar

Similarity as expressed by demonstratives is clearly not gradable - there is no
way of saying that something is more such a thing than something else. Thus
the sim predicate deﬁned above is appropriate for the semantics of, e.g., English
such and German so. In contrast, similarity as expressed by adjectives is gradable, cf. English more similar and German ähnlicher. We will provide a gradable
notion of similarity in the way of the vague predicate analysis of Klein (1980)
such that the comparative is based on the positive. We deﬁne a four-place predicate more sim(x, y, z, u, FC(P )) with the help of representations of diﬀerent
granularity in a family of representations such that x is more similar to z than
y to u, if there is a representation F  identifying x and z while distinguishing y
and u. Any F  identifying y and u must not discriminate x and z.
Definition 12. More similar
Given a family of representations FC(P ), x is more similar to z than y to u,
more sim(x, y, z, u, FC(P )) iﬀ
∃F  ∈ FC(P ) : sim(x, z, F  ) ∧ ¬sim(y, u, F  )
∧ ∀F  ∈ FC(P ) : sim(y, u, F  ) → sim(x, z, F  )
The 4-place predicate mores im provides an interpretation for natural language
comparatives as in Anna resembles her mother more than Berta resembles her
father. Deﬁnition of a 3-place version is straightforward:
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more sim3 (x, y, z, FC(P )) iﬀ more sim(x, y, z, z, FC(P )). Another motivation for a comparative version of similarity stems from multi-dimensional gradable adjectives like healthy and beautiful which are diﬃcult to handle in standard
degree semantics. One-dimensional adjectives like tall are interpreted in degree
semantics as measure functions mapping individuals to degrees (Kennedy 1999).
The positive form (as in A is tall) is assumed to include a context-dependent
cut-oﬀ degree for individuals to count as tall in the context/comparison class.
For many-dimensional adjectives, however, it is unclear how to deﬁne a cut-oﬀ.
Sassoon (2013) suggests quantiﬁcation over dimensions such that, e.g., healthy
means healthy in all relevant dimensions while leaving the question open of how
to deﬁne the comparative.
Umbach (2015) makes use of similarity in multi-dimensional spaces when
interpreting evaluative predicates like beautif ul. Since evaluative predicates
don’t have a linguistically ﬁxed denotation there is no independently given set
of positive exemplars beautif ul+ . Whether something is beautiful or not is not
a matter of fact but rather a matter of convention, that is, of negotiation of
criteria. Negotiating criteria can be seen as determining a ‘prototype’ which is,
however, not a point but rather a predicate on points in an attribute space.
Suppose proto beautif ul is the class of points in F corresponding to the criteria
for something to count as beautiful, that is, proto beautif ul plays the role of a
cut-oﬀ. The counterpart predicate beautif ul∗ then has to be the convex closure
of proto beautif ul. An individual can now be said to count as beautiful in a
domain D and a representation F iﬀ it is indiscernable from the elements of
beautif ul∗ , that is, the closure of proto beautif ul (where the domain serves as
comparison class).
∀x ∈ D: x is beautiful in F iﬀ
beautif ul∗ (μ(x)) in F, that is, cl(proto beautif ul)(μ(x)) in F. The comparative of multi-dimensional adjectives is interpreted with the help of the
more sim relation8 .
∀x, y ∈ D: x is more beautiful than y in FC(P ) iﬀ
more sim3 (x, y, cl(proto beautif ul), FC(P ))9

5

Comparison to Tversky’s Account of Similarity

Twersky’s contrast model of similarity was developed as an alternative to the at
that time dominant geometric models in which (dis)similarity of two objects is
represented by distance. Tversky started from empirical ﬁndings that appeared
8

9

This corresponds to a vague predicate interpretation of multi-dimensional adjectives.
It’s an open question, however, whether one-dimensional adjectives like tall should
be interpreted in this way, too. One of our future issues is to exploit a two-way
approach: While the comparative of adjectives relating to a single metrical scale
makes use of that scale (in a degree semantics fashion), the comparative of multidimensional adjectives involves similarity to prototypes, as sketched above.
We use more sim3 also with arguments from F . This is unproblematic because μ
mediates between the two levels.
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incompatible with the axioms of a metric distance function. He claimed that
“... the assessment of similarity between stimuli may better be described as
a comparison of features rather than as the computation of metric distance
between points.” (p. 328), and proposed to assess similarity making use of sets
of features (binary, nominal, ordinal, cardinal). Similarity of two objects a and
b is measured by a matching function F accounting for communalities of and
diﬀerences between their feature representations A and B:
sim(a, b) = F (A ∩ B, A − B, B − A).
The result of the matching function corresponds to a value on an interval
scale S which makes it possible to compare the similarity of two objects to that
of two other objects: sim(a, b) ≤ sim(c, d) iﬀ S(a, b) ≤ S(c, d)10 .
From the point of view of the semantics of gradable adjectives, Tversky’s
account of similarity is in the spirit of degree semantics where the comparative
is prior to the positive. Tversky’s notion of similarity maps pairs of individuals
to degrees on a scale of similarity thereby facilitating comparison — a and b
are more similar to each other than c and d. Positive judgments, as in a and b
are similar, are not considered. In contrast to Tversky’s account, the notion of
similarity developed in this paper is in the spirit of the vague predicate analyses
starting from the positive form and deﬁning the comparative ‘on top’.
Tversky started from empirical ﬁndings which seem incompatible with the
axioms of a metric distance function, i.e. minimality, symmetry and triangle
inequality. Minimality appears problematic if identiﬁcation probability is interpreted as a measure of similarity because identical stimuli are not always identiﬁed by subjects as being identical. Triangle inequality is hardly compelling,
following Tversky, in view of cases involving diﬀerent features. For example,
Jamaica is similar to Cuba (with respect to geographical proximity) and Kuba
is similar to Russia (with respect to political aﬃnity) but Jamaica and Russia
are not similar at all. Finally, symmetry is apparently false considering experimental results showing that the judged similarity of North Korea to Red China
exceeds the judged similarity of Red China to North Korea.
In this paper, similarity is viewed as a means of classiﬁcation, that is, a
relation establishing classes, or kinds, of individuals. From a classiﬁcation perspective, similarity has to be reﬂexive, symmetric and transitive. Concerning
reﬂexivity, Umbach (2014) shows that the interpretation of demonstratives like
German so and English such requires reﬂexivity while the interpretation of adjectives expressing similarity, like German ähnlich and English similar, excludes
reﬂexives pairs. Being irreﬂexive explains why adjectival similarity expressions
lack a kind-forming capacity — kinds have to be equivalence classes.
Concerning symmetry, Gleitman et al. (1996) present a series of studies showing that Tversky’s results on similarity judgments are due to ﬁgureground eﬀects
in presentation and argue that similarity is a genuinely symmetric relation. In
10

where S computes the values of a model based on the weighted sums over common
and distinctive features, which means, there exist f, θ, α, β with S(a, b) = θf (A ∩
B) − αf (A − B) − βf (B − A).
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fact, Tversky himself already suggested that non-directional similarity statements (North Korea and Red China are similar) are symmetric. Finally, transitivity is obvious in the case of demonstratives. Consider the sentence Anna hat
so ein Auto und Berta hat so ein Auto. (‘Anna has a car like this and Berta
has a car like this.’) where the two so-phrases share the same demonstration
target. This sentence clearly entails that Anna’s and Berta’s cars belong to the
same subkind of cars. For adjectives expressing similarity the situation is again
less clear. It might be possible that changing the respects of similarity, as in the
Jamaica/Cuba/Russia example, is licensed by adjectives (the sentence Jamaica
is similar to Cuba and Kuba is similar to Russia but Jamaica and Russia are
not similar appears acceptable in spite of diﬀerent features of similarity).
Summing up, similarity as expressed by natural language demonstratives
(e.g., German so and English such) is in fact an equivalence relation whereas
similarity as expressed by adjectives (e.g., German ähnlich and English similar) is
not. This conﬁrms the analysis that similarity demonstratives, but not similarity
adjectives, ad-hoc establish novel (sub-)kinds.

6

Summary

In this paper, a representational framework was presented featuring multidimensional attribute spaces equipped with systems of convex predicates. This
framework facilitates the deﬁnition of a notion of similarity, or indiscernability,
as required in classiﬁcation processes, which is suited for the interpretation of
demonstratives of manner, quality and degree in natural language.
The framework emerged out of a collaboration of Artiﬁcial Intelligence and
Natural Language Semantics. From an AI point of view it can be seen as a means
of representing (possibly incomplete) knowledge about a given domain. From a
semantic point of view it can be seen as extending referential semantics in order
to integrate conceptual aspects of meaning.
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Abstract. The ways language encodes information depend on when and how
the preceding linguistic and non-linguistic context has established it in the partic‐
ipants’ working memory. Information-Structure categories such as Focus and
Topic are used to signal that the conveyed information is, respectively, the contri‐
bution of the message to the addressee’s knowledge or simply something meant
to link the message to the context. Information introduced within a context
(“Given”) is expected to be encoded as a Topic, while “New” information is more
likely to appear in Focus. The results of a dedicated EEG experiment will show
that violation of such expectations causes supplementary processing costs,
revealed by rhythmic changes in diﬀerent frequency bands.
Keywords: Information structure · Given/new · Topic/focus · EEG · Processing
costs

1

Context and Information Structure

Language develops in context, and context activates information. If we walk along a
road in a rainy day and a car, passing by at high speed, splashes all the water of a puddle
on me, I can say to my friend:
1. It drenched me completely!
In particular, my friend will understand that the pronoun it refers to the car, because
the idea of the car has been activated in his short-term memory (STM) by the appearance
of the car itself. If we were speaking Italian or another pro-drop language, I would say:
2. Ø mi ha infradiciato!
me has drenched
with the car easily recognizable as the reference of the null subject. This would not
be possible if the car was not previously established in our STM by the context. The
same utterance, if produced in a diﬀerent context would point to another referent (if
activated contextually), or would simply remain impossible to understand.
A very important part of the context of any utterance is what some call its co-text,
namely the rest of the text, which obviously means a fair amount of the preceding
© Springer International Publishing Switzerland 2015
H. Christiansen et al. (Eds.): CONTEXT 2015, LNAI 9405, pp. 440–453, 2015.
DOI: 10.1007/978-3-319-25591-0_32
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discourse and a very small amount of the following one. For example, if we are not on
the mentioned road, the pronoun in utterance (1) won’t ﬁnd its referent when uttered out
of the blue; but a previous mention of the car would have the same eﬀect as its physical
appearance:
3. Yesterday, while I was walking under the rain, a car passed on a puddle, driving very
fast. It drenched me completely!
What allows receivers to interpret an anaphoric expression (a pronoun, or a null
form) is the fact that its referent is active in STM at utterance time. Both concrete events
and linguistic utterances can activate contents. In Chafe’s (1987, 1992, 1994) termi‐
nology, information recently introduced in discourse and active in the addressee’s STM
is called the Given (G), while information with no recent introduction in prior discourse
or communicative situation, and therefore inactive in the addressee’s STM, is the New
(N). Any information encoded by an utterance is more or less Given/New at utterance
time, depending on many discourse factors, among which how and how recently it has
been introduced by the context.
Crucially, language encodes Given and New information diﬀerently. Anaphorical
treatment of the Given but not of the New is just one example. Another very important
one is known as Information Structure (IS). Diﬀerent contexts require giving diﬀerent
emphases to utterance contents. For instance, (4) and (6) are appropriate to diﬀerent
contexts, according to which contents are Given and which are New, while (7) and (5),
though identical, are far less acceptable because they appear in reversed contexts:
– I need a cheap laptop
4. [You can ﬁnd cheap laptops]T [at MediaWorld]F
5. ?[At MediaWorld]T [you can ﬁnd cheap laptops]F
– I will visit MediaWorld this afternoon
6. [At MediaWorld]T [you can ﬁnd cheap laptops]F
7. ?[You can ﬁnd cheap laptops]T [at MediaWorld]F
The reason is that under unmarked prosody such utterances are made of two diﬀerent
units (Cresti 1992, 2000, Lombardi Vallauri 2001b, 2009). The Focus (to the right)
conveys information proposed by the speaker as his main contribution to the ongoing
interaction; whereas the Topic (to the left) provides the semantic domain that makes the
Focus understandable, and links focal information to the foregoing discourse. Corre‐
spondingly, only the Focus conveys the illocutionary force of the utterance (Austin
1962). On pragmatic grounds (cf. Grice’s 1975 Maxims of Quantity), the main contri‐
bution of the message is usually expected to be information which has not been recently
mentioned and is not currently active in the addressee’s STM. This explains the oddity
of (7), where MediaWorld is presented in Focus (F) as if it was New information,
although it has been introduced by the preceding utterance. On the contrary, in the same
context, (6) is perfectly acceptable, because it encodes MediaWorld as a Topic (T), thus
signaling that it must be interpreted as something already active which is only proposed
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in order to provide an understandable semantic setting for the comprehension of the
Focus unit, which encodes the real communicative contribution of the message, namely
that you can ﬁnd (there) cheap laptops.
A further eﬀect of Focal vs. Topical mention is that presentation as Focus typically
also contains the instruction to keep that chunk of information activated in STM (and
thus available for anaphoric reference) in the subsequent discourse. In (8–10) anaphor‐
ical resuming of preceding contents made by means of the pronoun this has as its ante‐
cedent the content that was focused in the preceding clause (capitals in (10–11) signal
prosodic prominence of marked Focus located to the left):
8.
9.
10.
11.

[You read novels]T(1) [in translation]F(2), and this(2) is a waste of time.
[In translation]T(1) [you read novels]F(2), and this(2) is a waste of time.
[You read NOVELS]F(1) [in translation]T(2), and this(1) is a waste of time.
[In TRANSLATION]F(1) [you read novels]T(2), and this(1)is a waste of time.

The Given/New and Topic/Focus categories are related as we have brieﬂy sketched,
but by no means coincident. As Sgall et al. (1973: 17, with “comment” as a synonymous
term for Focus) put it:
The distinction between topic and comment is autonomous, in the sense that it cannot
be derived from the distinction between “given” (i.e. the known from the preceding
context or situation, contained among the presuppositions) and “new” (not given).
Their inter-independence is shown by utterances like (12–14), which are by no means
rare in ordinary communication:
12. A: What are Sue and Tim going to do tomorrow morning?
B: [Sue]T/G [is going to study hard]F/N
13. A: What are your friends going to do tomorrow morning?
B: [Mary]T/N [is going to study hard]F/N
14. A: Are Sue and Tim going to study hard tomorrow morning?
B: Only [SUE]F/G [is going to study hard]T/G
Due to the pragmatic grounds we have hinted at, (12) shows the most typical align‐
ment - i.e. Given-Topic and New-Focus. But (13) is also possible, where new content
is encoded in the sentence Topic, and (14) where given content is encoded in the Focus.
Such utterances are possible, as also often shown by really-produced texts. The
following passage from a public interview contains a Focus made of Given, just
mentioned information, and a Topic made of New, not yet mentioned information:
15. So, I used to do freelance display jobs, ‘cause a lot little stores in London – they
didn’t have a freelance display person, so I would do [these freelance jobs]G/F. They
were ﬁne and there was extra cash. Then, [this guy]N/T came by and he said: “That’s
great! It’s really fun! You should come work for me in L.A…”.1
In (16) below (taken from the opening of another interview) several New Topics can
be found:
1

https://www.youtube.com/watch?v=GlVO87Qdm-M.
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16. A: How and when did you get started as a writer?
B: [Growing up]N/T [I hated reading]N/F. [My English teacher]N/T [announced that
we’d be reading 4 books that year]N/F. [Before I knew what was happening to
me]N/T, [I was buying books in stores and reading at least a book a month]N/F. [When
I was a freshman in high school]N/T, [I wrote a short story about a busboy working
at a party house]N/F. [It was published in the school’s annual magazine] N/F. [My
career]N/T, you might say, [had begun]N/F2
So, the occurrence of Topic and Focus can match Given and New content respec‐
tively, but it can also happen the other way round. The ﬁrst case is most frequent since
it is the unmarked, default option. We will call it “aligned”. The second case, which we
will call “misaligned”, is possible but less likely to appear. For reasons we cannot expose
here (cf. Lombardi Vallauri 2001a), Given Focuses are quite rare and only used for
strongly contrastive eﬀects. New Topics are more frequent, and reﬂect the need to avoid
excessively frequent illocutionary acts of focusing contents in discourse (Lombardi
Vallauri and Masia in press): if some information only has the function of providing a
semantic setting for the utterance Focus (and does not need to be devoted any new mental
slot), the best thing would be to package it as Topic, no matter whether it is Given or
New information.
Clearly, New and Given contents have to be dealt with diﬀerently by the brain
(Burkhardt and Roehm 2007, Benatar and Clifton 2014): the former require that new
slots are created in memory for new entities (updating the register), while the latter
basically require recognition of referents already existing in memory (linking them to
the already existing register). This raises the hypothesis whether IS categories, and in
particular Topic and Focus, have developed in all languages to ease the processing of
upcoming information by signaling which of these two functions each chunk of infor‐
mation must undergo. Topical “packaging” has the main function of telling the addressee
to recognize certain content just by looking for instances of the same information among
the concepts that are presently active in his memory. Focal packaging, on the contrary,
instructs to consider that information as a fresh contribution of that utterance, needing
for a new position to be created in memory. Such diﬀerent tasks are likely to require
processing eﬀorts that are diﬀerent in nature, and probably also in intensity.
To sum up, Topic and Focus raise useful expectations on the information status of
their content. When these expectations are not met, this cannot be without eﬀect. Conse‐
quently, as we will argue below, the processing of misaligned Given Focus and New
Topic conditions is expected to require diﬀerent allocation of cognitive resources, as
compared to the processing of aligned Given Topic and New Focus conﬁgurations.

2

Previous Experimental Studies

In the psycholinguistic domain, it is a common habit to trace back earlier studies on
IS processing to Erickson & Mattson’s MOSES ILLUSION TEST (Erickson and Mattson
2

http://lianametal.tripod.com/id38.html.
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1981), later replicated by Bredart and Modolo (1988). The aim of the test was to show
that the depth of processing of some information may change depending on the partic‐
ular structure it receives in the sentence. In Erickson and Mattson’s study, a number
of subjects were presented with the following question: How many animals of each
kind did Moses take on the Ark? The authors observed that almost all the subjects were
likely to respond “two” without noticing that it was Noah, and not Moses, that took
animals on the Ark. The eﬀect of Information Structure in the detection of the distorted
term was later assessed by Bredart and Modolo (1988) who manipulated the syntactic
structure of the original sentence so as to have Moses once in Focus and once in Topic
position (cf. It was [MOSES]F who took two animals of each kind on the Ark vs. It was
[TWO ANIMALS]F of each kind that Moses took on the Ark). Not surprisingly, the
subjects noticed the distortion when Moses was in the sentence Focus, while they
tended to miss it altogether when it was conveyed as Topic, that is in the complement
clause of the cleft construction. Along similar lines, later studies (Birch and Rayner
1997; Sturt et al. 2004) have further substantiated the hypothesis that Focus induced
more attentive processing, thus facilitating the recognition of lexical substitutions (cf.
change-detection tests) or anomalies of any kind. However, most of the paradigms
adopted in these works probed into the cognitive eﬀects of diﬀerent information struc‐
tures in somewhat artiﬁcial processing conditions. Precisely, testing materials in these
works mostly consisted in isolated sentences with scant or no prior linguistic context
grounding for the establishment of diﬀerent givenness or newness degrees of contents.
Indeed, only the eﬀects of diﬀerent syntactic manipulations (e.g. clefts vs. declarative
sentences) were taken into account. As a result of methodological biases stemming
from these paradigms, critical sentences were interpreted as conveying all new infor‐
mation. As Hruska and Alter (2004, p. 223) put it, “without any preceding information,
the listeners [or readers] analyze each sentence as completely new and no information
has to be embedded in an already given context”. This also led to characterizing
processing costs of contents in terms of their topical or focal nature per se, disregarding
the impact of givenness or novelty degrees on the interpretation of IS units.
Later neurological strands on IS processing (Hruska and Alter (2004; Toepel and Alter
2004; Baumann and Schumacher 2011; Wang and Schumacher 2013) have highlighted
far more intricate scenarios on the processing underpinnings of Topic-Focus and GivenNew information units. Particularly, it has been noticed that the cost required to process
Topic and Focus information is contingent on the activation degree of the content they
carry. Generally speaking, when new information expectedly conflates with Focus and
given information with Topic, processing effort appears much smaller than it is when
Topic-New and Focus-Given combinations obtain. In studies utilizing Event-Related
Potential (ERP) techniques, increases or decreases of processing demands in response to
aligned and misaligned informational matchings have been revealed by variations in N400
signatures, with higher deflections elicited by misaligned packaging. The involvement of
N400 modulations in such discourse phenomena has been delved into on both phonolog‐
ical and syntactic bases. An ERP study on IS processing in Japanese (Wang and Schu‐
macher 2013) shed light on the role of syntax in graduating decoding efforts imposed by
new information. Particularly, it has been observed that if in Japanese SOV declarative
sentences new information is placed in the syntactic position of Focus, its processing is
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generally faster and less effortful than it is if it were placed in sentence-initial position,
where Topics are more typically realized. This effect is particularly salient if the preceding
discourse context licenses expectations on the syntactic positioning of new information.
From a phonological perspective (Baumann and Schumacher 2011), the effects of aligned
vs. misaligned information packaging have been measured modifying intonation contours
on Given and New contents. Specifically, when given contents receive superfluous accent
and are therefore interpreted as Foci, their processing elicits higher N400 peaks. Analo‐
gous neural patterns have been observed for missing accents on new contents, fostering
their interpretation as Topic. Other ERP studies on IS in German (Hruska and Alter
(2004; Toepel and Alter 2004) pointed towards similar findings in this respect.
Now, it stands to reason that the outcome results achieved by these latter neurological
approaches are indicative of the importance of looking on sentence processing from a
far wider perspective than that adopted in the psycholinguistic accounts above given.
This perspective should encompass both sentence-internal and discourse-based strat‐
egies of information encoding. Apart from providing valuable insights into the role of
context-driven expectations, this view also allows to tackle Information Structure and
its processing in their natural, real conditions.

3

Measuring the Eﬀects of Expectations in Context-Driven
Processing of IS Units: Evidence from EEG Signals

This section describes and discusses the results of an EEG experiment aimed at meas‐
uring rhythmic changes in diﬀerent frequency bands in response to topical and focal
sentences in texts. The texts have been elaborated so as to have both aligned and
misaligned conﬁgurations between activation statuses of contents and their topical or
focal packaging in the sentence. Therefore, given contents are sometimes associated
with topical, sometimes with focal packaging, and the same goes for new contents. The
main purpose of the analysis is to assess the eﬃciency of brain processing in response
to more or less expected information packagings relative to givenness and newness cues
provided by the foregoing linguistic context.
Since critical regions are sentence-long, investigating EVENT-RELATED SYNCHRONI‐
ZATION (ERS) and EVENT-RELATED DESYNCHRONIZATION (ERD) in diﬀerent brain rhythms
proved more suitable. The elicitation of ERP components (more easily detected in
response to word-length stimuli) would have been more diﬃcult to nail down, due to
the possible overlapping of components related to contiguous units within the same
sentence. Before laying out the experimental procedure and the related ﬁndings, some
preliminary remarks on brain oscillations (or rhythms) are in order.
Brain oscillations are generated by populations of neurons depolarizing in
synchrony. Rhythms may oscillate independently of one another or may overlap, if
diﬀerent neural assemblies generate the same rhythm. Brain rhythms are generally
distinguished for the particular shape they display, their range of oscillation and scalp
distribution. Hans Berger (1873–1941), the pioneer of EEG in humans, pinpointed ﬁve
diﬀerent rhythms oscillating at diﬀerent frequency ranges (Hz) and correlating with
diﬀerent cognitive operations. These are the DELTA (δ) rhythm (0.1–3 Hz), the THETA
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(θ) rhythm (4–7 Hz), the ALPHA (α) rhythm (8–12 Hz), the BETA (β) rhythm (above
12 Hz) and the GAMMA (γ) rhythm (40 Hz). It has been contended in a number of studies
that ERS and ERD eﬀects correlate with diﬀerent mental operations or states. More
particularly, cognitive overloading triggers neural synchronization in the θ and γ bands,
but neural de-synchronization in the α and β bands. Put another way, while oscillatory
amplitudes in θ and γ rhythms are directly related to eﬀortful processing, those in α and
β rhythms are related to it inversely (Bastiaansen et al. 2005)3.
3.1 Predictions
The present study can be regarded as an attempt to further substantiate the role of contextdriven strategies in IS processing from the perspective of rhythmic changes in diﬀerent
frequency ranges. Based on the considerations sketched out above, we expect misaligned
combinations between activation statuses and information packaging to impose major
processing demands than aligned combinations, with variations foreseen in the θ, δ, γ,
β and α bands, although with diﬀerent oscillatory behaviors. Notably, misaligned condi‐
tions are expected to elicit ERS eﬀects in the θ, δ or γ bands, and ERD eﬀects in the α
or β bands, since misaligned conditions overturn packaging expectations, thus causing
more diﬃcult integration of upcoming information into the addressee’s register.
3.2 Method
54 healthy subjects (20–35 years old) have participated in the experiment, after giving
written informed consent. EEG signals have been acquired using a 19-channels cap
(GALILEO Be Light Ampliﬁer). For the study, only female subjects have been consid‐
ered4. Subjects were comfortably seated in an insonorized dimly lit room. Electrodes
were placed on the scalp according to the standard 10–20 montage and impedances were
kept below 10 kΩ. Recordings have been referenced to the AFz position. Texts were
presented auditorily and EEG recordings were time-locked to the listened utterances by
synchronizing the signals marking each critical sentence on the raw traces.
3.3 Testing Material
For the experiment, four couples of specular Italian texts have been used, in which the
same item of information (given and new) is Topic in one text and Focus in the other,
or vice versa. Keeping the same notional content unaltered in the two specular conditions
permitted to avoid cognitive biases caused by diﬀerent discourse representations. Below,
an illustration of the pattern described is provided.
3

4

Ibid. (p. 530): “For both alpha and beta band activity it holds that the amplitude of these oscil‐
lations is inversely related to active processing, whereas increases stand for cortical idling and/
or inhibition. The opposite holds for the two other frequency bands that have been extensively
studied, that is, the theta and gamma bands. Here, it generally holds that amplitude increases
are related to the active processing of information”.
Signals recorded from other male students were removed from the dataset, due to the high
number of artifacts.
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LIST A5:
Context:
Da adulti, siamo generalmente inclini a temere le emozioni negative. In questo senso,
[che si sviluppino dipendenze legate ai bisogni non soddisfatti]NEW/TOPIC è molto
frequente. Le nostre debolezze ci vengono rivelate [dal veriﬁcarsi di questo tipo di
dipendenze]GIVEN/FOCUS.
In questi casi, molti si rifugiano nel bere un po’ di vino con un amico. [Dopo aver
sorseggiato qualche bicchiere di vino]GIVEN/TOPIC, [per un po’ il dolore svanisce]NEW/
FOCUS.
LIST B:
Context:
Data la nostra inclinazione a temere le emozioni negative, spesso [sviluppiamo
dipendenze legate ai bisogni non soddisfatti].NEW/FOCUS [Quando si veriﬁca questo tipo
di dipendenze]GIVEN/TOPIC, scopriamo le nostre debolezze.
In questi casi, molti si rifugiano nel bere un po’ di vino con un amico. E [il dolore
per un po’ svanisce]NEW/TOPIC [sorseggiando qualche bicchiere di vino con qual‐
cuno]GIVEN/FOCUS.
In Context A, the sentence che si sviluppino dipendenze legate ai bisogni non soddisfatti
(“that unsatisﬁed needs generate dependences”) carries newly activated information,
which also realizes the Topic unit of the sentence. The same information item, in the
same activation state, appears focalized in Context B (sviluppiamo dipendenze legate
ai bisogni non soddisfatti, tr. “we often develop dependences related to unsatisﬁed
needs”).
Based on diﬀerent alignment conditions, the following combinations obtain: Given/
Topic (GT), New/Topic (NT), New/Focus (NF) and Given/Focus (GF). The number of
occurrences per each condition is: 13 for G/T, 29 for N/T, 11 for G/F and 28 for N/F.
All texts have been presented auditorily; one list has been listened to by a group A of
27 Italian subjects, the other list by a group B of 27 subjects (other than the former
group).

5

LIST A:
Context:As adults, we are generally bound to fear negative feelings. In this sense, [that unsa‐
tisﬁed needs generate dependences]NEW/TOPIC is very frequent. Our weaknesses are revealed
[by the manifestation of these dependences]GIVEN/FOCUS. In these cases, many feel comfortable
drinking some wine with a friend. [After sipping some wine]GIVEN/TOPIC, [the pain disappears
for a while]NEW/FOCUS.LIST BContext:Given our tendency to fear negative feelings, [we often
develop dependences related to unsatisﬁed needs]NEW/FOCUS. [When these dependences come
about]GIVEN/TOPIC we discover our weaknesses. In these cases, many feel comfortable drinking
some wine with a friend. And [pain disappears for a while]NEW/TOPIC [sipping some wine with
somebody]GIVEN/FOCUS.
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3.4 Data Processing: Spectral Analysis
For reasons of space, only the spectral analysis of frequency bands is reported in this
section. Further statistical and cross-spectrum analyses are more extensively debated in
La Rocca et al. (in preparation).
In a pre-processing stage, a Common Average Referencing (CAR) has been applied
to signals in order to reduce artifacts associated with inappropriate reference choices.
Signals were then segmented into epochs time-locked to the onset of each critical region.
Trials with non-removable artifacts for one subject have been removed from the analysis
for all subjects, so the resulting epochs amounted to 40. Filtered epochs were further
time-locked to the following set of contrasts: N/F vs. N/T, G/F vs. G/T, N/F vs. G/T and
N/T vs. G/T. Since the purpose of the analysis was to detect diﬀerences in frequency
bands’ activity, a computation of the Power Spectrum Density (PSD) has been carried
out. This measurement allows assessing the contribution of each EEG rhythm to the
diﬀerences observed in the above-mentioned contrasts; more precisely, it indicates how
the strength of a signal is distributed in the frequency domain (Stoica and Moses 2005).
Another relevant measure when the study of frequency band activity is approached is
the so-called Spectral Coherence (COH). In signal processing theory, Spectral Coher‐
ence indicates the cooperation of populations of neurons during various cognitive
processes, whatever their nature. Neural spectra change depending on how synchronous
the activity of diﬀerent neural populations is, in response to given processing tasks.
Technically, coherence quantiﬁes the level of synchrony between simultaneous recorded
signals at a speciﬁc frequency f.
3.5 Results
To better assess diﬀerences between the contrasts of interest, both univariate (singlechannel) and multivariate (multiple-channel) analyses have been carried out, which
evidenced a more prominent involvement of the α, β and θ bands, whereas in the γ band
no signiﬁcant variation for the aligned and misaligned conditions has been noticed, and
for δ band only some spectral coherence phenomena were measured, which we cannot
expose here for the sake of brevity, though they conﬁrm the ERS and ERD results for
the α, β and θ bands.
In the UNIVARIATE analysis, noticeable variations have been observed in the N/T vs.
N/F contrast. Particularly, larger amplitudes in the β frequency band (mainly distributed
in the right centro-parietal region) have been observed for the N/F compared to the
N/T condition (Table 1). Analogous trends have been noticed in the α frequency band
(central, parietal and temporal region), with larger amplitudes for the N/F condition. On
a priori grounds, the processing of misaligned informational articulations in these two
frequency bands seems to elicit ERD eﬀects. Variations in θ band activity are more
prominent for the G/T and G/F contrasts (Table 2). Particularly, a greater power in the
left temporal region has been registered in the θ band for the G/F condition. Increasing
amplitudes in this frequency band can be accounted for in terms of ERS eﬀects. This
preliminary scenario suggests (a) that the processing of aligned and misaligned infor‐
mation structures involves the activity of diﬀerent frequency bands, and (b) that
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misaligned conditions entail costlier processing mechanisms, possibly due to inconsis‐
tent cues to bring about knowledge updating.
Table 1. N/F vs. N/T. PSD in the univariate analysis

Table 2. G/F vs. G/T. PSD in the univariate anaysis

A MULTIVARIATE analysis conducted on channel pairs conﬁrmed the single-channel
analysis results, detecting larger amplitudes in the β rhythm for the N/F condition as
compared to N/T, mainly distributed in the right centro-parietal and occipital region
(Table 3). Similar trends have been observed in the α band for the same aligned condi‐
tion, with larger amplitudes in the right centro-temporal region (Table 3). In line with
the univariate analysis, the multivariate analysis conﬁrmed higher amplitudes in the θ
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rhythm (basically involving right centro-frontal regions) for the G/F condition, as
compared to the G/T condition.
Table 3. Misalignment vs. Alignment. PSD in the multivariate analysis

4

Discussion and Conclusion

Although probably tentative in many respects, the results obtained from the analysis
proposed reveal that information structures compliant with the G/T and N/F pairings are
subserved by neural mechanisms that diﬀer from those supporting the processing of less
expected pairings (i.e. N/T and G/F). The present state of the art does not allow us to
make reliable hypotheses on what precisely these mechanisms should be, but larger
synchronization eﬀects (ERS) in the θ band, and desynchronization (ERD) eﬀects in the
α and β bands for the N/T and G/F conditions, as opposed to aligned correlations (i.e.
G/T and N/F), are indicative of increasing costs caused by decreasing eﬃciency in
information processing. Speciﬁcally, when new information is encoded as Topic, the
receiver is instructed to treat it as contextually given and search for an antecedent in the
foregoing discourse (indeed anaphoricity is one of the textual eﬀects of topicality, cf.
Givón 1983). The fact that no textual anchor can actually be found for the N/T condition
eventually compels the receiver to accept that he has to open a “mental slot” for the new
information, which eventuates in extra processing. With G/F, the opposite happens, the
addressee being instructed to create a new mental slot for some entity, which eventually
reveals to already have one.
Among other things, these ﬁndings allow to account for sentence structure and
information structure processing from a Gestalt psychology perspective (Wertheimer
1927, Koﬀka 1922, Köhler 1947). According to Gestalt psychology principles, similar
elements are perceived as continuous and consistent with one another, which makes
them processable with fewer costs. If continuity expectations are not met, more eﬀort
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is involved in the processing of discontinuous elements, because they bear features
which are not shared by other entities previously encountered in the discourse context.
Analogous eﬀects have been observed in the assessment of study times (Ackerman
et al. 2014). Recent works in experimental psychology have revealed that study times
are reduced when the contents to be learned can be easily related to already existing
knowledge schemata, and are therefore perceived as more continuous and consistent
with respect to previously or currently stored knowledge. Indeed, prediction- or expect‐
ation-based processing facilitates a person’s ability to adjust his performance to a partic‐
ular goal (Ackerman et al. 2014, Koriat and Bjork 2006).
Transposed to our core discussion, continuous elements are represented by contents
whose activation state and packaging is consonant with what is expected depending on
the linguistic and extra-linguistic context set by the communicative exchange; whereas
discontinuous elements are contents whose activation state and packaging is less
expected with respect to the linguistic and extra-linguistic context set. Therefore,
keeping perceptual continuity amounts to reducing demands on IS processing, whereas
interrupting continuity expectations increases the eﬀort required of the receiver to fully
integrate information in his mental model of discourse.
A further consideration can be made. The fact that linguistic understanding and
conceptualizing strongly relies on the context in which communication takes place is
probably self-evident, and can be regarded as major evidence in favor of the Extended
Mind hypothesis (Clark and Chalmers 1998; Clark 2008). According to this hypothesis,
the mind is not completely autonomous in its working, and it shares its contents with
some external supports. Among these, if language as such (the language faculty, perhaps
the grammar itself) can be regarded as contained in the mind, on the contrary linguistic
texts are something whose existence (in written, persistent or in acoustic, transient form)
is no doubt located outside the mind. If considered just as its products, texts do not
contribute to conceive of the mind as an extended, multidimensional reality; but consid‐
ered as premises steadily posing precise constraints and providing indispensable mate‐
rial to the working of the mind, they do.
As we have seen, during linguistic activity the mind “exchanges information” with
the preceding context, especially by receiving the activation of concepts from what is
said. Language is designed (probably, has evolved, cf. Lombardi Vallauri and Masia
2014, Lombardi Vallauri and Masia in press) to better deal with this function, and the
categories of IS we have dealt with here are among the most important means by which
this is achieved.
In particular, the mind regulates the traﬃc of contents from the linguistic and extra‐
linguistic preceding context of communication to their further encoding in new linguistic
utterances, and does so by storing them temporarily in STM. In this process, there is a
diﬀerence between certain information being already Given or New, and all languages
use Topic and Focus as means to ease the diﬀerent processing of such categories; more
precisely, to anticipate and thus ease the recognition of what must be treated as Given
or New. When expectations are met, things are easier; when they are not, more eﬀort is
required. The experimental ﬁndings we have exposed strongly conﬁrm this hypothesis,
and show that these conditions correspond to measurable brain events.
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Introduction

‘Faultless disagreement’ is exempliﬁed in (1) and (2) for predicates of personal
taste (PPT), where the intuition of philosophers and linguists has been that Sam
is expressing his opinion about the cake and that Sue, in saying N o, is either
expressing that the the cake does not taste good to her or expressing that the
cake should not be considered tasty more generally (following [3] and [4], i.a.).
Mary: How’s the cake? Sam: It’s tasty.

(1)

Sue: No it isn’t, it tastes terrible!

(2)

Mary: How’s the cake? Sam: It tastes good to me.

(3)

Sue: #No it isn’t/doesn’t, it tastes terrible!

(4)

One might think that Sam’s utterance in (1) is a subjective one, essentially
expressing that he personally ﬁnds the cake tasty, in which case one would not
expect signiﬁcant meaning diﬀerences between (1) and a similar utterance where
the subjectivity is made explicit, such as (3). However, [5], arguing for a modiﬁcation of [6], points out that when PPTs are explicitly relativized to the speaker,
it is no longer felicitous to use N o to directly dispute utterances in which they
appear, as shown in (4). Stephenson draws a parallel between PPTs and epistemic modals (EMs) such as might, as in (5)–(8), on the basis of their behavior
when followed by N o, where the addition of I don’t know to the utterance makes
the uncertainty of the modal explicit.1 The general idea is that both PPTs and
EMs change behavior with speaker-restriction: in PPTs, the restriction tells us
whose tastes are represented, and in EMs, it tells us whose knowledge is the
basis for the statement (following a Kratzerian analysis of modals).2
1

2

She actually uses I don’t know that he isn’t, which we simpliﬁed for our experiment
given the known diﬃculty of multiple negations for naive speaker judgments as well
as diﬃculty translating into languages where the literal form is ungrammatical.
A reviewer points out that the pattern in (7) and (8) is not necessarily replicated with
other ways of relativizing to the speaker, such as As far as I know..., an intuition we
share but did not test in our experiment. This evidence supports our same general
conclusion that PPTs and EMs are perhaps not as parallel as they ﬁrst appear.
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Mary: Where’s Bill? Sam: He might be in his oﬃce

(5)

Sue: No, he can’t be. He doesn’t work on Fridays.

(6)

Mary: Where’s Bill? Sam: I dont know whether he’s in the oﬃce.

(7)

Sue: #No, he isn’t/can’t be, he doesn’t work on Fridays.

(8)

Given the importance of these data to subsequent work in the ﬁeld across
a variety of disciplines and phenomena (including the contextualist/relativist
debate, the treatment of polarity particles, and the use of refutation as a diagnostic elsewhere, such as for presupposition projection, just to name a few), we
tested whether this pattern could be observed behaviorally in the perceptions
of English speakers and whether it could be replicated cross-linguistically in
French, Spanish, and Catalan (though for reasons of space, we will only discuss
the English and Spanish results here). A better understanding of the psycholinguistic patterns of these “disagreements” is additionally important if they are
to be used in computational or other applications given that, up to this point,
they have been considered as patterns arising from linguistic structure in context
and not, for example, as arising from individual or cultural context diﬀerences.
The results we present here suggest that there is variability across languages
but not across dialects spoken in culturally-diﬀerent areas, suggesting that the
patterns in (1)–(8) are indeed a product of linguistic structure and context. In
order to account for the cross-linguistic diﬀerences, however, it will be important
to de-couple the analysis of subjectivity in PPTs and EMs.

2

Taste and Possibility

Though authors disagree about the location and the number of sources of subjectivity in sentences with PPTs, linguists have mostly modelled these predicates
as introducing judge parameters (e.g. [5–7]). For the purposes of this paper, the
details of how each of these theories is formalized and the diﬀerences between
contextualist and relativist approaches are less important than the fact that,
in each, there is a parallel drawn with EMs (cf. [5,8]). If PPTs evaluate content/truth with respect to someone’s taste, then, analogously, EMs evaluate
content/truth with respect to someone’s knowledge. In both cases, when that
person is overtly speciﬁed grammatically (to be the speaker) rather than ﬁlled
in contextually, disagreement should become infelicitous, consistent with the
intuitions represented in (4) and (8) above.
[1] gives an account of PPTs and other kinds of evaluative propositions such
as those with aesthetic adjectives, and in so doing, draws on [2]. We present
the basics of their discourse model and return to Umbach’s own analysis in the
discussion section. The model contains:
– A common ground, (CG): publicly shared beliefs by all participants.
– A discourse commitment (DC) set, DCX , for each participant X: X’s public
beliefs that are not (or not yet) shared by all other participants.
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– The Table: similar in role to the Question Under Discussion (QUD) [11]. A
stack of syntactic objects paired with their denotations that represent the
discourse topic at any given time.
– A projected set of all potential CGs that could result from future additions
to the current CG.
– A set of conventions, operations, and update rules for the kinds of moves
permitted. For example:
• The Table should not be empty (there should be a question)
• The goal, however, is to empty it (we should answer questions)
• The canonical way of removing an item from the Table is to reach a state
in which the issue is decided (p or ¬p follows from the CG)
• Asserting p adds p to the speaker’s DC and proposes adding it to the CG
by ‘pushing’ it onto the Table (raising the question of ‘whether p’, which
we will call ?p)
• If participants voice no objection, p moves from the DC to the CG
• If someone does voice an objection, several things can happen, including
agreeing to disagree, leaving p and ¬p in their respective DCX sets instead
of the CG and popping ?p oﬀ the Table
This discourse model can account for why many kinds of content may not be
directly refuted using N o. [2] hypothesizes that N o can only target propositions
on the Table at the top of the stack. This accounts for why, for example, presuppositions and conventional implicatures are diﬃcult to reject directly, because
they are already in the CG and/or not the main issue at hand (cf. [9,12,13]).
Here, we are concerned with other kinds of content that cannot be rejected,
namely explicitly relativized PPTs (henceforth, PPTR) and explicitly relativized
EMs (henceforth, EMR).
Returning to the initial data, the analysis in this kind of model would be
something like the following: PPT sentences are ambiguous between a reading
where someone is expressing her opinion only and not pushing for p to be added
to the CG (in which case that person is just adding something to her DC without
putting it on the Table) and a reading in which she is additionally suggesting
that it should be added to the CG for everyone. Some have mentioned the felicity
of Poutine is tasty, but I don’t like it, suggesting that one may also put something
on the Table to be accepted as a general fact while simultaneously adding its
negation to her own DC. PPTR, on the other hand, have only the ﬁrst of these
readings, meaning that they remain exclusively discourse commitments of the
speaker and are not pushed onto the Table. Because they are not on the Table,
they may not be targeted by N o.
One further related concept will be useful for our discussion. [12] deﬁne a
notion of ‘At-issueness’ in which a proposition p is at-issue relative to a QUD if
?p is relevant to that QUD. In order for a question ?p to be relevant to a QUD,
it must have an answer which contextually entails at least a partial answer to
the QUD. In other words, if the question is Who is at the library? and there are
four people there, naming all of them is a complete answer, but even giving one
or two would be relevant. If someone says Daniel is at the library, then ?p is Is
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Daniel at the library?. Either answer (Y/N) would be relevant to the QUD, thus
making the proposition at-issue with respect to this QUD. On this analysis, N o
targets only at-issue meanings, giving largely the same result as with [2].

3

Experimenting with Taste and Possibility

In order to conﬁrm the intuitions presented in (1)–(8) for English and other languages, we created an internet-based audio survey in which participants ranked
the relative strangeness of various propositions in response to others across a set
of constructed two-turn dialogues. While the ﬁllers were all dialogues of agreement, the critical stimuli contained a refutation with N o. We used English as
our baseline given the preponderance of English examples in the literature, but
we also tested languages from another family, including Spanish, which we focus
on here. Hypothesized cross-linguistic diﬀerences included the fact that whereas
English makes a diﬀerence between a polarity particle and sentence negation (No
v. not), Spanish only has the lexical item No to carry out the two functions.
Based on the previous literature, the predictions were as follows:
– Disagreement (faultless or not) should be possible with PPTs and EMs, so
their average ratings should be as high as that of assertions.
– Relativizing a PPT to a judge should limit its refutability, so the average
ratings for PPTRs should be lower than for PPTs.
– EMs and PPTs should show the same pattern (so EMRs < EMs).
– These basic patterns should be consistent across languages.
Stimuli. The stimuli consisted of 88 two-turn dialogues. 44 of these dialogues
were ﬁllers, 20 were critical items and 24 were items for an experiment not
reported in this paper. In the ﬁrst turn, a statement is made that crucially
contains a particular meaning type: PPT, PPTR, EM, and EMR or a ﬁfth,
Basic Assertion (BA), as a baseline. In the second turn, for the critical stimuli,
participants heard a direct refutation. Example stimuli for the ﬁve meaning types
in English and Spanish are as follows:
– BA: Daniel is at the library. No, he’s at the post oﬃce.
Dani está en la biblioteca. No, está en correos (Iberian)/el correo (Uruguayan).
– PPT: It’s cold outside. No, it is rather warm.
Hace frı́o afuera. No, hace más bien calor.
– PPTR: Laura’s talk was boring to me. No, it was inspiring.
A mı́ la charla de Laura me pareció patética. No, fue estimulante.
– EM: Matthew may join us later. No, he is going on a date.
Alberto a lo mejor vendrá (Iberian)/Capaz que Alberto va a venir
(Uruguayan) con nosotros más tarde. No, tiene une cita.
– EMR: I don’t know whether the kids will take a vacation this year. No, they
are going to Corsica.
No sé si los ninos tendrán vacaciones este ano. No, se van a Córcega.
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When translating the stimuli into other languages and dialects, we tried to be as
faithful as possible to the original items without ending up with sentences that
were vastly less natural than they were in the source language. The stimuli were
recorded by two female native speakers in each language; one was always speaker
A and the other, B. They read their lists of sentences separately and we spliced
them together into dialogues afterwards. We chose audio rather than written
presentation of stimuli to avoid the possibility that, when reading, participants
might mentally assign diﬀerent intonational contours and interpret N o responses
more felicitously via metalinguistic negation. We only included takes with falling
intonation at the end of both turns.
Procedure. The experiment was administered via an internet survey platform
called SurveyGizmo. Participants were asked to listen to short audio ﬁles containing one statement followed by either an acceptance or refutation of some
part of the meaning of that statement and answer the following question: “How
strange do you think it would be for someone to respond this way?” Participants
saw the question and were asked to respond using a 7-point Likert scale from
‘very strange’ to ‘not at all strange’. We chose to ask about how strange they
thought it might be for someone to respond this way because it allowed us not
to train our participants in the notion of entailment or give away the goal of the
experiment. We were careful to focus on how strange the response was to cut
down on judgments of the oddness of the initial sentence by itself, though we
also conducted a second task (described in the N orming subsection below) to
guard against this possibility as well. In addition to screens where they played a
sound ﬁle and responded to the question of interest, after some of the items, participants had to answer a comprehension question. These questions were added
to ensure that participants were paying attention, and the data of those who did
not answer correctly was not analyzed. After the experiment, participants were
asked to answer a feedback question about what they thought the experiment
was about. The great majority of the participants did not show any awareness
of the goal of the experiment.
Participants. The data presented here come from 55 American English speakers,
60 Iberian Spanish speakers, and 70 Uruguayan Spanish speakers. All were native
speakers of the language in which they were tested. The places from which they
were recruited were Chicago, Madrid, and Montevideo, respectively. The English
participants fulﬁlled course requirements by participating, while the Spanish
speakers in both locations, though largely also students, were entered for a chance
to win one of several gift cards.
Norming task. Since our stimuli were extremely varied, a concern that one might
have is that our participants were not rating how good the reply was, but how
marked or frequent the ﬁrst sentence was. This was especially a concern given
that some types of stimuli were longer than others. In order to be able to distinguish the markedness of the ﬁrst sentence from the appropriateness of the reply,
we carried out a baseline task in each language with 16 to 32 participants. The
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procedure was the same as explained above, except that participants only heard
the ﬁrst sentence of any given dialogue, so they did not hear the reply. Then
they were asked to rate them in a 7-point Likert scale answering the following
question: “How strange do you think it would be for someone to say this?” The
participants who participated in the baseline task did not participate in the other
experiment. These ratings were then incorporated into our statistical model as
described in the next section.

4

Results

All analyses are best-ﬁt linear mixed eﬀects models and were computed in R [15]
using the lmer function in the lme4 package [16]. The variable whose behavior
we were trying to predict was the normalized Likert score that participants gave
as a measure of felicity. The ﬁxed eﬀects included the rating of the felicity of the
item without a refutation from the norming task and, when comparing meaning
subtypes to one another, the meaning type. As for the random eﬀects, the best
models were always those that took item and subject diﬀerences into account
(i.e. random intercepts for ‘Item’ and ‘Participant’), and occasionally the best
model was one that included the by-subject random slope for meaning subtype
(which accounts for any adjustments to the eﬀect of ‘Subtype’ by a diﬀerence
between participants). What follows are plots of the normalized means.

1
0
-2

-1

Normalized Response

2

English Judgments

Assertion

Taste Pred.

Rel. Taste

Ep. Modal

Rel. Modal

Meaning type

English Results. The ﬁgure above matches the statistical results: there is no
signiﬁcant diﬀerence between the means of assertion, PPTs and EMs. Refutation
of PPTs was signiﬁcantly better (p < .01) than refutation of PPTRs. Refutation
of EMs was signiﬁcantly better (p < .01) than refutation of EMRs. In other
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words, the intuitions in the literature are perfectly borne out in the English
data.

1
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Spanish Judgments

Assertion

Taste Pred.

Rel. Taste

Ep. Modal

Rel. Modal

Meaning Type

Iberian Spanish Results. This ﬁgure again matches the statistical results: there
is no signiﬁcant diﬀerence between the means of assertion, PPTs and EMs.
Refutation of PPTs was not signiﬁcantly diﬀerent from refutation of PPTRs.
Refutation of EMs was signiﬁcantly better (p < .01) than refutation of EMRs.
In other words, Iberian Spanish speakers can directly refute PPTs and PPTRs as
well as EMs, but not EMRs. These results are problematic for theories arguing
for a parallel between EMs and PPTs with respect to a judge parameter or
implicit argument, and they are surprising if we think that disagreement should
be able to tease apart PPTs from PPTRs cross-linguistically.
4.1

Possibility 1: Cultural Context

In English, disagreements with BAs, PPTs and EMs are well rated, while disagreements with PPTRs and EMRs are not, which is consistent with the idea
that an explicit judge experience argument blocks direct refutation. But in Spanish, disagreements with BAs, PPTs, PPTRs and EMs are well rated, while refuting an EMR sentence is not. Thus, we need to give an account for why PPTRs
can be followed by direct disagreement in Spanish but not English. One possibility is that this is a question not of the grammar/linguistic context per se
but of whether people in a given culture feel comfortable arguing with other
people’s judgments. After all, it is possible to say No, the soup is not tasty to
you, you’re lying to spare the cook’s feelings, so participants could potentially
hear the N o in our stimuli as being anaphoric to something like that such that
they understand it to be No, the soup is not tasty to you, you’re lying to spare
the cook’s feelings; it tastes terrible!. Arguing with someone about his/her own
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tastes is certainly impolite in English and has been called a ‘faulty disagreement’
by [17] who consider it infelicitous (though personally, the ﬁrst author of this
paper feels that there is a diﬀerence between such a disagreement and ones like
(4)). But it is possible that this would not be seen as a violation of politeness
norms in Iberian Spanish. If we had independent evidence that speakers of a
language (in this case, Spanish) are more indirect in one area as compared to
another, then re-running the same experiment with the other population should
change the results. Such evidence exists for Iberian v. Uruguayan Spanish, from
anthropologists and linguists such as [18]. Uruguayan Spanish is claimed to be
much more indirect than Iberian Spanish, especially in terms of requests, but
also criticism, which would likely decrease not only the rates with PPTR, but
perhaps the felicity of PPTs and other categories as well. As we see in the ﬁgure
below, however, the Uruguayan Spanish speakers have an identical pattern to
the Iberian speakers.
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In addition to verifying the same signiﬁcant diﬀerences or lack thereof
(between PPTs and PPTRs), we also conducted a series of t-tests comparing
each category across the two dialects, resulting in no signiﬁcant diﬀerences. We
take this as evidence that the cross-linguistic diﬀerence in acceptability of N o
with PPTR is based on the linguistic context (how the grammar interacts with
what has been said and aﬀects what will/can be said). This is what we turn to
in the next section.
4.2

Possibility 2: Linguistic Context

Recall from Sect. 2 that [1], among others, would explain the diﬀerence between
PPT and PPTR as being that PPT have a reading on which p is pushed to
the Table, whereas PPTR do not and stay in the DC of the speaker. N o can
only target content on the Table. In order to explain why N o in Spanish could
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target both PPTs and PPRTs, one would need to either hypothesize that N o
in Spanish is diﬀerent from N o in English in that it targets propositions from
any part of the discourse model, perhaps, or we would need to say that PPTRs
in Spanish but not English put p on the Table. Another possibility would be
to claim that in Spanish, but not English, accommodation of a proposition not
on the Table could take place. We prefer, however, to rethink the deﬁnition of
what each type of content contributes to the discourse model in the ﬁrst place,
as discussed below.
Returning to [1], Umbach makes two diﬀerent kinds of distinctions, one which
she considers to be semantic, and the other pragmatic. In an earlier version of the
paper, the semantic distinction is between descriptive propositions like Daniel is
at the library and evaluative propositions like Poutine is tasty. The general idea is
that descriptive propositions are asserted as facts, while evaluative propositions
represent opinions. Her diagnostic for the diﬀerence has to do with whether a
given proposition can be embedded under the verb f inden ‘ﬁnd’ in German
(though for the purposes of our examples, English works just as well). While it
is ﬁne to say that one ﬁnds the soup tasty, it is not possible to say that one ﬁnds
Daniel to be at the library (or perhaps more clearly, that one ﬁnds Ottawa to
be the capital of Canada).3 In addition to the descriptive/evaluative distinction,
a pragmatic diﬀerence is proposed between general and subjective judgments
in [1]. General judgments are proposed by the speaker to enter the CG and
subjective judgments do not have this requirement (they may enter the CG,
but they can also stay in the DC). These two distinctions yield four categories,
each corresponding to one of the meaning subtypes we tested (shown below in
Table 1). The only one not represented is the EMRs, which we propose are also
descriptive propositions expressing general judgments, as with BAs. We return
to this in the justiﬁcations below.
Table 1. Examples instantiating each category of an earlier draft of [1]

General Judg.

Descriptive propositions

Evaluative propositions

BA: Daniel is at the library

PPT: Poutine is tasty

Subjective Judg. EM: Daniel might be at the library PPTR: Poutine is tasty to me

In what follows, we use the same distinctions as in [1] but tweak the functions
of the categories. We hypothesize that both distinctions are related to discourse
moves: the type of proposition determines what is added to the speaker’s DC (or,
alternatively, the semantics of each of these types leads to such a distinction), and
3

This gets changed in the ﬁnal version because f inden does embed some uses of
non-evaluative dimensional adverbs like tall and does not work with some uses of
evaluative propositions (the non-meta-linguistic ones, cf. [19]). Because we do not
have room to go into the interesting diﬀerences among kinds of gradable predicates
and are focusing on just one subtype, we ignore this distinction here (see also [20]
for further work on whether gradable predicates should be considered PPTs).
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the type of judgment determines what is pushed to the Table. For the purposes
of this section, we need to deﬁne the following notation: p-individual (p-ind) is
a proposition relativized to an individual (usually the speaker), and p-generic or
p-general-knowledge (p-gen) is a proposition relativized to society more broadly.
In the case of PPT/Rs, the fact that the soup tastes good to the speaker is p-ind
and the fact that it is considered delicious more generally is p-gen.
We propose that descriptive propositions add only a single proposition to the
discourse commitment set of the speaker (here we are not counting the join of
various propositions as a single proposition, there can be additional propositions
contributed by non-restrictive relative clauses, etc., that do not count toward
this limit). This proposition is always pushed to the Table and it is the full
literal meaning of the sentence. In the case of the BA, that is p, and in the case
of the EM, that is p (because p is embedded and so not the full meaning). For
EMR, it is the proposition that the speaker has no knowledge of p. This is why
EMR is categorized with BA: it is a factual statement, it just doesn’t assert
p, ¬p, their disjunction, or anything other than an ignorance claim. Evaluative
propositions, on the other hand, by their nature, involve an individualized and
generalized version and, thus, add these two propositions to the speaker’s DC by
default. For PPTs and PPTRs, these are p-ind and p-gen. The reason that we
say they are added ‘by default’ is because, whereas the descriptive proposition
is an assertion, with evaluative propositions, one of the two propositions is an
assertion and the other, a conversational implicature (as can be clearly tested
using cancellation). Depending on whether the PPT is explicitly relativized or
not, which of these (p-ind or p-gen) is an implicature changes:
The soup is tasty

(9)

...but I don’t like it ...#but I’m the only one who likes it

(10)

The soup tastes good to me

(11)

...but I’m the only one who likes it ...#but I don’t like it

(12)

It may seem unusual to think of conversational implicatures as default DCs and
things that can be put on the Table, but they do seem to be targetable using
polarity particles as in A: Is your friend handsome? B: He has a nice personality. C: No, he’s good-looking, too, where C responds to B’s implicature. We are
additionally proposing that for the implicature in the pair of (evaluative) propositions, it can be either the positive or negative form (depending on what has
been cancelled, general knowledge, etc.). For example, in a context where someone says The soup tastes good to me but perhaps not to others, the implicature
is that the soup’s tastiness will not generally hold up.
One other note about EMRs relates to the notion of at-issueness and relevance to a QUD. It would be easy to conﬂate the notion of relevance from Grice
(and generally the notion that discourses require coherence) with relevance to a
QUD, and they are indeed quite similar [14]. However, here we have claimed that
I don’t know p never introduces p or ¬p to the DC, which means they cannot be
pushed onto the Table. It also means that they are not at-issue, because the way
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the notion of relevance is deﬁned, an answer to a question of whether you have
knowledge of p does not eliminate an alternative in the question ?p (of course,
it could eliminate an alternative to ?q if that were a question like Do you know
whether p?). However, in the broader sense of relevance, I don’t know is clearly a
pertinent response to the question. Thus, our analysis is proposing that there are
felicitous discourse moves with no at-issue content, simultaneously illustrating
one diﬀerence between at-issueness and what is on the Table.
The following chart (Table 2) summarizes the hypotheses presented above in
its ﬁrst column, and we now turn to the contribution of the diﬀerent judgment
types, shown in the second column.
Table 2. Update rules for each combination of proposition/judgement type
Added to the speaker’s DC

Pushed to the table

Gen/Desc: BA

p

p

Gen/Eval: PPT

p-gen and either p-ind or ¬p-ind p-gen

Subj/Desc: EM

p

p and p

Subj/Eval: PPTR p-ind and either p-gen or ¬p-gen p-ind and either p-gen or ¬p-gen

The essence of our analysis of the diﬀerence between general and subjective
judgments is that general judgments put just one proposition on the Table, and
a general one at that, while subjective judgements push two propositions to
the table, giving the more subjective proposition pride of place (the secondary
nature of the general proposition ties into Umbach’s original distinction). The
idea draws on inspiration from [10] who propose that EMs put both p and
p on the Table and that which is targeted as at-issue depends upon various
factors (thereby accounting for EMs diﬀering behavior in matrix and embedded
contexts, etc.). They explicitly mention data not unlike our own as a reason to
posit such an analysis, expressing an intuition that both B and B’ are felicitous
answers to A. A: That might have been a mistake. B: Yes, it might have been.
B’: Yes, it was. We propose that this is true of all subjective judgments, which
then means that this claim extends to PPTRs. This might seem strange at ﬁrst
given that PPTRs are thought to have a more restrictive range of meaning than
PPTs but that PPTs, as general judgments, only push one proposition to the
table (after all, they are supposedly explicitly relativized). However, much as
the p in might p is considered a prejacent, the fact that something tastes good
is a proper subpart of a PPTR sentence where something tastes good to the
speaker. Because a cancellation of p-gen entails ¬p-gen and vice versa, there will
always be at least one proposition in addition to p-ind that is put in the DC,
pushed onto the Table and can be a target for negation. We argue that this the
real diﬀerence between English and Spanish: English (often?) implicates ¬p-gen
by default with PPTRs, whereas Spanish (often?) implicates p-gen. We usually
think of implicature calculation as being universal, but there are a number of
ways to compute the relevance of one sentence to another, and these can be
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opposed. When someone says that something tastes good to her, one could think
that the extra eﬀort involved in relativizing to herself signals that she does not
think it holds more generally, or one could think that people often assume their
own preferences are shared by others and that her statement is being used to
establish good taste. If, for example, one of these calculations is made more
often than the other by some group of speakers, it could become a generalized
conversational implicature (GCI), and it is then plausible to think that two
diﬀerent GCIs could form in diﬀerent populations.
One piece of evidence potentially supporting this idea is the following: English
speakers, as per our results, cannot refute p-gen after the utterance of a PPTR.
However, though it was not tested in the original experiment, it seems that ¬pgen is refutable in English in the same environments were p-gen didn’t work, as
in A: The soup tastes good to me. B: No, other people like it, too. The natural
question is then whether Spanish speakers, as a whole or in certain dialects, ﬁnd
dialogues like this one infelicitous. One of our reviewers, a native speaker of a
third Spanish dialect, does ﬁnd it infelicitous, though the second author of this
paper does not. A few Uruguayan Spanish speakers were consulted and found
the dialogue odd, but we hope to do further follow-up work on this point. In
the meantime, it seems that the linguistic diﬀerence among English and Spanish
with respect to PPTRs could boil down to a diﬀerence in the default polarity of
an implicature.
In review, the following are our proposed update rules for each meaning type
we tested in our experiment:
– BA: p is added to the speaker’s DC and pushed to the Table.
– PPT: p-gen is added to the speaker’s DC, as is p-ind (unless cancelled). Only
p-gen is pushed to the Table.
– EM: p is added to the speaker’s DC. p and p are pushed to the Table.
– PPTR: p-ind is added to the speaker’s DC as well as either p-gen or ¬p-gen.
Both p-ind and p-gen/¬p-gen (whichever is in the DC) are pushed to the
Table.
– EMR: neither p nor ¬p are added to the speaker’s DC, but the proposition
that the speaker has no knowledge of p (q) enters the DC. Neither p nor ¬p
exists in the DC to be pushed onto the Table, but q does and is.
With this theory, we do not need to postulate that N o works diﬀerently in the
two languages, nor that N o targets diﬀerent types of content across languages.
And under this analysis, it is just a ﬂuke that PPTRs and EMRs are both unable
to be directly refuted in English because there are diﬀerent reasons posited for
their non-refutability. The non-refutability of EMRs is absolute in the sense that
they never introduce p or ¬p. We predict that this is true cross-linguistically,
matching our results. With PPTRs, on the other hand, the lack of refutability
has to do with the fact that their p-gen or ¬p-gen meaning blocks the possibility
of denying the other. This is something we expect to vary cross-linguistically,
and, as such, we argue against a parallel between PPT and EM.
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Conclusion

In this paper, we have presented the results of an experimental study collecting
naturalness judgments from English and Spanish speakers to determine whether
PPTs and EMs can be refuted in dialogue. We validated the hypotheses of the
philosophical/linguistic literature on faultless disagreement in English, but we
also showed that PPTs and EMs do not pattern alike with respect to refutation
cross-linguistically when relativized. We argued against the possibility that these
eﬀects were primarily due to diﬀerences in politeness norms across cultures by
replicating our results for another dialect of Spanish, and we argued for an explanation in terms of pragmatic diﬀerences. We showed how such diﬀerences could
arise on the basis of a simple polarity diﬀerence in the implicature drawn from
a relativized PPT, and we speciﬁed the discourse function of each type of meaning separately, also drawing out the patterns that they share. Further work is
naturally required to decide among the various theoretical consequences of these
results, which we are in the process of conducting. We are particularly interested
in looking for similarities and diﬀerences within the class of evaluative items, separating aesthetic and taste predicates as [21] has done. This article represents
one of the ﬁrst steps in the domain of psycholinguistic philosophy/pragmatics
on this subject, and we believe that it shows the beneﬁts of an experimental
approach in, for example, teasing apart EMRs and PPTRs very clearly, showing
that they should not be given a uniﬁed analysis.
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Abstract. Context-aware applications process context information to
support users in their daily tasks and routines. These applications can
adapt their functionalities by aggregating context information through
machine-learning and data processing algorithms, supporting users with
recommendations or services based on their current needs. In the last
years, smartphones have been used in the ﬁeld of context-awareness due
to their embedded sensors and various communication interfaces such
as Bluetooth, WiFi, NFC or cellular. However, building context-aware
applications for smartphones can be a challenging and time-consuming
task. In this paper, we describe an ontology-based reasoning framework
to create context-aware applications. The framework is based on an ontology as well as micro-services to aggregate, process and represent context
information.

Keywords: OWL
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Introduction

In the last few years, mobile phones have evolved from devices, used for voice
communication and sending text messages only, to powerful smartphones with
multiple embedded sensors and communication interfaces such as WiFi, Bluetooth, NFC or cellular. With their increasing processing capabilities and sensors such as accelerometers, gyroscopes, and magnetometers, smartphones are
now being used for internet browsing, social networking, playing games, watching videos or listening to music [4]. Other ﬁelds of smartphone applications
are activity recognition and context-awareness. In the area of activity recognition, for example, smartphones are used to recognize Activities of Daily Living (ADL) [13,15]. Context-aware applications can be utilized in the ﬁeld of
Ambient-Assisted-Living (AAL) and home automation. These types of applications monitor the environment to aggregate context information to provide
recommendations or services to the user. Typically, this information is extracted
c Springer International Publishing Switzerland 2015
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from sensor data, represented as time series, by using machine-learning and
data processing algorithms. Existing frameworks in this ﬁeld can be divided into
two categories based on the way contexts are represented. The ﬁrst category
includes frameworks that describe context information without semantic e.g. as
plain programming objects such as strings or class objects using object-oriented
models [1,5,12,14]. However, these object-oriented models are not suitable for
knowledge and data sharing in heterogeneous pervasive environments [2]. The
second category consists of frameworks supporting semantic representations of
context information [8,10,11]. These frameworks exploit ontologies, ﬁrst-order
logics or other description technologies to represent context information semantically. Building context-aware applications on smartphones that represent context information semantically as well as aggregate and process contexts through
sensor information is still a challenging task.
In this paper, we present an ontology-based framework to create contextaware applications. In addition to the ontology, we extend the current state
of the art frameworks by integrating micro-services to aggregate and process
context information. By supporting reasoners such as Pellet [17], HermiT [6]
and JFact [18], the framework can deduce complex contexts from already aggregated context information by using the reasoning paradigm of the Web-OntologyLanguage (OWL). In the following sections, we present the architecture of our
framework including a schematic overview over its components. A discussion
about the limitations of the framework and a conclusion with a summary of
future work is given at the end of this paper.

2

Framework-Architecture

The framework is based on an OWL ontology to model and represent context
information. By using an ontology, complex contexts can be deduced by using
the reasoning paradigm of OWL. In combination with the ontology, the framework exploits micro-services to aggregate and process context information from
embedded smartphone or environmental sensors. Micro-services refer to standalone applications providing a background service only. These background services implement one or multiple functionalities such as context classiﬁcation,
prediction or sensor data aggregation, which can be used by applications or
other micro-services. A schematic view of the framework architecture is given in
Fig. 1.
2.1

Micro-Services

The micro-service architectural style is a mechanism, where a dedicated application provides one or multiple services, each one of them running in its process.
In our framework, services communicate over an Inter-Process-Communication
interface (IPC) with other services or the framework core. Figure 1 depicts three
possible types of micro-services. Since the framework has to exploit sensors to
aggregate and process sensor data, the ﬁrst type of micro-services (Sensing) is
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Fig. 1. Schematic view of the framework architecture

used to establish a connection to diﬀerent sensors. Either embedded smartphone
sensors such as the accelerometer, gyroscope or magnetometer or environmental
sensors such as movement sensors or door contacts can be used. Establishing a
connection to environmental sensors, for example, can be done by implementing
a micro-service requesting a web-service abstracting sensor information e.g. in a
smart home environment. Already aggregated sensor data can be distributed to
other micro-services or the framework core by IPC. The second type of microservices (Classification) is used to classify context information from sensor data.
Existing approaches such as [9] can be implemented as services to classify context information such as standing, sitting, walking, and lying. The third type
of micro-services (Prediction) is used for context prediction. Generally, existing context prediction algorithms such as [16] or [7] exploit context histories
to build prediction models. These algorithms predict future contexts providing further information about the next context of the user. To support context
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prediction algorithms, the framework provides access to already aggregated context information in form of a context history stored on the smartphone’s ﬁlesystem.
2.2

Framework Core

The framework core is the central component of the framework. It maintains
the ontology and provides an interface to establish IPC connections to installed
micro-services. The interface controls the life-cycle of micro-services. For this
reason, the core maintains a service-repository of installed micro-services in the
form of a database. The repository is needed to establish connections to installed
services. If the user installs or removes a service, the framework core updates the
corresponding entry in the database. Additionally, the framework core process
information from micro-services such as aggregated contexts, raw sensor data or
context predictions. While most context classiﬁcation or prediction approaches
rely on sensor or context histories to classify or predict new context information,
the framework core saves this information on the smartphone’s local ﬁle-system.
Already classiﬁed contexts are added to the ontology.
2.3

Framework Ontology

The framework uses an OWL ontology to model and represent context information. The ontology describes the terminology of the context model in the
form of conceptual classes and relationships between these classes. These classes
and relations deﬁne the structure of the underlying model and are stored inside
a terminological box (TBox). Instances of conceptual classes, their attributes
and relationships are stored inside an assertional box (ABox). With the reasoning paradigm of OWL ontologies, the framework can deduce complex contexts
from already aggregated information. In a smart environment, for example, the
ontology can infer that a user is making coﬀee by using dense sensing [3].

3

Limitations

An experimental evaluation of the framework was carried out by implementing
a context-based communication ﬁlter for Android based smartphones. The ﬁlter blocks certain communication such as phone calls, text messages or emails
by aggregating and processing context information of the user in a smart home
environment located in our department. Similar to the evaluation in [19], we
experienced memory and performance issues on the tested smartphones (Google
Nexus 4, 5 and 6) when reasoning larger ontologies1 . Besides memory and performance issues, applications using the framework may have time constraints when
deducing new context information from already aggregated contexts. These time
constraints may be violated when using reasoners that are not optimized for large
1

More than 6.000 Axioms.
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ontologies or when using power-limited smartphones. Besides the limitations
caused by diﬀerent ontology sizes and reasoners being used, eﬀorts regarding
the privacy and security of context information have to be made. Although, context information is stored on the smartphone’s local ﬁle-system, the exchange of
data e.g. using environmental sensors, has to be secured by using current state
of the art encryption technologies such as TLS (Transport Layer Security).

4

Conclusion

Context-aware applications process context information to support users in their
daily tasks and routines. Building context-aware applications for smartphones
that represent context information semantically as well as aggregate and process
contexts through smartphone or environmental sensor is still a challenging task.
In this paper, we presented an ontology-based framework to create context-aware
applications. By utilizing an ontology, context information can be described
semantically. In addition to the ontology, we implemented micro-services to
aggregate and process context information from embedded smartphone or environmental sensors. By utilizing reasoners such as Pellet, HermiT or JFact, the
framework can deduce complex contexts from already aggregated context information by using the reasoning paradigm in OWL. In the future, we plan to
publish the framework, making it available to the community. Also, we plan
to take into account semantic rule languages such as SWRL (Semantic-WebRule-Language), as well as other reasoners to extend the functionalities of the
framework.
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Abstract. Online resources, large data repositories and streaming social
network messages embed plenitudes of interesting knowledge, often of
associative nature. A specific communicative context, such as the political debate in a given country, has groupings of actors, with changing
attitudes and stances towards each other and external, real or invented,
threats and opportunities. A new form of associative network is introduced, that integrate flexible ontologies for complex contexts of roles and
hierarchies with a labelled association structure representing observed
strengths and attitudes. Twitter messages from the political landscape
in Denmark up to the general election 2015 are used as a both current
and relevant illustrative case.

1

Motivation and Background

@bansoe And so it begins....#fv151
This tweet, like many others on May 27th 2015, initiated the Danish national
elections on the social media platform Twitter. This paper outlines a graphical
representational formalism that allows modeling how the election and its main
actors have represented various subjects in the debate on Twitter, and with what
sentiment. Twitter in Denmark is a primarily political (as opposed to a social)
platform [1,2] and as both media and politicians is very aware of this, the platform can generate a large amount of data very fast when there is an election. This
is primarily due to the nature of the Twitter platform making it highly suited
for breaking news [3] and thus rapidly developing events and attitudes. This is
especially true when an election is in process, where tweets from political actors
mostly are used to campaigning, spreading information or self promotion [4].
For many end users and indeed both media professionals and politicians, making
grasps of such a large amount of data can be cumbersome bordering impossible.
1

#fv for Danish “Folketingsvalg”, the election for the Danish national parliament.
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Therefore a modeling approach to visualize and understand some of the mechanics and contents of Twitter data in a political and electoral context is very much
needed. For this paper we used the open source tool Yourtwapperkeeper to harvest all tweets from the start of the election period in Denmark to the end of the
campaign. This tool has proven a viable way of gathering Twitter data which
due to API limitations can be hard to do [5]. We selected the appropriate electoral hashtags that appeared to be trending within the ﬁrst 24 hours. These
were #dkpol (Danish general politics) and a number of hashtags all referring
to the election (#fv15, #valg15, #valg2015, #drdinstemme, #tv2valg, #ft15,
#dkvalg, #ftvalg15 and #dkmedier). This gave a sample of 260,000 tweets on
which our methodology is tested.
Co-occurrence networks and semantic networks based on co-occurrences have
been used in many areas and in diﬀerent shapes. We propose an integration with
an ontological concept lattice to a general model for representing complex contexts including large sets of actors with many diﬀerent roles and organizational
groupings – as is the case in politics. The concept lattice allows to zoom in
and out, from single individual to, say, the known members of a given political
party, and vice-versa, and to express asymmetric and annotated relationships,
anticipating diﬀerent visualizations.

2

ORAN: Ontology-Based Roles Association Networks

Ontology-Based Roles Association Networks, for short ORANs, are association
networks for context representation, whose nodes are concepts taken from a
concept lattice serving as an ontology. Concepts may be extended with roles,
so for example, concept “Smith” may refer to any message relating somehow
to a single person, whereas predicating with the role “author”, forming concept
“author:Smith” may refer to messages written by that person. Formally, we
assume ﬁnite sets of atomic concepts A, and roles R; a concept is of one of the
forms, a or r:a where a ∈ A, r ∈ R. The concept lattice is a partially ordered
set of concepts C, < where < is transitive, and if r:a ∈ C, then a ∈ C and
ra < a. The relation < is read “more specialized than”. A concept c ∈ C has an
extension, written [[c]], which is a subset of some universe U (e.g., of messages)
such that, for any c, c with c < c , it holds that [[c]] ⊆ [[c ]]. The lattice is not
fully generative, as not all roles can apply to all atomic concepts, e.g., refugees
are often mentioned (concept about:refugees) but do not have voices as authors.
An ORAN is a directed or undirected, labelled graph, described as a triplet
of a concepts lattice, a subset of its atomic concepts and one or more association
types, C, <, A, T . An association type is of the form P1 → P2 in case of a
directed network and P1 − P2 for an undirected one, where P1 , P2 are generic
concepts of form c ∈ C, ∗ or r:∗, where r ∈ R. The association type generates the
actual set of nodes N in the graph and the edges. Concept c indicates c ∈ N , ∗
that A ⊆ N and r:∗ that {r:a | a ∈ A} ∩ C ⊆ N . All edges whose endpoints ∈ N
match the association type are included, so e.g., author:∗ → ∗ may create, among
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others, author : MembersOfDanishPeoplesParty → refuges. When drawing these
edges, they are typically shown between the given atomic concepts.
The edges are referred to as associations, and each edge c1 → c2 or c1 − c2
has one or more labels, one of which is its association degree, also called strength,
deﬁned for the directed, resp. undirected case, as follows.

|[[c1 ]]∩[[c2 ]]|
; if |[[c1 ]]| > 0
|[[c1 ]]|
d(c1 → c2 ) =
0
otherwise
 |[[c ]]∩[[c ]]|
1
2
if |[[c1 ]] ∪ [[c2 ]]| > 0
d(c1 − c2 ) = |[[c1 ]]∪[[c2 ]]|
0
otherwise
Here |set| refers to the number of elements in set. For our present application, the
extension of a concept is given as the set of messages that refers to that concept
(possible taking roles into account), and thus d(c1 → c2 ) is the fraction of the
messages referring to c1 that also refers to c2 . For example, d(author : Hansen →
Jensen) is the proportion of Hansen’s messages that refer to Jensen (in some
way or another).
Other possible labels attached to edges c1 → c2 can be deﬁned from properties of [[c1 ]] and [[c2 ]]. In our example, we use a sentiment that measures a degree
of positiveness/negativeness for sets of tweets.
Extracting Concept Extensions and Rules from Twitter Data
Twitter messages include sender identiﬁcation and other metainformation, and
the text may includes nametags (when speciﬁc Twitter users are mentioned),
hashtags as well as ordinary words. These can all be mapped to concepts, specifically sender identiﬁcation into author roles, and references in the text into mentions (e.g., indicated by role ‘about:’). This is not an easy task, as these tags
are not a controlled vocabulary, and the same person may be referred to by a
nametag, diﬀerent hashtags, the name written in diﬀerent ways and with spelling
errors. To create concepts corresponding to members (given by nametags and
user id) of speciﬁc political parties, we have used an external resource, provided
by the online resource http://www.twittervalgkortet.dk. Our sentiment analysis
is based on a list of common Danish words, each having a “joy index” learned
by statistical means,2 ranging from −5 for the most negative to +5 for the most
positive. We added our own stemming algorithm to extend covering and take
the average over words identiﬁed in each tweet, followed by averaging over a set
of tweets.
Visualizing Ontology-Based Roles Association Networks
A vast collection of software of software tools are available for presenting associative information graphically, e.g., d3.js3 which is an impressive java script
library suited for application development. For our own experiments, we stored
2
3

This list has been prepared by Finn Årup Nielsen, Technical University of Denmark,
referred is referred to in a student project [6].
See http://d3js.org.
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ORANs extracted from Twitter messages in a relational database, from which
information were exported to the NodeXL tool,4 which is a plug-in to Excel.
Typical views are complete networks, showing all possible associations between
the selected nodes, and so-called ego-centric views, with a single concept c in the
middle, captured by the association type c → ∗ (or c → r:∗).
Association degrees are typically shown as thickness of the edges, and other
labels can be shown, e.g., by the colour of edges or be available in pop-up menus.
A zooming facility is under development which can be accessed by clicking the
mouse over the nodes of the network: zooming amounts to replace one or several
nodes in A by other, above or below wrt. <.
When data are suﬃciently dense and subject of fast, dynamic changes as is
the case for tweets about politics in an election, it is interesting also to take into
account the time dimension: for the chosen view, images are produced for the
tweets from each day, and these images are put together to an animation. This
may give a very clear illustration of the development of attitudes.

3

The Danish General Election 2015

The following two views have nodes corresponding to political parties, measured
for the entire period, and illustrate the overall sentiments in how the parties
Alternativet and Konservative writes about the other parties. This corresponds
to the ego-centric association patterns
author:Konservative → ∗

and

author:Alternativet → ∗.

The sentiment is shown by colour, ranging from red for the most negative, and
bright green for the most positive. The strengths of the associations are given
by their thickness.

It appears that the Conservative party is very negative in its attitude towards
Alternativet and SF (Socialist Peoples’ Party) and basically kind for the rest.
Their best friends seem to “Radikale” and then follows “Venstre”.5 We see that
4
5

See http://research.microsoft.com/en-us/projects/nodexl/.
For understanding: “Radikale” is not very radical anymore, and “Venstre” literally,
“left”, is a clearly right wing party. The Conservative party is, however, conservative.
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Alternativet is generally kind, except towards the most leftist and the most
rightist parties.
Next, we illustrate a dynamic, potentially animated view, here with snapshots
for two diﬀerent weeks of the distribution of the most common topics that the
party Alternativet is tweeting about. I.e., the nodes are {author:Alternativet} ∪
HotTopics, where HotTopics are generated from the actual hashtag set. The
association pattern is as above, but with a changed set of atomic concepts.6
Strength is now indicated by the size of the topics boxes.

4

Conclusion and Future Work

We demonstrated a novel model for context representation, based on an ontology suited for complex systems of actors with diﬀerent roles and hierarchical and
overlapping groupings (multiple inheritance is inherent in the model). We showed
how knowledge can be extracted from social media data streams, mapped into
such a model and visualized accordingly. Our test example was Twitter messages
with political contents from the announcement of and the hectic days until the
Danish national election were held June 18, 2015. This study will be continued
into the period after the election, more data will be acquired and analyzed in
order to give a complete, zoomable and animated picture of the communication around an election. As part of this, improved sentiment analysis and topic
extraction will be developed, taking into account synonymy, tweet idioms and
typos, as well as semantic-pragmatic considerations.
There is a lot of recent work on summarizing and visualizing data from Twitter in sophisticated ways, e.g., [7–10], but a tight coupling to an ontology that
allows easily shifting view of the data, as we have described, is not common.
The work of [8] traces trends in Twitter data over time using a co-occurence of
6

The selection of the associations with strengths higher than some threshold is not
part of the ORAN formalism, but a facility in the prototype implementation.
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topics based model. A generic approach for monitoring message streams such
as Twitter, for recognizing interesting events automatically, is described by [11],
which may be interesting to combine with the present approach. Automatic of
learning associative networks from Twitter is used by [12]. More detailed emotions are used in a study that correlates Twitter sentiments to socio-economic
phenomena [13]. This group has also identiﬁed a high correlation of sentiment
in Twitter messages with stock prices [14].
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and Sébastien Kubicki1
1

ENI Brest, Lab-STICC UMR 6285, 29200 Brest, France
{kabil,kubicki}@enib.fr
2
UPMC, LIP6, Paris, France
Patrick.Brezillon@lip6.fr

Abstract. We present the results of a study on the role of context in
the mental representation that operators have of their task realization.
This work is part of the ANR TACTIC project, which aims at proposing
a migration of a simulator’s interface from PC (“click-simulation”) to
tactile devices (“ﬁnger-simulation”).
Keywords: Tactile devices · Context · Task realization
interfaces · Mental maps · Smartphones

1

·

Post-wimp

Introduction

In the current generation of computers with the triplet <screen, keyboard,
mouse>, operators often confuse the simulator with its function, the simulation.
Such click-based simulation gives the feeling to directly control the evolution of
the simulation. The reason is that the operator’s mental representation results
of a mixture of interpretation of the domain intertwined with an interpretation of the interface functioning. For example, by clicking on the pause button,
the operator thinks to stop the simulation, while this action on the interface
sends a command to the simulator that suspends the simulation. As a consequence, operator-simulator interaction is considered secondary to actions on the
interface.
New technologies like tactile devices lead to new relationships between the
operator and the simulator leading to ﬁnger-based simulation. However, the
migration from the click-based simulation to the ﬁnger-based one supposes a
change in the design to facilitate interfaces’ transfer while operator-simulator
interaction stays identical. By focusing on the process that leads to an action
(including the decision-making part), and not only the result of the action execution in an isolated way, it is possible to take into account the context in which
the operator works eﬀectively. By coupling context-awareness and speciﬁc interaction techniques, we can enhance the migration from an interface to another.
This paper is organized as follows. First, we will discuss the role of context
in HCI (human-computer interaction), emphasizing how cognitive maps express
c Springer International Publishing Switzerland 2015
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mental representation of operators in their task realization. The next section
will introduce the modeling of operators reasoning and its interaction with a
simulator. Finally, an interaction model linking gestural grammar, domain and
interface actions and contextual graphs will be presented. This paper ends with
a conclusion and research perspectives.

2
2.1

Context in HCI
Post-Wimp Interaction

Interaction is a phenomenon between a user and a computer that is controlled
by the user interface running on the computer. Designing interaction rather than
interfaces means that user interfaces are the means, not the end [1]. This supposes
to combine and understand the context of use [2] with a special attention to the
details of the interaction.
WIMP (Windows Icons Menus Pointer) for example is the most frequent
interaction paradigm, used on every desktop systems. GUI (Graphical User
Interfaces) are using this paradigm, which is ﬁtted for a keyboard and a mouse
usage. In order to enhance the naturalness of computer interaction, researchers
proposed several approaches allowing users to go beyond WIMP interfaces. PostWIMP is a generic term deﬁning all interfaces that uses at least one non-WIMP
control. Usually, Post-WIMP interfaces, such as tangible ones [3] takes into
account context but only as a frame. The triplet <User, Platform, Environment>
[4] is for instance used to constraint the whole application, by deﬁning sets of
parameters (the context of use).
This paper presents an extended context usage, by providing a model which
matches speciﬁc interaction techniques to speciﬁc task-realization cases.
2.2

Contextual Graphs

Brezillon [5] introduces the Contextual-Graphs (CxG) formalism for obtaining a
uniform representation of elements of knowledge, reasoning and context. Contextual graphs are acyclic because of the time-directed representation and guarantee
of algorithm termination. With a series-parallel structure, each contextual graph
has exactly one root and one end node because the decision-making process starts
in one state of aﬀairs and ends in another state of aﬀairs (generally with different solutions on the diﬀerent paths) and the branches express only diﬀerent
contextually-dependent ways to achieve this goal. A contextual graph represents
the realization of a task, and each path corresponds to a practice developed by
an actor in a particular context.
The challenge to address concerns what operators are doing eﬀectively, that
is, their activity (and not their task). It is the well-known problem of distinction
between task and activity [6], procedures and practices [7], logic of functioning
and logic of use [8], etc. Making context explicit as contextual elements allows to
consider all heterogeneous elements of context, which can be used for reasoning
on scenarios.
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In our research, we propose to use the contextual graph, which represents
operators’ behavior during their interaction with the simulator, as a “taskcentered” modelling approach.

3
3.1

Task Centered Approach
Mental Maps and Contextual Graphs

Expert’s mental representation depends of their experience with the tasks
attached to his role. This experience contains knowledge accumulated by the
expert during his practical use of the domain knowledge along a number of task
realizations in diﬀerent contexts. The mental representation is a cognitive expression of the contextual knowledge related to the operator (the expert), the task
at hand, the situation of the work, and the local environment in which resources
are available. A cognitive map is a semi-structured expression of the mental
representation that can be externalized, with classical knowledge-management
tool.
The expert map corresponds to the selection of the part of the domain knowledge eﬀectively used by participants during the realization of their tasks. As a
result, the cognitive map gives a tree representation of the elements considered
by participants. In terms of context, the expert map is a representation of the
contextual knowledge, the part of the context that participants relate more or
less directly to their task realization.
3.2

Domain and Interface Actions

During task realization on a system, operators interact through an interface with
a simulator that implements the simulation of a real-system evolution based on
a model of this real system. Thus, the system is a model-based simulator and the
interface is supposed to be part of the simulator. This is in contradiction with
the goal of our project that is to allow interaction through diﬀerent interfaces
without changing the simulator. Confusion between simulation and simulator
leads operators to assimilate speciﬁc actions of the domain (e.g. performing
an action on a simulator item) with speciﬁc actions of the interface commands
(e.g. stopping the simulation). We call the former Domain actions and the latter
Interface actions. It leads to a serious cognitive problem because a unique domain
action may be associated with several interface actions (each relevant in a speciﬁc
context not made explicit), and operators would assimilate these interface actions
to diﬀerent domain actions for having the same information.
Thus, domain actions will be more easily associated with interface actions
by taking into account the context of interaction, resulting in greater ﬂexibility
of the interface, not only with respect to the actor, but also with respect of the
task realizations.
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However, this approach does not describes users interaction, and we had to
analyse interaction techniques that could be used on a Speciﬁc Command &
Control (C2) system called SWORD1 .

4

Unified Interaction Model

4.1

Gestural Grammar

In order to determine which interaction techniques should ﬁt a C2 use, we took
inspiration from similar systems, such as Disaster Management [9] and GIS [10].
We proposed an adapted ORBAT that allows a navigation through large hierarchies on tactile devices [11].
Through experimentations made with users on the SWORD C2 system, we
managed to ﬁnd interaction techniques that can be applied used when performing
actions.
The Table 1 below sums up possible interaction techniques for C2 on a tactile
mobile device:
Table 1. Proposition of a gestural grammar for a C2 system
Action

Possible gesture

Unit selection

tap, swipe to select, tilt to select

Contextual menu opening hold tap, double tap, Force Tap
Map panning

one-finger drag, two-finger drag, flick, Cyclopan

Map zooming

pinch Cyclozoom, Spiral zoom, tilt to zoom

Merging “task-centered” and “platform-centered” approaches will enable us
to facilitate users interaction with a tactile C2 system.
4.2

Interaction Model

As described in the paragraph Sect. 3.2, Domain actions represents what users
want to do whereas interface actions represents how they will interact.
Identifying diﬀerent actions from operator’s experiments help us to determine
the ways in which the operator and the simulator interact.
Figure 1 shows the two main changes in order to simplify operator’s task
realization with a simulator. The ﬁrst one concerns a clear distinction of the
interface with operator-simulator interaction. The consequence is the separation
of domain actions and interface actions and a simple mechanism of translation
between domain-actions and interface-actions by shifting the main problem of
translation at the level of the exchange of interfaces. The second change is to
1

http://www.masagroup.net/products/masa-sword/.
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use, on the one hand, the expert map as a concrete expression of the mental
representation of the operator, and, on the other hand, to consider the sources
of information used by the simulator as the expert map of the simulator. Thus,
making compatible the expert maps of the operator and the simulator could
be used to tailor the information presentation to operator in a task realization
oriented way.

Fig. 1. A model of user-simulator interaction

We must take into account these issues in order to ﬁt user’s interaction to
our model. By adapting the interaction and the visualization of the application,
we could enhance its usability.

5

Conclusion

The main consequence of our work is ﬂexibility of interfaces (say, with ﬁngers
movement in a touchscreen or mouse on PC). This approach proposes to adapt
interface actions to domain actions, not to impose a translation of interface
actions for each interface used. This opens the possibility to introduce easily
news concepts for handling interfaces linked to new technologies. The operatorsimulator interface then is physical as well as “cognitive”. Thus, using “taskrealization oriented” approach (or “oriented operator’s behavior”) for designing
interfaces makes sense [5]. This translation of domain actions in interface actions
is not the establishment of a simple lookup table because one must also take into
account operator’s preferences in this translation. Indeed, a path to explore is
to identify the interface map of the operator similar to his expert map of the
domain. This interface map is linked to the gestural grammar, as users adapt
their interaction to the support.
This paper points out the distinction of domain actions and interface actions.
A next step would be to make a model of the relationship between these two
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types of actions. A path to explore is to develop an interface map like an expert
map can by develop in the domain. The operator makes an interface action
because he wants to perform a domain action. However, the links between these
two types of action are not direct, and thus not natural for the operator.
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Abstract. The aim of this article is to determine the most frequent and important
English vocabulary used in the area of travel and tourism. This is done on the
basis of an analysis of the compiled corpus consisting of the collected tokens from
Deutsche Welle video clips by using the software programme called Sketch
Engine. In addition, the authors of this article set several useful implications for
the teaching of this speciﬁc vocabulary, particularly the head nouns.
Keywords: English for travel and tourism · Vocabulary · Corpus · Analysis

1

Introduction

This contribution is meant to determine the most important English vocabulary for
students of Management of Travel and Tourism at the Faculty of Informatics and
Management (FIM), University Hradec Kralove (UHK), Czech Republic. The research
is based on authentic language material that is easily accessible on the Internet. The
English language for students of Management of Travel and Tourism has been taught
at FIM for about twenty years. I2008 FIM moved into brand new premises, where both
teachers and students enjoy well-equipped classrooms and oﬃces. Since the relocation
it has been possible to use ICT in language classes.
At the beginning of 2010, about four-minute-long authentic video clips from the
Internet started to be used regularly in English language classes. Since then, more than
a hundred worksheets to the same number of video clips about travel and tourism have
been created. First, these video clips and the corresponding worksheets were used only
in classes. In 2011, however, the ﬁrst textbook, called English Listening Exercises [4],
was published, followed by another one, named English Listening Exercises II [5]. These
textbooks may be used both in class and for self-study. They contain ninety worksheets
to video clips freely and easily accessible on the Internet. Seventy of these clips feature
travel and tourism, usually European cities with their tourist attractions, as their main
topic. All corresponding worksheets have the same layout. They all contain the video
clip title, the website where the clip can be found, an introduction, a dictionary and
questions, which focus on key vocabulary and he most signiﬁcant information about the
topic in question.
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In 2014, a group of FIM language teachers came up with an idea to study the
vocabulary used in these video clips in more detail. Therefore, they started collecting
transcripts of travel and tourism video clips. Since the travel and tourism video clips
come from several sources – Deutsche Welle (DW), BookingHunter.com or Lonely
Planet – it was necessary at this stage to determine a single source. DW was chosen
because most of the video clips used in English classes were made by this German
international broadcaster. As of April 2015, the authors of this article have got a ﬁle
called DW Travel containing forty-one transcripts with 24,177 tokens.

2

Literature Review

2.1 Corpora
Since the 1990s one of the most progressive approaches has seemed to be a corpus-based
approach [6]. This approach enables both teachers and learners to study real life language
by means of naturally occurring language samples, which are stored in corpora (or
corpuses). Corpora are computerized databases created for linguistic research. Flow‐
erdew [1] provides the most recent characteristics of a corpus: authentic, naturally
occurring data; assembled according to explicit design criteria; representative of a
particular language or genre; and designed for a speciﬁc linguistic or socio-pragmatic
purpose.
There are various types of corpora. Among the best known and inﬂuential types are
the following [2]:
• General corpora, such as the British National Corpus (BNC) or the Bank of English
(BoE), contain a large variety of both written and spoken language, as well as diﬀerent
text types, by speakers of diﬀerent ages, from diﬀerent regions and from diﬀerent
social classes of the UK.
• Synchronic corpora, such as F-LOB and Frown, record language data collected at
one speciﬁc point in time, e.g. written British and American English of the early
1990s.
• Historical corpora, such as A Representative Corpus of Historical English Registers
(ARCHER) and the Helsinki Corpus of English Texts, consist of corpus texts from
earlier periods of time. They usually span several decades or centuries, thus providing
diachronic coverage of earlier stages of language use.
• Learner corpora, such as the International Corpus of Learner English (ICLE) and the
Cambridge Learner Corpus (CLC), are collections of data produced by foreign
language learners and include texts types such as essays or written exams.
• Corpora for the study of varieties, such as the International Corpus of English (ICE)
and the Freiburg English Dialect Corpus, represent diﬀerent regional varieties of a
language.
• There is also a large variety of specialized corpora, e.g. Michigan Corpus of
Academic Spoken English (MICASE).
At present, there are a number of software programmes, which teachers of English
as a foreign language (EFL) can use for analyses of diﬀerent corpora. For example, the
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authors of this article use the Sketch Engine [7]. As Thomas [8] explains, the Sketch
Engine is highly specialized type of search engine that can search over 60 diﬀerent
corpora to provide data about words, phrases and grammatical constructions. It was
developed by experts at the Faculty of Informatics of Masaryk University in Brno, Czech
Republic. One of the most exploited tools of the Sketch Engine is the concordancer,
which gives a chance to see any word or phrase in context so that one can see what sort
of company it keeps. The Sketch Engine is a programme for the analysis of texts. It reads
plain text ﬁles (in diﬀerent encodings) and HTML ﬁles (directly from the Internet) and
it produces, among other things, word frequency lists and concordances from these ﬁles.
It is very user-friendly, which means that even teachers who are relatively unskilled or
inexperienced in computer use can operate it easily. Registered users can create their
own corpora and analyse them afterwards, which was done in case of the DW Travel
ﬁle. Users can look, for example, at the most frequent words and collocations and see
them in their context [2].

3

Research

3.1 Material
As it has already been mentioned, as of April 2015, there has been a ﬁle containing fortyone transcripts with 24,177 tokens, which means there are almost 600 tokens per tran‐
script. Even though the number of token is not by any means ﬁnal, this paper works with
the above-mentioned number of tokens. It is a suﬃcient amount of data according to
Greenbaum [3]. In order to process this bulk of data, the Sketch Engine is used.
The authors strive to determine what vocabulary is commonly used in currently
created (roughly 2010–2015) sources of information on travel and tourism. More
speciﬁcally, they look into the vocabulary used in short DW video clips on travel and
tourism in European countries. These video clips are easily accessible for language
teacher and learners as well as public on the Internet.
First, a new corpus – the ﬁle with DW video clip transcripts was uploaded to the
Sketch Engine. Then, a word list was checked in order to ﬁnd out what words are most
frequently used in the ﬁle. This research focuses on the words which have to do with
travel and tourism. On the other hand, it was decided not to take into account articles
(the, a, an), conjunctions (and), or prepositions (for, to, on) because they do not have
any semantic value. Therefore, the following text concentrates on the most frequently
used nouns. Other parts of speech signiﬁcant for travel and tourism, namely the most
frequently used adjectives and verbs, will be treated in another study looking into the
ﬁle with DW video clip transcripts.
3.2 Results
The ﬁrst list comprises of nouns (and numerals) although in some particular contexts
they may represent another part of speech. This fact, however, was not taken into account
as the Sketch Engine can only ﬁnd words in the ﬁle based on their spelling but cannot
determine their particular function in the sentence. The noun (and numeral) ranking is
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as follows: city (164 times, including its plural form cities, which is 6,783.3 times per
one million words), people (91), year (90), place (56), building (55), century (52), town
(52), time (49), world (46), art (44), tower (39), day (38), visitor (37), market (35), tourist
(33), museum (30), capital (28), centre/center (27), house (25), wine (25), home (23),
life (23), artist (22), London (22), today (22), water (22), street (21), architecture (20),
culture (20), food (20), Europe (19), part (19), view (18), country (17), ski (17), history
(16), hotel (16), Oxford (15), Palermo (15), tradition (15), beer (14), Christmas (14),
million (14), thousand (14), Aarhus (13), end (13), heritage (13), hundred (13) Paris
(13), San (13), Constance (12), Dijon (12), Eiﬀel (12), Marbella (12), number (12),
Rotterdam (12), summer (11), night (10).
The list of nouns can be divided into several broad categories: places (and place
names), time, architecture, people, culture, food and drink, numbers.
Words of places (city, place, town, capital, centre, and village (7)) are used 334 times.
Moreover, other frequently used expressions are world, home and country (appearing
87 times together). The vocabulary of places is the most common in the ﬁle because
most of the used video clips present European cities. DW focuses on the most wellknown metropolises. Therefore, the word city appears much more frequently than words
town or village.
The list of place names is diﬃcult to make as there are a lot of instances of individual
settlements. It also depends on video clips whose transcripts have been added to the ﬁle.
Among other place names, the following appear most frequently in the ﬁle: London,
Europe, Oxford, Palermo, Aarhus, Paris, San (usually only a part of place names),
Constance, Dijon, Marbella, or Rotterdam. The Spanish word San, meaning Saint,
appears in several diﬀerent place names, like San Sebastian, or San Miguel.
Words of time (year, century, time, day, today, summer, night, winter (6), and spring
(1)) can be found in 284 cases. The most frequently used expression of time is year. It
is often used in the plural form after a number or one the following expressions: hundreds
of, a few, each, every, this, a/per. Sometimes it is followed with the word ago. The word
century is most frequency preceded by an ordinal number. Surprisingly, words repre‐
senting seasons are rarely used.
Words of architecture (building, tower, market, museum, house, architecture) appear
204 times. The word building often comes after descriptive words related to architectural
styles: Gothic, Renaissance, Art Nouveau, neo-classical. In other cases, it follows adjec‐
tives: old(est), new, ancient, historic, important, magniﬁcent.
Words of people (people, visitor, tourist) feature 161 times. The word visitor collo‐
cates in the ﬁle with expressions like foreign, outside, famous, future, fashion-conscious
or verbs to attract, to allow, to encourage, or to oﬀer. The expression tourist appears
after the verb to attract and before verbs to explore, to visit, to come, to ﬂock and in
phrases like (popular/major) tourist attraction (destination/information).
Words of culture (art, artist, culture, history, tradition, heritage) are mentioned 130
times. The word art is often used with adjectives like contemporary, modern, ancient,
or impressive. The other terms in this group, speciﬁcally culture and heritage, refer to
signiﬁcant international issues like the European Capital of Culture, or UNESCO list of
World Heritage Sites.
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Words of food and drink (wine, water, food, beer, cuisine (6)) are present in 87 cases.
Food may be great, lovely, upscale, good, and fresh, but the most frequently used word
in this category is wine. Among other beverages, beer is popular, too. This is probably
caused by the fact that food is referred to by means of a wide range of rather speciﬁc
vocabulary as diﬀerent foodstuﬀ and meals have diﬀerent names, whereas wine and beer
are rather general words related to many diﬀerent types of both wine and beer.
Words of numbers (million, thousand, hundred, or dozen (1)) are included 42 times.
All these numerals collocate with other numbers and words like people (8 million
people), tourists, visitors, residents, graduates, students, euros, of years or even post‐
cards.

4

Discussion of the Findings

The list of frequently used nouns has certain implications for English language teaching
in classes for Management of Travel and Tourism students. DW video clips often focus
on introducing places with their architectural, cultural and historical background and
people who live and work there or come on holiday. All these phenomena refer to other
areas. These head nouns are also connected with several dozens of useful collocations.
Moreover, there can be traced certain patterns, which can be exploited in language
teaching, too.
First, the high incidence of geographical names makes it advisable to teach their
correct spelling and pronunciation as well as the usage of the deﬁnite article. Second,
teachers should focus on the diﬀerence between pairs like: twelve hundred years –
hundreds of years, 25 years ago – 16 years before. As for architecture, there is a wide
range of vocabulary to be taught, including English expressions for various architectural
styles and their most signiﬁcant features. Concerning culture, the useful vocabulary may
be categorised according to various arts (painting, sculpting, or music), then there is a
group of vocabulary linked to history, traditions and (cultural) heritage, which obviously
mingles with both the vocabulary of art and architecture. Food and drink is another broad
area, which has recently become very popular. There are a lot of TV shows and other
programmes of various types that feature cooking. Therefore, food and drink vocabulary
is extremely signiﬁcant. Last but not least, language learners often have problems with
expressing numbers. Teaching how to say numbers is therefore another important impli‐
cation for language teaching.

5

Conclusion

Thus, as the ﬁndings show, the corpus-based approach can enormously contribute to
determining and teaching the most common and speciﬁc vocabulary used in diﬀerent
areas of human activities, in this case in the teaching of head nouns and their collocations
in the ﬁeld of travel and tourism. Further research could concentrate on a comparison
of these ﬁndings with the existing materials in the textbooks on travel and tourism, which
are already available on the market.
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Abstract. The paper deals with the classiﬁcation task of interval information,
when processed data is gradually displaced, i.e. they originate from a nonstationary environment. The procedure worked out is characterized by its many
practical properties: ensuring the minimum expected value of misclassiﬁcations;
allowing influence on the probability of errors in classiﬁcation to particular
classes; reducing patterns by eliminating elements with insigniﬁcant or negative
influence on the results’ accuracy, enabling an unlimited number of patterns and
their shapes. The appropriate modiﬁcations of the classiﬁer not only lead to an
increase in the effectiveness of the procedure, but above all adapt to data drift.
Keywords: Data analysis
Artiﬁcial neural network
Classiﬁer adaptation

 Classiﬁcation  Interval information  Data drift 
 Sensitivity method  Pattern size reduction 

1 Introduction
In most of the methods used today for classiﬁcation [1], one assumes invariability in
time of data stream under processing. However, more and more often, in particular for
those models in which new – with the most current being the most valuable – elements
are continuously added to patterns, this assumption is successfully ignored [5].
The presented paper proposes the procedure for classiﬁcation of information given
in the form of an interval for data which may have drifted – undergoing successive
changes. The idea for a solution stems from the sensitivity method used in neural
networks, together with nonparametric kernel estimators. Namely, particular elements
of patterns receive weights proportional to their signiﬁcance for correct results. Elements of the smallest weights are eliminated. In order to account for the data drift, those
elements whose weights are currently small but increase successively are kept.
This paper is a novel elaboration of research presented in the paper [6] for the interval
stationary case, and in the publication [7] for the deterministic nonstationary case.

2 Preliminaries
2.1

Statistical Kernel Estimators

Consider an n-dimensional random variable, with a distribution given by the density f .
Its kernel estimator ^f : Rn ! ½0; 1Þ is calculated on the basis of the random sample
© Springer International Publishing Switzerland 2015
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x1 ; x2 ; . . . ; xm ;

ð1Þ
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x  x 
X
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^f ðxÞ ¼ 1
K
;
mhn i¼1
h

ð2Þ

and deﬁned as

where the positive coefﬁcient h is known as a smoothing parameter, while the measurable function K : Rn ! ½0; 1Þ symmetrical with respect
R to zero, having at this point
a weak global maximum and fulﬁlling the condition Rn KðxÞ dx ¼ 1 is termed a
kernel. For details see the monographs [4, 8, 10].
In this paper the one-dimensional Cauchy kernel is applied, for the multidimensional case generalized by the product kernel concept [4 – Sect. 3.1.3, 10 – Sects. 2.7
and 4.5]. For calculation of the smoothing parameter, the simpliﬁed method assuming
normal distribution [4 – Sect. 3.1.5, 10 – Sect. 3.2.1] can be used, thanks to the positive
influence of this parameter correction procedure applied in the following. For general
improvement of the kernel estimator quality, modiﬁcation of the smoothing parameter
[4 – Sect. 3.1.6, 8 – Sect. 5.3.1] will be used, with the intensity c  0. As its initial
standard value c ¼ 0:5 can be assumed.

2.2

Bayes Classiﬁcation of Interval Information

Consider J sets
fx01 x02 ; . . .; x0m1 g; fx001 ; x002 ; . . .; x00m2 g; . . . ; fx001   0 ; x002   0 ; . . .; x00mJ   0 g

ð3Þ

representing assumed classes. The sizes m1 , m2 ; . . . ; mJ should be proportional to the
“contribution” of particular classes in the population. Because of practical aspects, one
can assume that the elements from sets (3) belong to the space Rn . Representative
elements, consisting of patterns, are characterized by considerable precision and are
either deterministic in nature, or of interval type with length of this interval so small
that it can be identiﬁed with its midpoint without any influence on the quality of the
result.
Let now ^f1 ; ^f2 ; . . . ; ^fJ denote kernel estimators of densities, calculated successively based on sets (3) treated as samples (1), according to the methodology from
Sect. 2.1.
First consider the one-dimensional case ðn ¼ 1Þ. In accordance with the classic
Bayes approach [1], ensuring a minimum of expected value of losses, the tested element ½x; x, with x\x, should be ranked to the class for which the value
Zx
m1
x

^f1 ðxÞ dx; m2

Zx
x

^f2 ðxÞ dx; . . .; mJ

Zx
x

^fJ ðxÞ dx

ð4Þ
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is the greatest. The above can be generalized by introducing to expressions (4) the
positive coefﬁcients z1 ; z2 ; . . . ; zJ :
Zx
z1 m 1

^f1 ðxÞ dx; z2 m2

x

Zx

^f2 ðxÞ dx; . . .; zJ mJ

x

Zx

^fJ ðxÞ dx:

ð5Þ

x

Taking as standard values z1 ¼ z2 ¼ . . . ¼ zJ ¼ 1, formula (5) brings us to (4). By
appropriately increasing the value zi , a decrease can be achieved in the probability of
erroneously assigning elements of the i-th class to other wrong classes. Thanks to this,
it is possible to favor classes which are in some way noticeable or more heavily
conditioned. For the classiﬁcation, these are in a natural way classes deﬁned by nonstationary patterns, it is worth increasing coefﬁcients relating to more varying patterns.
In such case, the initial value 1:25 can be proposed for further research.
In the multidimensional case, i.e. when n [ 1, the tested element is
3
½x1 ; x1 
6 ½x2 ; x2  7
7
6
6 .. 7
4 . 5
½xn ; xn 
2

ð6Þ

with xk \xk for k ¼ 1; 2; . . .; n, and criterion (5) takes the following form:
Zx
z1 m1
x

^f1 ðxÞ dx; z2 m2

Zx
x

^f2 ðxÞ dx; . . .; zJ mJ

Zx

^fJ ðxÞ dx;

ð7Þ

x

where E ¼ ½x1 ; x1   ½x2 ; x2   . . .  ½xn ; xn .
For the Cauchy kernel proposed here, generalized in the multidimensional case by
the product kernel concept (see Sect. 2.1), the analytical form of quantities occurring in
formulas (4), (5) and (7) are possible to obtain; see the paper [6].

2.3

Sensitivity Analysis for Learning Data – Reducing Pattern Size

When modeling by artiﬁcial neural networks, particular components of an input vector
most often are characterized by diverse signiﬁcance of information. Using a sensitivity
analysis [12], one obtains the parameters Si describing proportionally the influence of
the particular inputs (i ¼ 1; 2; . . . ; m) on the output value, and then the least signiﬁcant
inputs can be eliminated.
To apply the above procedure, the deﬁnition of the kernel estimator will be generalizedP
with the introduction of the nonnegative coefﬁcients w1 ; w2 ; . . . ; wm , normed
so that m
i¼1 wi ¼ m, and mapped to particular elements of random sample (1). The
basic form of kernel estimator (2) then takes the form
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h
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The coefﬁcient wi value may be interpreted as indicating the signiﬁcance (weight) of
the i-th element of the pattern to classiﬁcation correctness.
For the purpose of calculation the weights wi values, separate neural networks are
built for each investigated class. This network is submitted to a learning process using a
data set comprising of the values of particular kernels for subsequent pattern elements,
while the given output constitutes the value of the kernel estimator calculated for the
pattern element under consideration. After this, the obtained network undergoes sensitivity analysis on learning data. The resulting coefﬁcients Si describing sensitivity,
constitute the fundament for calculating the values
1

0

B
Si C
~i
w
C
B
~ i ¼ B1  m C normed to wi ¼ m m
w
P A
P :
@
Sj
~i
w
j¼1

ð9Þ

i¼1

~ i results from the fact that the
The shape of the formula deﬁning the parameters w
network created here is the most sensitive to atypical and redundant elements, which
~ i , and in consequence wi ,
implies a necessity to map the appropriately smaller values w
to them. Coefﬁcients wi represent the signiﬁcance of particular elements of the pattern
to accuracy of the classiﬁcation. Because – thanks to normalization – the mean value of
the coefﬁcients wi equals 1, the pattern set should be relieved of those elements for
which wi \1.

3 Classiﬁcation Procedure
This section presents the method for classiﬁcation of interval information with data
drift.
First one should ﬁx the reference sizes of patterns (3), hereinafter denoted by
m1 ; m2 ; . . .; mJ . The patterns of these sizes will be the subject of a basic reduction
procedure, described in Sect. 2.3. The sizes of patterns available at the beginning of the
algorithm must not be smaller than the above referential values. These values can
however be modiﬁed during the procedure’s operation, with the natural condition that
their potential growth does not increase the number of elements newly provided for the
patterns. For preliminary research, m1 ¼ m2 ¼ . . . ¼ mJ ¼ 25  2n can be proposed.
The elements of initial patterns (3) are provided as introductory data. Based on
these – according to Sect. 2.1 – the value of the parameter h is calculated (for the
parameter c initially assumed to be equal 0:5). Next, corrections in the parameters c and
h1 , h2 ; . . . ; hn values are made by introducing n þ 1 multiplicative correcting coefﬁcients. Denote them as b0  0; b1 ; b2 ; . . . ; bn [ 0, respectively. Their values can be
calculated by a static optimization procedure in the ðn þ 1Þ-dimensional space, where
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the initial conditions at the beginning are the points of a grid, or the previous values in
the following steps, while the performance index is given as the number of misclassiﬁcations. To ﬁnd the minimum a modiﬁed Hook-Jeeves algorithm [2] was applied.
The next procedure is the calculation of the parameters wi values mapped to particular patterns’ elements, separately for each class, as in Sect. 2.3. Following this,
within each class, the values of the parameter wi are sorted, and then the appropriate
m1 ; m2 ; . . . ; mJ elements of the largest values wi are designated to the classiﬁcation
phase itself. The remaining ones undergo further treatment, which will be presented
later, after Bayes classiﬁcation has been dealt with.
The reduced patterns separately go through a procedure newly calculating the
values of parameters wi , shown in Sect. 2.3. Next, these patterns’ elements for which
wi  1 are submitted to further stages of the classiﬁcation procedure, while those with
wi \1 are sent to the beginning of the algorithm for further processing in the next steps
of the algorithm, after adding new elements of patterns. The ﬁnal, and also the principal
part of the procedure worked out here is Bayes classiﬁcation, presented in Sect. 2.2.
Obviously many tested elements of interval type can be subjected to classiﬁcation
separately. After the procedure has been ﬁnished, elements of patterns which have
undergone classiﬁcation are sent to the beginning of the algorithm, to further avail of
the next steps, following the addition of new elements of patterns.
Now – in reference to the end of the paragraph before the last – it remains to
consider those elements whose values wi were not counted among the m1 ; m2 ; . . . ; mJ
0
largest for particular patterns. Thus, for each of them the derivative wi is calculated.
A method based on Newton’s interpolation polynomial [9] is suggested here. If the
element is “too new” and does not possess enough earlier values wi , then the gaps
should be ﬁlled with zeros, which prevents premature removal. Next for each separate
0
class, the elements wi are sorted. The respective
qm1 ; q m2 ; . . . ; qmJ

ð10Þ

elements of each pattern with the largest derivative values, on the additional requirement that the value is positive, go back to the beginning of the algorithm for further
calculations carried out after the addition of new elements. If the number of elements
with positive derivative is less than q m1 ; qm2 ; . . . ; q mJ , then the number of elements
going back may be smaller (including even zero). The remaining elements are ﬁnally
eliminated from the procedure. In the above notation q is a positive constant
influencing the proportion of patterns’ elements with little, but successively increasing
meaning. The standard value of the parameter q can be proposed as q ¼ 0:1.
The above procedure is repeated following the addition of new elements. Besides
these elements – as has been mentioned earlier – for particular patterns respectively
m1 ; m2 ; . . . ; mJ elements of the greatest values wi are taken, as well as up to
0
qm1 ; qm2 ; . . . ; qmJ elements of the greatest derivative wi , so successively increasing
its signiﬁcance, most often due to the data drift.
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4 Empirical Veriﬁcation and Comparison
The correct functioning of the concept under investigation have been comprehensively
veriﬁed numerically, and also compared with results obtained using procedures based on
the support vector machine concept. Research was carried out for data sets in various
conﬁgurations and with different properties, particularly with nonseparated classes,
complex patterns, multimodal and consisting of detached subsets located alternately.
Comparative analysis was submitted to detailed investigations. Due to lack of an
available algorithm dedicated to interval and drifting data, comparisons were made
using two concepts based on the support vector machine method with proper modiﬁcations. The ﬁrst one, intended for deterministic nonstationary data, presented in the
article [3], was used with respect to midpoints of classiﬁed intervals. The second, from
the publication [11], for stationary interval data was applied by removing the oldest
elements from patterns and replacing them with the newest. And so, in relation to the
ﬁrst algorithm, the number of misclassiﬁcations was up to 20 % lower, while with the
second even 50 % (treating no decision – a possibility there – as an unsatisfactory
result). The advantage of the procedure presented in this paper was particularly visible
in the case of steady drift – taking into account the fact that its idea is based on
derivatives of a predictive nature, this observation is completely understandable.
The broader description of particular aspects and the analytical form of formulas
can be found in the papers [Kulczycki and Kowalski, 2011, 2015].
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Abstract. Which is the role of intentions in utterance interpretation? I sketch an
argument to the eﬀect that the role of intentions is indirect; the interpreter’s
assignment of meaning rather depends on considerations of what meaning is most
reasonably assigned and her interest. This approach often results in the assignment
of intended meaning, but might also result in the assignment of non intended
meaning. I consider the three basic options oﬀered to the interpreter when, in the
course of the conversation, she is confronted with further evidence about the
speaker’s intention.
Keywords: Intentions · Utterance interpretation · Semantics/pragmatics ·
Conversational interaction

1

Introduction

Which is the role of intentions in utterance interpretation? It is often assumed that once the
decoding of conventional meaning has yielded its result – truth conditions or schemata for
further enrichment – the goal of interpretation is the recovery of speaker intentions. Here I
will present an alternative picture to the effect that the contextualist all things considered
establishment of meaning, even though involving considerations about speaker intentions,
is best conceived as aiming at the most reasonably assigned meaning and crucially depends
on the interpreter’s interest. The approach often results in the assignment of intended
meaning, but may also result in the assignment of non intended meaning. The most reason‐
ably assigned meaning may or may not correspond to intended meaning; in the latter case,
the utterance may or may not, according to the interpreter’s interest, be erased by her.
I will consider the interpreter’s options when in the course of the conversation she is
confronted with further evidence about the speaker’s intended meaning.

2

The Regular Course of Interpretation

Many theorists take for granted that the goal of utterance interpretation is the recovery
of the speaker’s intended meaning. At the same time it is pointed out that a speaker
cannot mean whatever she wants by an utterance. Many theorists hold that conformity
to conventions is constitutive of speaker meaning and that in cases of divergence
between conventional and intended meaning, conventional meaning wins out [1–3].
© Springer International Publishing Switzerland 2015
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From a contextualist point of view, which I will here adopt, what matters to speaker
meaning is not conformity to conventional meaning as such, but the speaker’s making
the interpreter able to ﬁgure out her intended meaning in some way or other. Conformity
to conventions is one means, but there are all sorts of cues which can be exploited by
the speaker [4]. This suggests that the meaning of an utterance is the meaning intended
by the speaker, provided that the speaker sees to it that her intended meaning be the
meaning most reasonably assigned to the utterance by the interpreter.
The interpreter approaches an utterance with the aim of making reasonable sense of
it. This means that she is prepared to go beyond or against conventional meaning when‐
ever she is so invited by the absurdity of the conventional meaning, the preceding
discourse, what she knows about the speaker’s attitude and aims, her background
assumptions, the common ground of the conversation, the requirements of cooperation,
considerations of what is interesting and relevant. All things considered, what is the
most reasonable meaning to assign to this utterance in this context?
The notion of most reasonably assigned meaning is certainly quite vague. Such a
notion makes a component of meaning a matter of all things considered consideration
[5], discussion, argument, even dispute, in short a matter not of decoding but of decision.
Which contextual cues are available? What is included in the common ground? What is
reasonably taken into consideration?
The interpreter is not directly concerned with the speaker’s actual intention, but with
the meaning which manifests itself given all sorts of contextual factors. There is never‐
theless a natural connection with the speaker’s intended meaning in so far as the inter‐
preter has every reason to assume that what she takes to be the most reasonably assigned
meaning coincides with the speaker’s intended meaning. The interpreter believes that
the speaker in order to get her meaning across relies on the contextual factors which she
takes into consideration when assigning meaning. The reason why the interpreter
believes that she has arrived at the speaker’s intended meaning is not some access to the
speaker’s mind, but that she has no reason to suppose that what is the most reasonably
assigned meaning is not the intended meaning.
In the regular course of interpretation, the goal is to establish, all things considered,
the most reasonably assigned meaning. The question is not what the speaker’s intention
is, but what is conveyed by a certain utterance in a certain context. Speakers trust inter‐
preters will go beyond conventional meaning and interpreters trust speakers intentions
are conform to most reasonably assigned meaning [6].

3

Cases of Divergence Between Intended and Assigned Meaning

It may happen of course that the speaker fails to make her intention manifest, so that
there is a divergence between what is most reasonably taken to be the meaning of the
utterance by the interpreter and the meaning actually intended by the speaker. Philoso‐
phers imagine such failures, but do not reﬂect upon the conversational interaction
following upon such failures [7, 8]. Linguists are much more interested in clariﬁcations
and corrections, but do not seem to consider the variety and the reasons for the options
oﬀered to the interpreter when confronted with further evidence about the speaker’s
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intention. There seems to be a tendency to take for granted that speaker initiated repairs
are always accepted by the interpreter [9]. The consideration of the interpreter’s dealing
with evidence about intentions in cases of divergence will contribute to determining the
role of intentions in interpretation.
Let us look at the case invented by Kaplan:
Suppose that without turning and looking I point to the place on my wall which has
long been occupied by a picture of Rudolf Carnap and I say: [That] is a picture of one
of the greatest philosophers of the twentieth century. But unbeknownst to me, someone
has replaced my picture of Carnap with one of Spiro Agnew [10].
Philosophers discuss whether a false statement of the picture of Agnew [10, 11] or
a true statement of the picture of Carnap or no statement is made in this case [12]. It
seems to me that the question if or what a statement is made should be asked with respect
to the interpretive strategies in the subsequent conversational interaction. The statement
made depends upon kinds of action on the interpreter’s part. Let us look at a possible
continuation of the conversation.
S: That is the picture of the greatest philosopher of the 20th century.
I: I did not know Spiro Agnew was the greatest philosopher of the 20th century.
S: Spiro Agnew? No, I meant Rudolf Carnap. Turning around. Someone must have
replaced the Carnap picture.
I: Yes, Carnap was a great philosopher.
Let us assume that the interpreter takes the picture of Spiro Agnew to be the value
of the demonstrative, because at the time of the utterance this seems to her to be the most
reasonably assigned meaning, all things considered. The speaker’s reaction to her reply
provides her with further evidence as to the intended meaning. The sequence above is
compatible with two diﬀerent interpretive strategies.
First, the interpreter may reconsider her meaning assignment. For instance, she may
recall that actually a picture of Carnap used to occupy the spot of the wall where there
is now a picture of Agnew. This may convince her that the meaning she assigned was
not the meaning most reasonably assigned. It would have been reasonable to consider
this piece of common ground when assigning a meaning to the utterance. In short, the
interpreter would blame herself for having made the wrong interpretation and correct
her meaning assignment.
Even though the plausibility of such a line of interpretation may not be entirely
convincing in the case at hand, I believe it is not too diﬃcult in general to imagine cases
where the interpreter, in the face of further evidence of the speaker’s intention, recon‐
siders her interpretation and agrees with the speaker that the most reasonable interpre‐
tation is the one intended by the speaker. The interpreter says to herself: “This is how,
upon consideration, I should have taken the speaker’s utterance.”
Another option for the interpreter is to consider that at the time of utterance, the
meaning assignment she made actually was the most reasonably assigned meaning. She
has no reason to reconsider the interpretation she made and she proceeds at no correction.
The speaker is to blame for not having made her intention apparent. Upon being informed
that the speaker’s intention was actually to refer to a picture of Rudolf Carnap, she is
however prepared to erase the utterance made by the speaker and, as it were, replace it
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with an utterance to the eﬀect that Rudolf Carnap was one the greatest philosophers of
the twentieth century. The interpreter says to herself: “This is not at all – all things
considered – what the speaker said, but never mind, I now see what the speaker wanted
to say.”
These two procedures may occur silently and may not be outwardly visible, as in the
conversation above, but are nevertheless distinct in that they originate in diﬀerent judg‐
ments. In reinterpretation the mistake is with the interpreter, when erasure and replace‐
ment occur the mistake is with the speaker.
In the former case, the speaker succeeds after all in communicating her intention. In
the latter case, she fails. I do not think that the fact that the most reasonably assigned
meaning is not intended by the speaker makes it the case that the most reasonably
assigned meaning is not the meaning of the utterance (unlike [12] for example). But new
evidence concerning the intended meaning may constitute a reason for the interpreter
to erase the utterance and replace it with a novel one, in line with what the further
evidence suggests to her. According to this conception, it makes sense to speak of the
meaning of an utterance only from the viewpoint of an interpreter’s assigning a meaning
to it.
However, these two options are not exhaustive. The interpreter is not obliged to
refuse an utterance which from the speaker’s point of view is infelicitous in that the most
reasonable meaning assigned to the utterance does not correspond to her intended
meaning. The interpreter may deliberately preserve the utterance and hold the speaker
responsible for the meaning most reasonably assigned to it even though she does not
believe that the speaker intended this meaning. Why would the interpreter take an interest
in assigning non intended meaning? Is not utterance interpretation always in the service
of speaker intentions?
Let us go back to Kaplan’s case again and modify it somewhat. Unbeknownst to the
speaker, the picture of Carnap has been replaced with, not a picture of Agnew, but a
nice-looking painting. Without turning and looking the speaker points to the place of
the wall now occupied by the painting and says: “That is your birthday present.”
Let us suppose that at the time of utterance, the most reasonable meaning assigned
to the utterance is a statement to the eﬀect that the speaker has bestowed the nice-looking
painting upon the interpreter. The interpreter may later come across further evidence
concerning the speaker’s intentions in making that utterance which makes it clear that
the speaker intended to give her a picture of Carnap. However, she is not prepared to
erase the utterance and replace it with one to the eﬀect that the speaker had given a
picture of Rudolf Carnap to her, simply because the original utterance is advantageous
to her. The interpreter has an interest in refusing to erase it. We may imagine further
cases, involving for example implicatures, slurs and oﬀensive talk where interpreters
would not be willing to erase utterances failing to convey the intended meaning. The
interpreter has an interest in holding the speaker responsible not for what she wanted to
convey, but for the meaning most reasonably assigned to her utterance.
What lead up to the interpreter’s meaning assignments are considerations involving
not only the conventional meaning of the sentence uttered, but all sorts of contextual
factors. This approach to utterance interpretation does not have as a consequence that
only intended meaning is assigned. Upon being informed that the most reasonably
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assigned meaning does not correspond to the intended meaning, the interpreter may not
withdraw her meaning assignment, if she has an interest – which may be rather private
or rather general in character – in preserving it, using it for her own purposes, as it were.
The justiﬁcation of the interpreter’s interpretation crucially depends on the legitimacy
of not erasing the utterance and on the reasonableness of the meaning assigned. Both
issues are matters of discussion and argumentation and are settled only within the
community of interpreters.

4

Conclusion

The interpreter sets out to establish the most reasonably assigned meaning. In the regular
course of interpretation she has every reason to believe that this meaning is the speaker’s
intended meaning. In cases of divergence between the assigned meaning and intended
meaning, the interpreter may reconsider her interpretation of the utterance or erase and
replace it or preserve it for her own purposes. The interpreter is generally interested in
assigning intended meaning, but that does not imply that she is only interested in
assigning intended meaning. An utterance means what the speaker means, provided that
her intended meaning is the meaning most reasonably assigned. An utterance means
what the interpreter takes it to mean, provided that her assigned meaning is the meaning
most reasonably assigned.
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Abstract. We introduce the notions of syntactic synonymy and referential synonymy due to Moschovakis. Those notions are capable of accounting for fine-grained aspects of the meaning of linguistic expressions, by
formalizing the Fregean distinction between sense and denotation. We
integrate Moschovakis’s theory with the theory of concepts developed in
the foundational ontology dolce, in order to enable a formal treatment
of equivalence between concepts.

1

Introduction

We place our analysis of concepts within the foundational ontology dolce [2].
Concepts are there intended to model classiﬁcation of entities of a domain according to some relevant perspectives, in case the intensional aspect of the classiﬁcation matters for knowledge representation. For example, in legal domains and
in social ontology, concepts are fundamental for representing roles such as president, delegate, and student [2]. Although the extension of the role “student”
provides the class of entities that can be classiﬁed as students, it is the intensional
aspect of “student” that speciﬁes the relevant information about the meaning
of “student”, i.e. the conditions that are necessary for classifying something as
a student. Concepts are indeed intended to capture those intensional aspects.
The motivation for using dolce is that it formalizes a rich theory of concepts
that allows for relating conceptual information with other types of information
concerning the entities of a given domain. In dolce, concepts are deﬁned by
means of descriptions, that are intended as semantic entities that are used to
refer to concepts. Since descriptions are our way to access concepts, we are lead
to focus on the meaning of the description that is associated to the concept. In
Fregean terms, we are not only interested in the denotation of the deﬁnitions
of concepts, but also in their sense, that is, in the way in which the denotation
is given. Consider the following example. According to the Italian Constitution,
the “President of the Italian republic” is also the “President of the Superior
Judicial Court”. Although the two descriptions refer to the same individual, we
want to say that they are referring to diﬀerent concepts because they express
distinct senses.
We introduce a language for expressing deﬁnitions of concepts and we discuss
a number of equivalence relations between deﬁnitions. Our approach is based on
the calculus of meaning and synonymy developed by Moschovakis [1,6]. This calculus provides a formal interpretation of the crucial distinction made by Frege
c Springer International Publishing Switzerland 2015
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between sense and denotation. The calculus is based on a typed system for
expressing the meaning of natural language expressions, in the style of the Montague grammar [3,4]. We will integrate the calculus of meaning and synonymy
with the treatment of concepts in dolce. We shall see how to deploy the calculus
of meaning and synonymy to decide whether two descriptions of concepts are
equivalent, i.e. they deﬁne the same concept. Since the calculus is based on type
theory, it is not embeddable in ﬁrst order logic, therefore, we view it as an external module that interacts with dolce, rather than a part of the ontology. This is
motivated by the fact that a ﬁrst-order theory such as dolce is not suﬃciently
expressive to talk about the meaning of ﬁrst-order terms and formulas.
Possible applications of a formal theory of equivalence of concepts concern the
possibility of comparing the intensional aspects of conceptualizations provided
by two agents’ theories. The remainder of this paper is organized as follows.
The next section presents the formal grammar based on type theory and the
background of the calculus of meaning and synonymy developed by Moschovakis.
Section 3 discusses the application of the calculus of synonymy with dolce.

2

Formal Background

We present the typed calculus of acyclic recursion Lλar deﬁned by Moschovakis.
We refer to [1,5–7] for the details. The idea of a typed system to model natural
language semantics can be brieﬂy summarized as follows. The elements of a
vocabulary (e.g. words in natural language) are associated to terms of a certain
type. The type encodes the properties that are required for composing complex
meanings, while the term speciﬁes the semantic contribution of the element of
the vocabulary. For instance, the word “red” is associated to the type of functions
from entities to truth values. The term associated to “red” is the speciﬁc function
that associates “true” to red entities and false otherwise.
As in Montague grammar, types are deﬁned recursively from the basic types
e for entities and t for truth values: types::=e | t | (τ → τ  )
We assume a ﬁnite set of constants K, the vocabulary of our semantic grammar. The typing relation: c : τ indicates that c has type τ . Given a choice of K,
the set of terms of the language of acyclic recursion Lλar (K) is deﬁned as follows.
For each type τ , we assume two distinct inﬁnite sets of variables: pure variable:
v0τ , v1τ , ..., and recursion variable or locations: pτ0 , pτ1 , ... Pure variables range
over the domains of their types, whereas location variables are only assigned to
terms.
The main innovation in Moschovakis’s calculus is the acyclic recursion construction. Given a sequence of location variables, p1 , . . . , pn and a set of terms
A1 , . . . , An , a system of assignments is an expression {p1 := A1 , . . . , pn := An }
that means that a term Ai is assigned to the position pi . The acyclic recursion
is a term written as follows:
A0 where {p1 := A1 , . . . , pn := An }
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The meaning of this statement is that, once one sets p1 as A1 , . . . , pn is An ,
then one has A0 . The condition on the recursion construction is that its system
of assignment must be acyclic [6].
Definition 1. The set of terms of Lλar (K) is defined as follows:
terms := c | v | p | B(C) | λ(v)(B) | A0 where{p1 := A1 , . . . , pn := An }
with the following conditions:
T1.
T2.
T3.
T4.
T5.

If c is a constant of type τ , then c is a term of type τ , c : τ ;
Variables of type τ are terms of type τ , in particular v : τ and p : τ ;
If C : τ and B : τ → τ  , then B(C) : τ  ;
If B : τ  and v is a pure variable of type τ , then λ(v)(B) : τ → τ  ;
If for n ≥ 0, Ai : τi and p1 , ..., pn are distinct locations pi : τi such that the
system of assignments {p1 := A1 , . . . , pn := An } is acyclic, then
A0 where {p1 := A1 , . . . , pn := An } : τ0

For the sake of example, we treat a very simple fragment of English (Fig. 1).
We ﬁx the set of constants K = {president, of, superior judicial council, italy, not,
and, the}1 Next we associate semantic types to words.

Fig. 1. Grammar

By means of this simple grammar, we can compose terms to obtain complex
terms and to check their types. For instance, we can compute that the string
in natural language “the president of Italy” has type e, that is, it denotes an
individual of type e. A fundamental preliminary step in order to move from
natural language sentences to their correct semantic types and hence to their
logical forms is to order the functional compositions in the correct way. In a
number of approaches, this is done by means of a calculus that accounts for
the syntactic structure of the sentence as providing the instructions to build the
semantics [4]. For lack of space, we cannot enter the details here. For instance,
we shall simply assume that it is possible to obtain the right order of applications
1

For the sake of simplification, we treat “Superior Judicial Council” as single lexical
entry.
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from the order of words in natural language. Once we have the correct order of
applications, we can compute the semantic of “the president of Italy” in a fully
compositional way. In this case, functional applications (T3) is enough to obtain
that the expression “the president of Italy” has to denote an element of e.2
Consider now the term corresponding to “president of Italy”, that is (of(italy))
(president). Its type is e → t, since it denotes a class of entities. We can exemplify
the acyclic constructor as follows. We allow also for possibly empty assignments,
thus (of(italy)) (president) can also be written as follows:
(of(italy)) (president) where { } : e → t
(of(p1 )) (president) where {p1 := italy} : e → t
(of(p1 )) (p2 ) where {p2 := president, p1 := italy} : e → t.
2.1

The Calculus of Synonymy

Firstly, we introduce a syntactic notion of equivalence of terms. We say that A
and B are congruent, A ≡c B, if and only if one can be obtained from the other
by alphabetic change of bound variables (of both kinds) and re-ordering of the
assignment within the acyclic recursion. For instance, (of(p2 ))(p1 ) where {p2 :=
president, p1 := italy} is congruent with (of(p3 ))(p1 ) where {p3 := italy, p1 :=
president}.
Congruent terms are mere syntactic variants of one another, for that reason
this is the strictest form of equivalence between terms. We are going to deﬁne
the notions of syntactical synonymity and referential synonymity. The notion of
syntactic synonymy is deﬁned in [6] in terms of congruence of canonical forms.
Canonical forms are deﬁned by introducing a reduction calculus on terms which
allows for computing eﬀectively the canonical forms of terms [6, cf.par.3.13].
The notion of canonical form provides the following deﬁnition of syntactic synonymity. Two constants will not be syntactically synonymous since they have
non-equivalent canonical forms. For instance, “Italy” and the “Supreme Judicial
Court” are not syntactically synonymous.
Definition 2 (Syntactic Synonymity). Two terms A and B are syntactically
synonymous, A ≈s B if and only if their canonical forms are equivalent:
A ≈s B ⇔ cf (A) ≡c cf (B)
Example 1 (Canonical Forms and Syntactic Synonymity). The canonical form of
the term (of(italy)) (president) is given by: (of(p1 )) (p2 ) where {p2 := president,
p1 := italy}. The term that expresses the meaning of “president of the Supreme
Judicial Council” is: (of(sjc)) (president). Its canonical form is: (of(p1 )) (p2 )
where {p2 := president, p1 := sjc}.
The two canonical forms are not congruent, simply because they contain
distinct constant terms: italy and sjc. Hence, although the two descriptions refer
to the same individuals, the two terms are not syntactically synonymous.
2

This step is called “semantic rendering” in [6].

510

D. Porello

Syntactic synonymity actually does not account for equivalence of meanings
of the components. We shall see how to cope with that by means of the notion of
referential synonymy. Referential synonymy is based on the notion of referential
intension of a term, which intuitively models the process that computes the
denotation of a term in a given model. This view corresponds to the Fregean
idea that the “sense” of an expression is a way to compute its denotation [8].
In the following deﬁnition, we write den(A)(g) to indicate the denotation of the
term A under the assignment g.
Definition 3. A is referentially synonymous with B, A ≈r B, if and only if:
(1) There exist suitable terms A0 , B0 , ..., An , Bn such that:
A ⇒ A0 where {p1 := A1 , . . . pn := An }
B ⇒ B0 where {p1 := B1 , . . . pn := Bn }
(2) |= Ai = Bi , that is, for all assignments g, den(Ai )(g) = den(Bi )(g)
Referential synonymy takes into account the meaning of the constants that
occur in a term. For instance, take two individual constants a and b that have the
same denotation: let g be an assignment to the variables, den(a)(g) = den(b)(g)
are not syntactically synonymous, since they have non-equivalent canonical forms,
although they are referentially synonymous, since their denotations coincide.
Example 2 (Referential Synonymy). We can see that “the president of Italy”
and “the president of the Supreme Judicial Court”, although denotationally
equivalent, are not referentially synonymous.
The expressions are rendered by (of(italy))(president) and (of(sjc))(president),
whose canonical forms are:
(of(p1 )) (p2 ) where {p2 := president, p1 := italy}
(of(p1 )) (p2 ) where {p2 := president, p1 := sjc}.
The terms are not referentially synonymous because the denotation of italy
and sjc are not the same. By contrast, suppose K contains unemployed and
not-employed. If we treat them as two constants, their denotations coincide,
thus they are indeed referentially synonymous. Actually, in order to view them
as referentially synonymous, we need to classify “not employed” as a single
lexical entry. This amounts to deciding, at the level of semantic rendering, for
unemployed and not-employed, whether the associated functions compute their
reference by a diﬀerent computation or not.

3

Application to Concepts

In dolce, concepts are deﬁned by descriptions. For instance, diﬀerent agents
may use diﬀerent descriptions of the same concept, or a concept may be introduced by means of a description at a certain time. By relating concepts and
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descriptions, the view of dolce is that concepts manifest a certain dependence
on the agents that use them to classify entities. For that reason, it is important to discuss notions of equivalence between descriptions. We only sketch the
application of the notion of referential synonymy to the theory of concepts of
dolce. Following [2], besides assuming a category for concepts C, we assume a
category of descriptions DS. The categories are related by means of the relation
of definition DF(x, y): a description x deﬁnes a concept y.
We assume that every element x of the category DS is a name for a term tx
in a suitable fragment of the language of acyclic recursion. Moreover, we assume
that (syntactically) distinct terms are associated to distinct descriptions. We
introduce two binary relations between descriptions ∼r and ∼s : they are relational constants in dolce that are intended to represent ≈r and ≈s , respectively.
Since ≈r and ≈s are not ﬁst-order relations, we do not attempt to provide a deﬁnition within dolce. We shall view the calculus of meaning and synonymy as an
external (decidable) module that allows for computing whether ≈r and ≈s hold.
That is, we are putting an external constraint on the models M of dolce that
forces a ∼r b and a ∼s b to hold in M iﬀ ta ≈r tb and ta ≈s tb are computable
in the calculus of meaning and synonymy.
We can now deﬁne when two descriptions deﬁne the same concept. Two
descriptions deﬁnes the same concept if they are referentially synonymous (a1).
Moreover, the same concept cannot be deﬁned by two descriptions that are not
referentially synonymous (a2).
a1.
a2.

x ∼r y ∧ DF (x, v) ∧ DF (y, w) → v = w
DF (x, v) ∧ DF (y, w) ∧ v = w → x ∼r y

Even if two terms are denotational equivalent, but not referentially synonymous, they may still deﬁne two diﬀerent concepts. For instance, as a theorem we
can infer that although (of(italy)) (president) and (of(sjc)) (president) are denotationally equivalent, they deﬁne diﬀerent concepts. Suppose that d1 is the name
of (of(italy)) (president) and d2 is the name of (of(sjc)) (president). That is, d1
and d2 are elements of the category DS. One can establish in the calculus of
meaning and synonymy [6] that
(of(italy)) (president) ≈r (of(sjc)) (president)
Thus, we have that d1 ≈r d2 , that implies for our external constraints, that
d1 ∼r d2 . Then, if DF (d1 , v) and DF (d2 , w), by axiom 2, v and w must be
distinct concepts.
By contrast, a term that represent the word student in English and a term
that represent the word student in Italian, say student and studente can be shown
to be referentially synonymous, although they are not syntactically synonymous.
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Abstract. Understanding the user’s context is important for mobile applications to provide personalized services. Such context is typically based on the
user’s own information. In this paper, we show how social network analysis and
the study of the individual in a social network can provide meaningful contextual information. According to the phenomenon of homophily, similar users
tend to be connected more frequently than dissimilar. We model homophily in
social networks over time. Such models strengthen context inference algorithms,
which helps determine future status of the user, resulting in prediction accuracy
improvements of up to 118 % with respect to a naïve classiﬁer.
Keywords: Social network analysis

 Context inference  Homophily

1 Introduction
Web 2.0 technologies have been developed, enabling users to easily publish and share
information on the web (e.g. Facebook, Wikipedia) [1]. Meanwhile, the mobile device
industry has also developed tremendously. Among these developments, we highlight
the inclusion of inexpensive physical sensors in mobile devices, and the opening of
application programming interfaces to enable any person to develop their own application. Such developments provide a quantity of data without precedent, streaming
from a number of sensors located everywhere, and from the increasing Web data. This
data can be used to understand the user context and needs, providing them with the
so-called context-aware services.
Although the idea of context-aware applications is brilliant, its implementation is
challenging and it is often reduced in practice to services based on the users’ position
[2]. However, we believe that the behavior of a user within a group, e.g. online social
networks, can provide meaningful user context. We study Social Network Analysis
(SNA) techniques, which focus on the discovery and evolution of relationships among
entities, such as people, organizations, activities, and so on [3]. In particular, we focus
on homophily, described as the principle that a contact between similar people occurs
at a higher rate that among dissimilar people [4]. Above and beyond measuring
homophily for descriptive tasks, it can also be used to infer information in social
networks, both by context inference and link prediction [5–7]. Most investigations
assume homophily present and propose techniques to beneﬁt inference in the social
© Springer International Publishing Switzerland 2015
H. Christiansen et al. (Eds.): CONTEXT 2015, LNAI 9405, pp. 513–519, 2015.
DOI: 10.1007/978-3-319-25591-0_41

514

A. Rivero-Rodriguez et al.

networks. We previously proposed a homophily indicator to better represent the degree
of homophily in a certain system [8], easy to understand and interpret.
Our contribution is two-fold: ﬁrst, in Sect. 2, we extend our indicator of homophily
[8] to measure its effect on the evolution of the network; second, in Sect. 3 we show
how the proposed indicator can be used to strengthen existing inference solutions,
resulting in model-driven methods to assist context inference methods. Section 4
includes an experiment using real-world data, demonstrating the performance gains
achieved by using the indicator to enhance the context inference of existing solutions.

2 Homophily Indicator Over Time
We use the concept of homophily to model a system. As shown in Fig. 1, we extract
system information according to modeling parameters and convert it into graphs. The
graphs are used to learn about the nature of the system, which can be used to understand the nature of the system and model it better in the future.

Fig. 1. Overall view of system modeling process

In concrete, we consider the network over time period D. By discretizing G into L
periods, each of duration W, we obtain the sequence of successive graph states G ¼
ðG1 ; G2 ; . . .GL Þ; such that LW ¼ D: We have a set of observable graph states to
analyze. Representing time discretely in this way is an important parameter when
modeling the system, as we shall see in the experiments in Sect. 4. We aim to study the
effect of homophily in the evolution of connections in a social network over time. In
other words, we aim at using the phenomenon of homophily for link prediction. For
such purposes, we create the structural homophily indicator, based on our previous
indicator [8], which captures the effect of homophily for the addition of new links.
We consider only relevant to measure structural homophily in graphs where at least
one homogeneous and one heterogeneous edges can be potentially added in the next
iteration. Otherwise, it makes no sense to measure structural homophily if all possible
edges are of the same type. Consider graph Gt to be the state of the social network
previously represented by graph G at some time t 2 L. Then, DEðGt Þ represents the set
additional edges added between two consecutive graphs, i.e., DEðGt Þ ¼ EðGt Þ
 t of Gt contains all the edges of K that are
EðGt1 Þ. The complement or inverse graph G
 t Þ ¼ EðKÞ  EðGt Þ.
absent from Gt . This set of edges at time l is expressed as EðG

EðGt Þ is the set of edges that are not contained in Gt , but can be added in Gt þ 1 .
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As already explained, homophily suggests that some pairs of nodes are more likely
to become connected in the future than others. Similarly to de deﬁnition of homophily,
we consider two types of edges for structural homophily, homogeneous and heterogeneous, represented in this case as S + and S-, respectively. However, determining
whether an edge belongs to homogeneous set ES þ or to heterogeneous ES is not a
trivial task. To conduct this task, we deﬁne the homophily conditions. Edges matching
the homophily conditions are considered homogeneous, otherwise they are heterogeneous edges. The homophily conditions depend on the system being studied. The
condition deﬁnitions apply to the added edges DEðGt Þ, as well as to the absent edges
 t Þ., where DEðGt Þ = ES þ ðGt Þ[ES ðGt Þ, and DEðG
 t Þ = E S þ ðG
 t Þ[ES ðG
 t Þ.
E ðG
+
−
Following previous logic in [8], we extend the ratios r and r to the structural
homophily in the stochastic case. We deﬁne rSGþ ðtÞ; rSGþ ðtÞ as the ratios of added
homogeneous and heterogeneous edges, respectively, present in G, with respect to the
potential edges. These rations are expressed as follows.
rSGtþ ¼

jDES þ ðGt Þj S jDES þ ðGt Þj
; r ¼ S
 t1 Þj Gt
 t1 Þj
jES ðG
jE ðG

Note that the denominators are never 0, since there must be at least one edge of
each type to be added. We can now express the single-step structural homophily
indicator Homs ðGt Þ at time period t as
Homs ðGt Þ ¼

rSGþ
 rS
Gt
t
rSGtþ þ rS
Gt

Extending the single-step indicator to consider homophily from the start of the
network’s evolution, we ﬁnally deﬁne what we call the global structural homophily
indicator Homs . As a function of the graph G, we have
Homs ðGÞ ¼

PL
t¼2

1

!

jDEðGt Þj

L
X

jDEðGt Þj Homs ðGt Þ

t¼2

The interpretation of structural homophily is analogous to the interpretation of
homophily [8], where es is the structural homophily threshold:
8
<
Homs

[ es ; structural homophily
es  Homs  es ; no structural homophily
:
\es ; structural heterophily

3 Methods for Inference
We consider Homs to infer successive graph in the graph sequence G, i.e., we infer
graph Gt+1 based on the information available of Gt. In order to analyze the impact of
HomS we propose two methods based on the structural homophily indicator.
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First, we present the method to be used as the baseline method in the control of our
experiment afterwards. This method is called the Random Method (RM), which does not
consider homophily at all. We chose this method at our discretion to make a comparison
by calculating improvements our structural homophily methods give in context inference.
In all methods, we deﬁne N 2 Z þ as the number of edges we would like to infer
for the following time period, i.e., over the period t to t + 1. For each of the methods
presented, the probability that an absent edge may be introduced into the successive
graph is calculated differently. Our objective is to show that our homophily indicator
can be integrated in existing methods, resulting in better inference predictions.
• The Random Method (RM) does not consider the effect homophily for link prediction: it is a naïve Bayesian classiﬁer that uses no a priori information with
 tÞ
probability Pðe; Gt þ 1 Þ ¼ N jEð1G t Þj ; e 2 EðG
• The Structural Homophily Randomized Method (SHRM) considers homophily
in the network; therefore, it considers two types of edges, heterogeneous and
homogeneous edges. This methods simply assumes structural homophily to be
constant over time, Homs ðGt þ 1 Þ ¼ Homs ðG1 . . .Gt Þ., resulting
PðeS þ ;Gt þ 1 ÞPðeS ;Gt þ 1 Þ
Homs ðGt Þ ¼ PðeS þ ;Gt þ 1 Þ þ PðeS ;Gt þ 1 Þ
The following equivalence is obvious from a simple summation of the probabilities
of inferable edges of each type and the selection of N, such that

X
 tÞ
eS þ 2E S þ ðG



P eS þ ; G t þ 1 þ

X
 tÞ
eS 2E S ðG



P eS ; Gt þ 1 ¼ N

Solving then this system of equations, we assign the probability of being introduced
into the graph, for each type of edge, according to
PðeS þ ; Gt þ 1 Þ ¼

N

 t Þj þ jE S ðG
 t Þj
jE S þ ðG

Pðe ; Gt þ 1 Þ ¼ jES þ ðG Þj
S

t

N

1Homs ðGt Þ
2

;

2
 t Þj
þ jE S ðG
1Homs ðGt Þ

• The Deterministic Homophily Method (DHM) assumes that connections in the
network appear exclusively according to homophily, i.e. different nodes will never
connect. It is proposed as a simpliﬁed version of SHRM (with Homs = 1).
PðeC1 ; Gt þ 1 Þ ¼ N jEC11ðG t Þj ; PðeC2 ; Gt þ 1 Þ ¼ 0

4 Real-World Experiment
We apply the aforementioned methods for context prediction to the Nodobo dataset.
Nodobo is an open and publicly-available dataset that contains social data of
twenty-seven senior students in a Scottish high school [9]. The data consist of cellular
tower transitions, Bluetooth proximity logs and communication events, including calls
and text messages.
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From Nodobo dataset, we construct a series of graph: We split the data into L
different periods of size W. For each period i, we construct the graph Gi, obtaining the
whole graph G ¼ ðG1 ; G2 ; . . .GL Þ:
For constructing each graph Gi, the users are the nodes of the graph. We include an
undirected edge between nodes if they have been in proximity for an average of 60 min
a day. In our case, an edge ðvi ; vj Þ meets the homophily condition if nodes vi and vj
have at least f common friends. In Tab. 1, we report HomS(G) for different values of
W and f.
After measuring values of HomS, we consider its usage for inferring future graph
status in the graph sequence. Given Gt, applying a method Θ results in the inferred
graph GH
t þ 1 . Applying the respective formulas, we obtain the inferred graphs
RM
SHRM DHM
Gt þ 1 ; Gt þ 1; Gt þ 1 for RM, SHRM and DHR. The accuracy of the method Θ at a
jGH \DEðG

Þj

tþ1
tþ1
period t is given as accH
tþ1 ¼
jDEðGt þ 1 Þj .
It is an expression of the ratio of correct predictions with respect to the added edges
in the real graph. However, this is the single-step accuracy measure. For each step, we
repeat the inference step R times. This makes it possible to tune the accuracy of the
method. To gauge the overall accuracy of the method, we calculate the arithmetic mean
PL1
1
H
of each single-step accuracy value, accH ¼ L1
t¼1 acct þ 1 .
We calculate DaccSHRM and DaccDHM , i.e., the accuracy improvements of methods
H
accRM
.
SHRM and DHR with respect to RM, DaccH ¼ accacc
RM
We select three conﬁgurations with which to experiment, taken from Table 1:

Table 1. HomS for different values of W(days) and f (friends)
f ( friends)

W(days)
15
21
35

2

3

4

0,48
0,39
0,67

0,49
0,48
0,63

0,38
0,52
0,60

Table 2. ΔaccSHRM and ΔaccDHM for Experiments A, B and C reporting inference improvements
of SHRM and DHR
R
N
10
15
20

100

200

500

Method

A

B

C

A

B

C

A

B

C

SHRM

0.24

0.48

0.54

0.27

0.39

0.22

0.28

0.43

0.29

DHM

1.15

1.02

0.76

1.14

1.03

0.51

1.18

1.05

0.51

SHRM

0.20

0.36

0.44

0.30

0.39

0.32

0.29

0.39

0.31

DHM

1.06

1.00

0.58

1.18

0.99

0.50

1,17

1.06

0.47

SHRM

0.28

0.35

0.28

0.24

0.35

0.28

0.27

0.40

0.33

DHM

1.15

1.05

0.47

1.10

1.00

0.56

1.14

1.03

0.54
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• Experiment A: W = 15, f = 4, Hom = 0.38 (low)
• Experiment B: W = 15, f = 2, Hom = 0.48 (medium)
• Experiment C: W = 35, f = 2, Hom = 0.67 (high)

5 Results & Conclusions
The results for Experiments A, B and C are reported in Table 2. The increases in
accuracy, ΔaccSHRM and ΔaccDHM are reported for different numbers of executions of
R and N parameters. The homophily-based methods improves the accuracy from 20 %
to 118 % over RM (with an arithmetic overall mean improvement of 62 %), which does
not engage in homophily in context inference. In this case study, DHM performs
signiﬁcantly better than SHRM most of the time.
Therefore, there is a clear beneﬁt from exploiting the phenomenon of homophily.
The selection of the modeling parameters is rather relevant: homophily can be modeled
better when having insights of the system’s behavior. Future work includes further
understanding the relationship between modelling parameter and the homophily
methods we presented and the deﬁnition of additional useful homophily-related metrics
that can be effective for prediction tools.
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Abstract. This paper proposes an approach to representing the context
created by the use of deictic expressions in narrative discourse. It is
based on the integration of approaches to formalizing context as firstclass objects, the situation calculus for representing actions, text world
theory for providing a cognitive model of discourse functioning and the
classical linguistic understanding of the functioning of referential indices
in language. The result is a representation of the context created by
the indexical expressions in the narrative. This is the context needed to
interpret each utterance as well as the whole discourse.

1

Introduction

This paper proposes an approach to representing the context created by the
use of deictic expressions in narrative discourse. It is based on the integration of
approaches to formalizing context as ﬁrst-class objects [10], the situation calculus
[8,9,13] for representing actions, text world theory for providing a cognitive
model of discourse functioning [19,20] and the classical linguistic understanding
of the functioning of referential indices [5,15–18] in language, as well as the
literature on pragmatics [7]. The result is a representation of the context created
by the indexical expressions in a narrative. This is the context needed to interpret
each utterance as well as the whole discourse.
The work presented here considers only the target representation of the context created by the discourse. It does not address the issues of automating the
construction of the context, and reasoning with the representation. But the particular representation is chosen with the goal of making use of previous work on
reasoning with aspects of the representation.
Section 2 describes the representation language and how it combines tools
from the theory of context and the situation calculus from within work in artiﬁcial intelligence, and the idea of worlds and world creation from within text
world theory. Most importantly, new contexts are created within contexts. The
representation language is related to the linguistic analysis of deictic expressions
in Sect. 3. It is through the interpretation of deictics that the context is created.
An example of the use of the representation is given in Sect. 4. Finally, Sect. 5
summarizes the work and situates it within current and future work.
c Springer International Publishing Switzerland 2015
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The Representation

Following McCarthy and Buvac̆ [10], contexts are first class objects. They are
terms. To state that a proposition p is true in context c, we write IST(c, p)
meaning that p is true in the context c1 .
The capability to represent (and ultimately reason about) the characteristics
of contexts is crucial. Speaking situations will generally have a speaker, a hearer,
a time, a place and other features. For example, speaker(c) = p1 , time(c) =
“4 : 00P M ”, hearer(c) = p2 , place(c) = “N ewJersey”. We can allow multiple
values by using predicate notation such as hearers(c, p3 ), hearers(c, p4 ).
The situation calculus (following the presentation in [12]) is a ﬁrst-order language for representing dynamically changing worlds in which all of the changes
are the result of named actions performed by some agent. Here, we merge contexts and states. There is no diﬀerence.
If α is an action and s a situation or context, the result of performing α in s
is represented by do(α, s). The constant c0 is used to denote the initial situation
or context. Relations whose truth values vary from situation to situation, called
fluents, are represented by a predicate symbol taking a situation term as the
last argument. For example, IST(c, Broken (x)) means that object x is broken
in situation c. Functions whose denotations vary from situation to situation are
called functional fluents. They are denoted by a function symbol with an extra
argument taking a situation term, as in phone-number(bill, c). Use of the
situation calculus allows one to represent the eﬀect of the diﬀerent actions on
the relevant ﬂuents [8,9,13].
The special predicate ContextCreation(t, c1 , c2 ) captures the world
creation notion of text world theory [19,20]. So, context c2 is created within
context c1 . The t represents the type of creation. This can be “narrative” or
“cognitive” or “epistemic”, or “intentional, or “hypothetical”. Worlds in the
sense of text world theory are represented by contexts. There is no diﬀerence
between world, situation, and context.
The special predicate Refers(s, o) is used to indicate that the stretch of
speech s is used by some person p (the speaker) to refer to object o. This is
an initial approximation of reference having occurred and a more ﬁne grained
analysis is planned for the future given the complexity of the notion [1,15,17,18].

3

Deictic Expressions

Deictics are in the terminology of Jakobson [5], analyzed as shifters. These are
elements of the linguistic code (C), the general meaning of which cannot be
deﬁned without reference to the message (M), hence, C/M. The message is being
spoken by a particular person, at a particular time, at a particular place and in
1

The preliminary work presented here is somewhat agnostic as to the exact nature
of the operator IST. It may be thought of as a modality, but reasoning along with
the embedded contexts may be simpler by treating the arguments to the operator
as reified formulas. See [2, 4, 14] for a discussion of the options available here.
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the context of previous and following speech and actions. All of this is located
in the context (world/situation) of the representation developed here.
Jakobson distinguishes between the narrated event (symbolized as E n ), the
speech event E s , a participant of the narrated event P n , and a participant of the
speech event P n . In the representation developed here, E s is the context created
by the action of speaking, while E n is the context (text world) created by the
speech. It is in this context that the actions being talked about actually occur.
The participants of the speech event P s are people who exist in the context in
which speaking takes place, while the participants of the narrated event E n are
people who exist in the narrated context, created as a new context within the
context in which speech takes place.
Person deixis P n /P s relates the participants of the narrated event to those
of the speech event. The use of the ﬁrst-person (I in English) signals that the
participant in the narrated event is identical to the speaker of the speech event.
Therefore the ﬁrst argument to the action speak is identical to the person
denoted by I in the context related by the world creation predicate. The secondperson (you in English) signals the identity of a participant in the speech event
with the hearer in the speaking context.
Tense, symbolized as E n /E s relates the time of occurrence of the narrated
event to that of the speech event. The present tense may indicate that the
speaking occurs at the same time, while the future tense may indicate that the
narrated event occurs later than the speech event. The use of tense (along with
aspect) in English and in the languages of the world is much more complex
[3,7,20]. Handling the complexity is beyond the scope of this paper, but part of
the larger project.
Mood, symbolized as P n E n /P n “characterizes the relation between the narrated event and its participants with reference to the participants of the speech
event [5].” It reﬂects the speaker’s view of the action in the narrated event. This
is captured in the representation developed here by the diﬀerent ﬁrst arguments
to the predicate ContextCreation(t, c1 , c2 ).
There is also place deixis [3,6,7] that situates an entity in the event of narration spatially with respect to the event of speaking. Examples from English
are here, or there. Background knowledge is needed to calibrate the nature of
the space. For example, there can refer to the table in view or to some place
thousands of miles away. Through the interpretation of deictic expressions, the
context is constructed.

4

Example

Here is an example based on one used by Werth [20], which in turn was based
on a story reported in The Guardian on May 14, 1992.
I read in today’s Guardian, over there on the table, an interesting story.
A Naples man who kept cocaine in his mother’s tomb was arrested
yesterday by drug agents posing as cemetery workers, police said.

Towards a Formal Model of the Deictically

523

The known dealer was caught red-handed as he lifted the marble slab
and reached inside for two envelopes containing cocaine.
Let s1 represent the ﬁrst sentence from the above account, s2 the second sentence,
and s3 the third sentence.
The term c0 is used to denote the initial context. This is the context of what
Werth [19,20] calls the discourse world. The speaker says the above paragraph.
Assume that the speaker is p1 , then in the discourse world the result of the
speaking of the ﬁrst sentence is the context do(speak(p1 , s1 ), c0 ), the context
resulting from the second sentence is do(speak(p1 , s2 ), do(speak(p1 , s1 ), c0 )),
and do(speak(p1 , s3 ), do(speak(p1 , s2 ), do(speak(p1 , s1 ), c0 ))) is the result of
speaking the ﬁnal sentence.
A number of things are asserted within context c0 .
IST(c0 , Exists(obj1 ) ∧ Newspaper(obj1 ))
IST(c0 , Exists(obj2 ) ∧ Table(obj2 ))
IST(c0 , On(obj1 , obj2 )) IST(c0 , Exists(p1 ) ∧ Person(p1 ))
IST(c0 , Exists(p0 ) ∧ Person(p0 ))
speaker(c0 ) = p1 Hearer(c0 , p0 )
There is an initial reference to the newspaper and the table. So, we have
IST(do(speak(p1 , s1 ), c0 ),
Refers(s1 , obj1 ) ∧ Distal(p1 , obj1 )∧
Refers(s1 , obj2 ) ∧ Distal(obj2 )).
Here distal is used as a rough approximation of the eﬀect of the use of there
rather than here. The speaking of the sentence has created what Werth [19,20]
calls a text world where the reading action takes place. This is a new context.
So, we have
ContextCreation(“narrative”, do(speak(p1 , s1 ), c0 ), c1 )
indicating that there is a new context created in do(speak(p1 , s1 ), c0 ) through
the process of narration and that context is denoted by c1 . Additionally, because
past tense was used, we indicate that time(c1 ) < time(do(speak(p1 , s1 ), c0 )).
Since, the act of reading occurred within this text world, there is a new context
do(read(p1 , obj1 ), c1 ).
Within the text world describing the act of saying another text world is
established. This is the text world where the police announced the crime and
the arrest. We have
ContextCreation(“narrative”, do(read(p1 , obj1 ), c1 ), c2 )
indicating that there is a new context created in do(read(p1 , obj1 ), c1 ) and
that context is denoted by c2 . Additionally, because past tense was used, the
relation time(c2 ) < time(c1 ) is added. It is necessary to specify in c2 :
IST(c2 , Exists(p5 ) ∧ Police(p5 ))

524

R.B. Scherl

Since, the act of saying by the police, occurred within this text world, we have
the new context do(say(p5 , c3 ), c2 ). As indicated above, the saying describes
yet another text world. This is the text world where the criminal carried out his
activities and was then arrested. So, we have
ContextCreation(“narrative”, do(say(p3 , c3 ), c2 ), c3 )
indicating that there is a new context created in do(say(p3 , c3 ), c2 ) through
narration and that context is denoted by c3 . Additionally, because past tense
was used, time(c3 ) < time(c2 ) is added.
A number of things are asserted within context c3 .
IST(c3 , Exists(p3 ) ∧ Man(p3 ) ∧ DrugDealer(p3 ) ∧ FromNaples(p3 ))
IST(c3 , Exists(obj3 ) ∧ Tomb(obj3 ))
IST(c3 , Exists(p4 ) ∧ TombOf(obj3 , p4 ) ∧ MotherOf(p4 , p2 ))
IST(c3 , Exists(p6 ) ∧ DrugAgents(p6 ) ∧ PosingAsCemeteryWorkers(p6 ))
IST(c3 , Exists(obj6 ) ∧ CocainePackets(obj6 )) place(c3 ) = “N aples”

A number of actions take place in context c3 . Here, using an abbreviation for a
sequence of actions, we have
do([hidesIn(p3 , obj3 , obj5 ), lifts(p3 , obj3 ),
reachesInside(p3 , obj4 ), arrest(p6 , p3 )], c3 )
To complete this example, situation calculus axioms need to be added to represent the eﬀects of all of the actions.

5

Conclusion and Future Work

This paper has proposed an approach to representing the context created by
the use of deictic expressions in narrative discourse. The work discussed here is
just the beginning of a larger project. The representation of context needs to
be expanded to include a wider variety of discourses and world building constructs as discussed in the text world literature [19,20]. Methods for automatically parsing natural language texts and creating the contexts described here
remain to be developed. Certainly the construction of the contexts from natural
language texts will need to incorporate reasoning about the context that has
been constructed so far. As noted in Werth [20] background information about
the activities being described needs to be accessed. The representation needs to
be extended to include contexts that are jointly constructed by multiple speakers. This will involve analysis of conversational acts [11]. Additionally, automated
reasoning methods for inferring which propositions hold at each context are to
be developed from those available for the situation calculus.
Acknowledgments. The author thanks the anonymous referees for their helpful
suggestions.
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1

Introduction

This work addresses the phenomenon of aspectual verbs cross-linguistically and
the possibility for event-describing readings to arise from combinations with
object-denoting complements. Starting out with a short review of the combinatory capacity of distinct aspectual verbs, I focus on a cross-linguistic comparison
of aspectual verbs that describe culmination events (English: finish, Spanish:
acabar, German: abschliessen/beenden, Norwegian: avslutte) and analyze in how
far they can combine with object-denoting arguments.

2

Background

It is a commonplace that establishing the meaning of a phrase represents substantively more than just putting together the content of the terms involved in
the predication and that even the narrowest context can modulate meaning substantively. One of the examples where the narrow context leads to strong meaning
modulation and represents a challenge for the standard compositional system is
represented by aspectual verbs like begin or finish. These verbs are considered to
select an event predicate which is structurally realized as an inﬁnitive complement
or a gerund, or else as an event nominal, as illustrated in examples (1).
(1)

a.
b.

Johan began to sing/singing.
Johan began the speech.

The inﬂuence of the narrow context becomes evident when these kinds of verbs
combine with entity-denoting nouns. In the following example, our understanding is facilitated by a default interpretation of events associated with the objects
book or cigarette, rather than a straightforward composition of the verb with its
object.
(2)

a.
b.

Johan began a book. (= began reading a book)
Johan began a cigarette. (= began smoking a cigarette)

But the contextualization of these verbs can even be more complex, as pointed
out by [1, p. 228]. Thus, in order to derive the sense in context of begin the book
in the examples in (3), the external argument needs to be taken into account.
c Springer International Publishing Switzerland 2015
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While example (a) clearly suggests a writing event, (b) is rather interpreted
as a reading event and, ﬁnally, (c) deﬁnitely represents neither a writing nor a
reading event, but is more plausibly interpreted as an eating event.
(3)

a.
b.
c.

The writer began the book.
The student began the book.
The goat began the book.

As readers we use elements in the sentence and discourse to determine the most
appropriate interpretation of the NP into a diﬀerent sense by understanding an
entity in terms of an event it participates in. [3] termed this type of enriched
composition complement coercion and identiﬁed it with a process by which a
context-sensitive interpretation for a complement expression emerges from the
interaction of semantic properties in the sentence. In fact, the contextual inﬂuence on the event interpretation can actually proceed from a much larger chunk
of discourse than a single sentence. The following extract from [4] illustrates
how ‘ﬁnished the shirt’, given the previous context, can only be interpreted as
an event of ironing.
Mom looked down and began ironing the shirt. I watched, as I had
watched her iron many shirts. Always in the same order, collar, back
yoke, sleeves. Button placket, left front, back, right front, In and out
between the buttons, each movement neat and orderly. ‘Sometimes I
think about moving’, she admitted. ‘Your grandparents are getting up
there in age. I probably should live nearer to them. Except we’d probably
drive each other nuts.’ She finished the shirt.
Theoretically, this phenomenon has been explained as a type mismatch between
the selection restrictions of the predicate and its argument, and has been claimed
to require an enriched form of composition. More concretely, the theory of [1]
postulates more articulated types for entities like book (dot-types), which possesses two aspects: the physical aspect and the informational aspect. These types
undergo dot-exploitation during composition, which is an operation that captures the intuition that certain nominal expression are logically polysemous and
cannot straightforwardly be composed with certain verbs. Thus the formalism
in [1], on the one hand, adds material to the verb’s argument and, on the one
hand, it revises the typing context.
Furthermore, ﬁndings from self-paced readings [5] and eye tracking experiments both involving aspectual verbs [6] provide behavioral evidence for the psycholinguistic reality of an enriched form of composition, illustrating that entity
noun phrases take longer to process when they follow verbs that require event
arguments than when they follow verbs that do not.
More recently, however, [2] have challenged the theoretical assumption that
longer processing times and enriched composition need to be understood in terms
of coercion. Taking cases as (4) and (5) into account these authors propose an
analysis that broadens the selection restrictions of aspectual verbs to any kind of
structured object, independently of whether the structure is physical, temporal
or spacial, thus arguing against the need of coercing one entity to another.
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(4)

This is the famous perch that oﬃcially begins the Appalachian Trail.

(5)

A little porcelain pot ﬁnished the row.

In these cases the objects that the aspectual verbs combine with do not have
several aspects that can be referred to by distinct events and thus lay outside
the theoretical explanation power of coercion for there seems no need for shifting
an entity to another. [2] argue that the cost involved in processing aspectual
verbs with object-denoting complements does not stem from coercion but from
the need to identify the dimension along which the complement denotation is
aﬀected by the aspectual verb.

3

The Challenge Posed by Coercion

Whichever formal account is chosen to explain the composition of aspectual verbs
with entity-denoting arguments the literature leaves the impression that aspectual verbs just easily select for entity-denoting objects and that coercion into an
event or the selection of an appropriate dimension is just a pragmatic process
that applies in these cases. A closer look at data, however, reveals that this is not
the case. In fact, many questions arise concerning which speciﬁc compositional
patterns are possible and why certain reinterpretations are out. For one thing,
event readings are not available to aspectual verbs in composition with entities throughout. Thus verbs like finish, stop and end, which have clearly related
meanings, display a quite diﬀerent behavior with respect to event readings.
(6)

a. Elena ﬁnished the apple.
b. Elena stopped the apple.
c. ??Elena ended the apple.

Whereas both (6-a) and (6-b) are easily interpretable, (6-c) hardly has an interpretation. Moreover, finish and stop diﬀer in the readings they give access to.
Thus while (6-a) can be interpreted in terms of a creation or consumption event,
(6-b) cannot refer to neither a creation nor a consumption event, but rather
describes a some kind of dynamic event that involves the apple, such as the
rolling. The fact that aspectual verbs do not license the same event readings
becomes even clearer in the following examples, where the same entity-denoting
argument is not even possible for finish and stop alike:
(7)

a. Elena ﬁnished the kitchen.
b. #Elena stopped the kitchen.

While (7-a) is perfectly natural and means that Elena has ﬁnished doing something to the kitchen, let it be cleaning or painting, it is absolutely unclear what
(7-b) should mean at all.
Cross-linguistic data also provide evidence that it will not do to generalize
over aspectual verbs as having the capacity to combine with entity-denoting
arguments as long as they are coerced into events, as suggested by [1], or as
long as there is an aﬀected complex structure in the argument, as argued by [2].
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Aspectual verbs that describe culminations of events diﬀer across languages:
while English finish and Spanish acabar freely combine with object-denoting
complements and describe culmination of events, as examples (8) and (9) illustrate, in German and Norwegian the closest relative to these verbs, namely
abschlieβen, beenden 1 or avslutte, induce event interpretations to a very limited
extent, as illustrated in (10) through (12).
(8)

Elena ﬁnished the book/ the sandwich/ the shirt.

(9)

Elena acabó el libro/ el bocadillo/ la camiseta.
Elena ﬁnished the book/ the sandwich/ the shirt.
‘Elena ﬁnished the book/ the sandwich/ the shirt.’

(10)

a.

Elena hat das Buch abgeschlossen.
Elena has the book ﬁnished
‘Elena has ﬁnished the book.’
b. ??Elena hat das Brötchen abgeschlossen.
Elena has the sandwich ﬁnished
‘Elena has ﬁnished the sandwich.’
c. ??Elena hat das Hemd abgeschlossen.
Elena has the shirt ﬁnished
‘Elena has ﬁnished the shirt.’

(11)

a.

Elena has das Buch beendet.
Elena has the book ended
‘Elena has ended the book.’
b. ??Elena has das Brötchen beendet.
Elena has the sandwich ended
‘Elena has ended the sandwich.’
c. ??Elena hat das Hemd beendet.
Elena has the shirt ended
‘Elena has ended the shirt.’

(12)

a.

Elena har avslutta
boka.
Elena has up ﬁnished the book
‘Elena has ﬁnished the book.’
b. ??Elena har avslutta
brødskive.
Elena has up ﬁnished the
sandwitch
‘Elena has ﬁnished the sandwich.’
c. ??Elena har avslutta
skjorta.
Elena has up ﬁnished the
shirt
‘Elena has ﬁnished the shirt.’

What these examples illustrate is that while English finish can easily be composed with all kinds of entity-denoting arguments to describe culminations of
events, even though the exact interpretation has to be ﬁlled in by context, the
1

Though etymologically related the benden examples are not equivalent to English
end for end is mainly unaccusative and otherwise requires a modiﬁer, while German
beenden is throughout transitive.
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eﬀect of German abschlieβen or beenden or Norwegian avslutte with entitydenoting nouns is much less easily interpretable. In fact, German and Norwegian
are more prompted to express fully speciﬁc event structures rather than using
an aspectual verb in combination with an entity-denoting noun. This is mostly
done by means of a prepositional particle fertig attaching to a transitive verb
which together form a telic predicate with the nominal complement, as in (13).
Yet another option are preﬁxed verbs that refer explicitly to culminating events,
such as in example (14).
(13)

Elena hat das Brötchen fertiggegessen.
Elena has the sandwich ready eaten
‘Elena has eaten the sandwich.’

(14)

Elena hat das Brötchen aufgegessen.
Elena has the sandwich up eaten
‘Elena has eaten up the sandwich.’

4

Generalization

First, given that all culminations of events are clearly goal-oriented they are
clear accomplishment event types. Thus, if explicit reference to the event is left
out, describing the event with an aspectual verb in composition with an entity,
instead, the interpretable event still needs to be an accomplishment. This limits
the domain of possible readings so that clear achievements are not part of the
possible interpretations, such that (a) and (b) in the following examples are not
equivalent.
(15)

a.
b.

Johan ﬁnished the mountain.
Johan ﬁnished reaching the mountain top.

Second, for culmination events consisting of aspectual verbs in combination with
object-denoting nouns the object expresses an incremental theme to the event
referred to. Third, the analyzed data suggest that combining aspectual verbs
with object-denoting nouns is clearly not just a pragmatic possibility throughout
languages, but rather obeys more ﬁne-grained restriction on the arguments.

5

Summary

Traditionally aspectual verbs have been regarded as content-weak units whose
meaning skeleton was considered to comprises not more than the temporal,
aspectual components. These verbs have been described to refer to the ingressive
or the culminating phase of an event and therefore to select for event-denoting
arguments. The data observed so far show that cross-linguistically aspectual
verbs in composition with entity-denoting nouns diﬀer in the following way: culminations of events expressed with aspectual verbs in English or Spanish are
more underspeciﬁed than culmination events in German or Norwegian. English
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finish and Spanish acabar easily combine with all kinds of entity-denoting arguments and allow for interpretations of very distinct culminating events, although
the exact event needs to be established by context. The kinds of events can be
either some kinds of creation, such as building, consumption eating, or any other
activity, such as cleaning, that can be delimited by the extension of the theme
to form an accomplishment. The panorama looks very diﬀerent for German and
Norwegian: both languages require speciﬁcation of culmination events. The composition possibilities of abschliessen, beenden or avslutte with entities are much
more limited. These are mostly information-content entities. All other cases are
most naturally expressed with activity verbs and some verb particle, typically
fertig, which expresses the completion of an accomplishment. This means that
main-land Germanic languages express culminations without leaving so much
semantic content to the context. This raises the question whether in English
and Spanish the contextual variation observed with finish and acabar, as well as
other aspectual verbs, is rooted in an underspeciﬁed verb stem which acts like a
free variable and, when supplied with a value, forms a telic predicate with the
complement object as an incremental theme.
Acknowledgments. This research has been supported by the SynSem research program at the Faculty of Humanities of the University of Oslo.
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Abstract. Twitter is a widely used online social networking site where
users post short messages limited to 140 characters. The small length
of these messages is a challenge when it comes to classifying them into
categories. In this paper we propose a system that automatically classifies Twitter messages into a set of predefined categories. The system
takes into account not only the tweet text, but also external features such
as words from linked URLs, mentioned user profiles, and Wikipedia articles. The system is evaluated using various combinations of feature sets.
According to our results, the combination of feature sets that achieves
the highest accuracy of 90.8 % is when the original tweet terms are combined with user profile terms along with terms extracted from linked
URLs. Including terms from Wikipedia pages, found specifically for each
tweet, is shown to decrease accuracy for the original test set, however
accuracy was shown to increase using a fraction of the original test set
containing only tweets without URLs.

1

Introduction

Twitter is a widely used online micro-blogging service that allows users to post
and read short messages limited to 140 characters. Since its creation in March
2006, it has gained enormous popularity with more than 100 million users posting
340 million tweets per day in 2012 [1]. Current research on Twitter classiﬁcation
is focusing on areas such as: sentiment analysis [2–4], spam detection [5–7], event
identiﬁcation [8,9], and classiﬁcation of tweets into categories [10–12], each of
which can be useful in a wide variety of applications.
Classifying Twitter messages into topics, which is the focus of our work,
can be implemented as a Twitter application that allows a user to log in to
their account and view a categorized version of their timeline. Depending on the
number of people that the user follows, this can save a lot of time in looking for
news and posts about a particular category, such as Sports, by just opting to
view the Sports timeline.
This paper proposes a system for the automatic classiﬁcation of Twitter messages into a pre-deﬁned set of categories: Sports, Movies, Music, Fashion, Food,
Technology, and Politics. The small length of Twitter messages is a challenge
when it comes to classifying them into topics. The system is based on the idea of
using additional data sources such as URL pages, Wikipedia articles, and user
c Springer International Publishing Switzerland 2015
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proﬁles in the classiﬁcation process, in order to supplement the small amount of
information that can be extracted from each tweet, helping the classiﬁer make
a more “informed” decision. Our work diﬀers from similar research in that it
uses a unique combination of features in the classiﬁcation process. The notion
of expanding URLs and extracting additional features has already been proposed in another paper [12] and shows that it decreases accuracy, however our
results show that including URL features increases accuracy. The notion of using
Wikipedia pages has already been proposed in another paper [11], however no
terms were extracted from the articles or used in the classiﬁer, as is performed
in our work. The eﬀectiveness of using various combinations of tweet, URL, user
proﬁle, and Wikipedia terms in the classiﬁcation process for Twitter messages
is a new contribution in this ﬁeld.
The remaining of this paper is structured as follows: In Sect. 2 we present
an overview of our system. Experimental results are presented and analyzed in
Sect. 3. We conclude in Sect. 4.

2

System Overview

The ﬁrst step in our classiﬁcation system is to extract and label tweets to be used
in the training stage of the classiﬁcation process, which we discuss in Sect. 3.1.
Once classiﬁcation starts, the pre-labeled training tweets (the tweets used
to build the classiﬁer) are assembled as bags of features. The words “terms”,
“attributes”, and “features” will be used interchangeably throughout this paper
and refer to the features used in the classiﬁer. These groups of features are used
to build the classiﬁer, based on the Naive Bayes algorithm. Features are also
created for the tweets to be classiﬁed, and are compared against the category
proﬁles created by the classiﬁer. The classiﬁer then assigns probabilities that each
tweet belongs to each category, and the category with the highest probability is
assigned to the tweet. The evaluation process is repeated 3 times with a diﬀerent
training/test set each time. More details on this process are given in Sect. 3.
2.1

Feature Selection

Each tweet’s features can be thought of as a bag of words, extracted from various
data sources. For each tweet, the features from the following data sources are
used:
–
–
–
–

words
words
words
words

in the tweet
from posted URLs
from mentioned user proﬁles
from closest Wikipedia article.

If a tweet does not contain URLs and does not mention any users, but a Wikipedia
page is found for it, only tweet and Wikipedia terms will be used. All terms taken
are unigrams (single words), whereas duplicates and stop-words are removed. We
also use entropy [2] to exclude terms with poor discriminatory power when training the classiﬁer. The tokens are ordered by the result of: word size * occurrences,
and only the top x terms are kept.
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URL Terms. Terms extracted from the text in URLs mentioned in a tweet
are also added to the bag of attributes. In [12], it is argued that including these
terms degrades accuracy due to spam and unrelated links, however in this case
spam is not included in the dataset used in the experiments. Terms are extracted
from both title and content of the HTML page1 .
User Profile Terms. In cases where users are mentioned in a tweet (in the
form of @userA), text from each mentioned user’s proﬁle name and biography
are used to generate additional features. Once the usernames are extracted, the
C# library Tweetinvi2 , which is based on the Twitter API is used to query for
each user’s proﬁle name and biography strings.
Wikipedia Terms. Wikipedia terms are terms extracted from the closest
Wikipedia article related to the tweet. The idea is that since many tweets contain names of people, places, sports teams, companies, and other entities, these
entities can be looked up on Wikipedia in order to extract terms that will be
useful in the classiﬁcation.
The process of ﬁnding a closest Wikipedia page is shown in Fig. 1. First,
search terms are created based on the tweet content. Each search term is searched
for in a database of Wikipedia page titles3 and a score is calculated for each
matching page found using the term frequency−inverse document frequency
measure (tf-idf) [13]. Finally, the page with the highest score is selected as the
closest Wikipedia page for the tweet.

Fig. 1. The general process of finding the closest Wikipedia page for a tweet
1

2
3

The NReadability library is used to take only the article text from a specific HTML
file ignoring irrelevant text such as sidebar text containing other stories. https://
github.com/marek-stoj/NReadability [Online; accessed 6-June-2015].
https://tweetinvi.codeplex.com [Online; accessed 6-June-2015].
The database contains every Wikipedia page title from the English Wikipedia, originally taken from the April 2015 Wikipedia dump. https://dumps.wikimedia.org/
enwiki/20150304/ [Online; accessed 6-June-2015].
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Experimental Results

In our system we use a Naive Bayes classiﬁer which is a popular model for
document classiﬁcation due to its simplicity, robustness and its good performance
even on small datasets [13]. It is a probabilistic model which assigns the class
(a category in our case) that gives the maximum posterior probability given its
features.
In this section we present the results of our classiﬁer and compare its performance using various combinations of the proposed feature sets. We also conduct
a further experiment to show how Wikipedia terms aﬀect the classiﬁcation of
tweets that do not contain URLs.
3.1

Corpus Collection and Labelling

Tweets were fetched automatically from Twitter’s public timeline using Tweetinvi4 , a C# implementation of the Twitter API. For each category, a hashtag
including the category name (i.e. #sports, #movies, etc.) was added as a ﬁlter
to English tweets received, followed by a check if the author has more than 50
friends and the tweet is original (not a retweet). This is to ensure that tweets
saved are less likely to contain spam as well as to avoid duplicate tweets, to make
it easier for manual labelling. The process was repeated periodically for various
time spans over the course of three weeks in May 2015. The tweet counts in each
category are shown in Table 1.
Table 1. Initial dataset size for tweets retrieved periodically over the course of three
weeks in May 2015
Category #sports #movies #music #fashion #food #tech
Count

40,554

20,430

151,904 106,726

#politics

57,790 29,145 19,239

After the initial dataset was collected, 150 tweets from each category were
manually selected for experimentation purposes, for a total of 1050 tweets. As
a general rule, tweets containing news (such as sports news, politics news, etc.)
were preferred over subjective tweets, when applicable.
3.2

Results

In order to test how the diﬀerent feature groups aﬀect the classiﬁcation accuracy,
experiments were performed on three diﬀerent combinations of feature groups:
– Feature Group A (FGA): Using tweet terms only
– Feature Group B (FGB): Using tweet + user proﬁle + URL terms
– Feature Group C (FGC): Using tweet + user proﬁle + URL + Wikipedia
terms.
4

https://tweetinvi.codeplex.com [Online; accessed 6-June-2015].
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Fig. 2. Recall, precision, and F1 results for each Feature Group (FG) tested

In addition, since including Wikipedia terms showed to decrease accuracy, a
separate experiment was done on tweets not containing URLs using the following
feature groups:
– W1: Using tweet + user proﬁle terms
– W2: Using tweet + user proﬁle + Wikipedia terms.
The experiments were done based on 3-fold cross-validation [13]. Our classiﬁer is evaluated using the standard metrics of recall, precision, and F1 score [13].
These three metrics are derived for each class, and then the overall precision and
recall is calculated by macro-averaging, which takes the averages of the precision
and recall on the diﬀerent classes [14].
The results of recall, precision and F1 score for each Feature Group experiment are shown in Fig. 2.
As it can be seen from this ﬁgure, including URL and user proﬁle terms in
the feature set, increases accuracy from an F1 score of 88.9 % (using FGA, tweet
terms alone) to 90.8 % (FGB). This increase in accuracy can be credited to the
additional information available to the classiﬁer to make a decision. When we also
include Wikipedia terms (i.e. FGC), accuracy decreases with F1 score falling to
87.5 %. This can be attributed to the fact that the correct Wikipedia pages are not
always found (sometimes irrelevant pages are selected which leads to misleading
terms). The last two sets of bars in Fig. 2 show the impact of Wikipedia terms
on tweets without URLs (i.e. Feature Groups W1 and W2 as above). The general observation is that using Wikipedia terms for tweets not containing URLs
increases accuracy, with F1 score increasing from 84.7 % to 90 %.

4

Conclusion and Future Work

We presented a system to classify Twitter messages into a set of categories:
Sports, Movies, Music, Fashion, Food, Technology, and Politics. The Naive Bayes
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classiﬁer implemented used features from four diﬀerent sources: original tweet
text, URL text, user proﬁle text, and Wikipedia article text. The eﬀectiveness of
using various combinations of these feature sets was examined, with promising
results. As future direction, we plan to investigate how changing the values of
parameters used throughout the system aﬀect the classiﬁcation results. On a
similar note, the eﬀect of changing number of URL, user proﬁle, and Wikipedia
terms extracted on the classiﬁcation accuracy can be useful in further improving
accuracy.
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Abstract. Artiﬁcial agents that model aspects of human behavior often
model behaviors that an observer would regard as normal. In recent
years, agents that exhibit observable erroneous behaviors have become
common in a variety of applications, including simulated impaired agents
to test assistive technologies and realistic agents in video games. In
this paper, we present a context-driven approach to modeling plausible
human behavior and a framework for modeling erroneous behavior which
focuses on impairing an agent’s ability to recognize and deal eﬀectively
with anticipated contextual changes.
Keywords: Simulation · Cognitive impairment
behavior · Assistive technologies

1

·

Context-mediated

Introduction

Artiﬁcial agents that model aspects of human behavior can be found in a variety
of applications ranging from scientiﬁc and military simulation to commercially
available video games. In many cases, these agents are designed to model aspects
of normative human behavior [4]. In recent years however, agents that model
erroneous human behavior have become prevalent in both scientiﬁc simulation
and commercially available video games.
One important use for simulated humans is in developing and testing cognitive orthotics, also known as assistive technologies for cognition (ATCs), meant
to support patients with cognitive deﬁciencies (e.g., from dementia) [6]. Agents
that can simulate erroneous human behavior save time and money and avoid
the possible ethical issues with using actual patients. Tests of the Autominder
system [7], for example, were done using an agent that would forget to perform
activities on its daily agenda [8]. Similarly, Serna et al. [9] developed an agent
that would perform a task’s steps out of order, and in some cases, incorrectly.
It is also useful for non-player characters (NPCs) in some video games (e.g.,
ﬁrst-person shooters, FPS) to exhibit erroneous behaviors to give the human
player(s) a competitive advantage in order to avoid frustrating game play. For
example, an NPC may often stand in the open for a period of time, exposing
their position, before returning ﬁre [5].
c Springer International Publishing Switzerland 2015
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Most current simulations of erroneous behavior focus on forgetting or poor
task performance. However, errors can also occur when a task is remembered and
performed correctly, but out of context. For example, dementia patients often
exhibit contextually-inappropriate behaviors such as wandering from the house
in the middle of the night or leaving food unattended on the stove to engage in
another activity.
We are developing an approach to modeling erroneous behavior that is based
on errors in contextual reasoning. The approach starts with an agent that is
able to behave appropriately for its current context and that is able to understand how that context will evolve as a result of pursuing a goal, then taking
action to modify any problematic features of its context to be appropriate for
the accomplishment of the goal. Unlike our previous work on context-mediated
behavior (CMB) [11], which used knowledge of known contexts to decide how to
behave while in them, the current approach uses contextual knowledge to drive
behavior, including how to change the context to allow goal accomplishment. In
addition to being a promising reasoning approach in its own right, this provides
an elegant way to model compromised behavior by impairing the agent’s ability
to recognize and deal eﬀectively with anticipated contextual changes.
In the remainder of the paper, we brieﬂy discuss related work. We then discuss
the problem and our overall approach. Next, we look at the kinds of contextual
knowledge needed. We then turn to a discussion of how in our approach an
agent formulates a contextually-appropriate plan. Finally, we look at how such
an agent can be compromised to produce realistic, contextually-inappropriate
plans.

2

Related Work

All agents use some form of contextual knowledge, implicit or explicit. In rulebased agents, this is encoded in rule antecedents describing when a rule is
applicable. In planners, context is usually contained in preconditions or ﬁlter
conditions that are part of the operator schema description.
A problem with contextual knowledge being local to rules or operators, however, is that unless care is taken, it can cause an agent to exhibit the same
behavior regardless of the current context. For example, in the Fallout 3 video
game, a village populated with friendly townsfolk is attacked by mutants, whom
the player must repel. After the attack, surviving villagers still greet the player
in the same friendly way, even though they are surrounded by the corpses of their
neighbors [10]. While this could be remedied by adding additional constraints
to when particular greetings are appropriate, this would tend to cause an explosion of such qualiﬁers. Worse, from the perspective of our current problem, the
erroneous behavior does not necessarily reﬂect the kind that an impaired person
would exhibit.
Some researchers have proposed the use of smart objects and situations to
make an agent’s behavior more context-appropriate [10]. For example, a smart
object might, depending on the current context, inform an agent how to hold

540

C. Wilson and R.M. Turner

or gaze at it. These approaches do not, however, aid an agent in planning to
achieve a speciﬁc goal. (In fact, since the agent can’t know a priori what the
object will tell it, this may actually hinder an agent’s ability to plan.) For our
current focus, one could imagine altering objects’ actions to cause contextual
errors; however, this would move the focus from the agent being modeled to the
environment and could result in all agents present behaving inappropriately for
the context.
In earlier work, we argued for the beneﬁts of explicitly representing contexts
and contextual knowledge with respect to acquiring, learning, reasoning about,
and using such knowledge [11]. In our context-mediated behavior (CMB) approach, known contexts are represented as contextual schemas (c-schemas), which
both describe the contexts as well as prescribe how to behave while in them. This
can address some of the limitations of related approaches, and it provides a way
to inject errors into an agent’s behavior by impairing its ability to reason about
its context.
In the current project, we develop this idea to create a believable impaired
agent. However, we are not only interested in using contextual knowledge to
mediate aspects of an agent’s current behavior, but also aspects of its future
behavior. To this end, we treat an agent’s context as a dynamic object that
continuously evolves as an agent works to achieve its goals. Similar to other
approaches, we view an agent’s context as a collection of smaller contextual
objects that evolve at diﬀerent rates.
A related approach is taken by Brézillon and colleagues [3]. They propose
three types of contextual knowledge, namely contextualized, contextual and external knowledge, that can be applied to a problem-solving step. Contextualized
knowledge describes any knowledge that is used by an agent during a problemsolving step, whereas contextual knowledge is any knowledge that is not explicitly used during a step, but that constrains it. External knowledge is all other
knowledge that has nothing to do with the problem-solving step.
This approach allows an agent’s contextual knowledge to evolve during problem solving. For example, while pursuing a goal, a piece of contextualized knowledge might become either contextual or external knowledge. In our approach,
the use of c-schemas allows us to explicitly represent both contextualized and
contextual knowledge and also provides, in the current work, a way to reason
about future contexts in order to help create plans.

3

Overview of Our Approach

Similar to the approaches of Pollack [8] and Serna [9], we will model erroneous human behavior by implementing an artiﬁcial agent that exhibits plausible
aspects of normative human behavior as it works to achieve its goals, then compromise aspects of this agent’s cognitive function in order to induce the eﬀects
of a cognitive impairment.
Where our approach diﬀers from others is in how we view, and therefore
model, normative and erroneous behavior. In our approach, we regard normative
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agent behavior as exhibiting contextually-appropriate behavior while working
to achieve its goals. We will model this type of behavior with a context-aware
agent. Erroneous behavior will be achieved by compromising our agent’s ability
to perform basic contextual reasoning when formulating a plan for achieving a
goal.

4

Required Contextual Knowledge

Our model of normative reasoning assumes that an agent uses contextual knowledge to mediate its planning process to ensure that it commits to contextuallyappropriate goals. It is critical to represent context in the normative model so
that it also supports impairment to give rise to erroneous behavior.
We use the term context to mean any identiﬁable conﬁguration of environmental, goal-related, and agent-related features that has predictive power for an
agent’s behavior. Some features of an agent’s current context exist as a result
of the goal(s) currently being pursued. These features, which we refer to as the
current problem-solving context (PSC), are ephemeral and are usually removed
from the current context by the actions which achieved the goal (e.g., the grill
cheese sandwich being prepared is not yet cooked) or by “cleanup” actions that
either part of the plan or speciﬁed by the context representation (e.g., remove
pan from stove, turn oﬀ stove).
Others features, which we refer to as the agent’s persistent context, are longerlived and persist across successive context changes. For example, once a person
is dressed, being dressed will persist across successive context changes (driving
to work, being at work, etc.). In our approach, we consider the agent’s PSC and
PC as sub-contexts of the agent’s current context.
In addition to its current context, we assume that an agent has general knowledge about the context that results from pursuing a goal. For example, when
considering going out to eat, most people know they will be out in public, there
will be other patrons and wait staﬀ present, and they will be expected to be
appropriately dressed. This general contextual knowledge, which we refer to as
an implied context, inﬂuences how the person plans to achieve his or her goals
by ensuring that plans result in context-appropriate behaviors. In our approach,
implied contexts are used during the agent’s planning process.
Features of the agent’s persistent context can be used to impose constraints
on its future contexts, that is, on the future contexts it can be in. For example,
when preparing a hot meal, the agent should focus its attention on the food
in the pan to prevent it from burning or causing a kitchen ﬁre. As long as the
stove remains on and the pan remains on the stove, the agent should not enter
any context in which its position is not the same as the current context (i.e., in
the kitchen). Contextual constraints help the agent determine if committing to
a goal will cause contextually-inappropriate behavior. In the cooking example,
the agent knows that it should not commit to any goal (e.g., checking the mail)
that causes it to leave the kitchen. We use contextual constraints to help the
agent formulate contextually-appropriate plans.
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Modeling Normative and Erroneous Behavior

In our approach, an agent avoids contextually-inappropriate goals and actions by
using contextual knowledge to formulate what we will refer to as a contextually
appropriate plan (CAP). A CAP is any plan that ensures the context induced
as a result of pursuing the goal in consideration does not violate any contextual
constraints that may be imposed by persistent features of the agent’s current
context.
A CAP is constructed by ﬁrst considering the evolution of the agent’s current
context as a result of executing default procedural knowledge pertaining to a
goal. This process allows the agent to identify persistent contextual features
which are then merged into the implied context associated with the goal in
consideration. The resulting context is a representation of the agent’s future
context surrounding the pursuit of the goal. Features of this context are then
compared against any contextual constraints that may be imposed. This not only
prevents the agent from committing to a goal that violates these constraints, but
allows it to identify features of the current context that aﬀect the appropriateness
of the implied context. The latter information can be used to modify the plan
for achieving a goal in a way that remedies any problematic features.
Our method of impairment induces contextually-inappropriate behavior by
impairing the agent’s ability to recall contextual knowledge when formulating
a plan for achieving a goal. Some of the agent’s contextual knowledge at any
given time is in its working memory (i.e., the current context), while the rest is
in its long-term memory (i.e., its c-schemas). To this end, our model of cognitive
impairment borrows ideas from ACT theory [1] about how memories are stored
and recalled.
Each feature in the agent’s current context in working memory is assigned
a strength S which is represented using the ACT equation for “memory trace”
strength [2]. By increasing the decay rate of S for a contextual feature or by
preventing it being committed to memory we can cause an agent to formulate a
plan based on inaccurate contextual information, thus increasing the likelihood
of committing to a goal in a contextually-inappropriate manner.
We can compare c-schemas in long-term memory to chunks in ACT-R’s
declarative module [1]. Borrowing from ACT-R, a c-schema c is given an activation weight Ac , which is represented using the ACT equation for chunk activation. We can impair the ability of an agent to retrieve appropriate c-schemas
by manipulating the parameters of this equation to reduce Ac . Doing so will
result in incomplete or wrong contextual knowledge being returned from longterm memory, which increases the likelihood of committing to achieve a goal in
a contextually-inappropriate manner.

6

Conclusions and Future Work

Agents that simulate human behavior play an ever increasing role in a variety
of scientiﬁc and commercial applications. For some applications, modeling plausible impaired human behavior is as important as modeling normative human
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behavior. In this paper, we presented a context-mediated approach to modeling
plausible human behavior and a framework for impairing the cognitive function
of a context-aware agent in order to simulate plausible erroneous behavior.
Currently, our work is in the very early stages. At the time of this writing, we
have implemented and conducted basic preliminary tests of our context-aware
agent and we are in the process of implementing our impairment framework. In
the near future, we will analyze the plausibility of the resulting erroneous behavior. We will also examine how our approach can be used to model other types
of erroneous behaviors beyond those associated with a cognitive impairment like
dementia.

References
1. Anderson, J.R.: The Architecture of Cognition. Harvard University Press,
Cambridge, MA, USA (1983)
2. Anderson, J.R.: A spreading activation theory of memory. J. Verbal Learn. Verbal
Behav. 22(3), 261–295 (1983)
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Abstract. Wi-Fi ﬁngerprinting without site surveys is one interesting approach
for indoor localization. Current approaches in this ﬁeld either achieve high accu‐
racy with a large ﬁngerprint database, or yield lower accuracy when the database
size is small. In this paper, we propose a novel RSS (Received Signal Strength)range based approach for ﬁngerprint building, which optimizes the size of the
ﬁngerprint database while maintaining the accuracy at the same level. In this
approach, a ﬁngerprint is a low-dimensional vector of RSS-ranges, which are
extracted from a high-dimensional vector of Wi-Fi scans in the process of ﬁnger‐
print building. The proposed approach is used and evaluated in the autonomous
localization system, which we call WHERE. The evaluation results show the
system can optimize the size of the ﬁngerprint database while maintaining an
accuracy of room-level.

1

Introduction

For many context-aware applications, location information is one really important
context. For outdoor localization Global Navigation Satellite Systems (GNSS), such as
GPS (Global Positioning System), are widely used. Unfortunately, these systems do not
work or only quite badly in indoor environments. For indoor localization there are
various approaches, as Wi-Fi networks are already installed in many buildings, it would
be attractive if in addition to networking they could also be exploited for localization.
Therefore, considerable research has and is being done on Wi-Fi based localization
systems.
One promising Wi-Fi based technique for indoor localization is “ﬁngerprinting”.
The ﬁngerprinting technique consists of a learning phase and a positioning phase. In the
learning phase, the Wi-Fi scans from surrounding access points (APs) at each visited
location are sensed. Afterwards a database of ﬁngerprints of visited locations, which is
called a ﬁngerprint database, is built. In the positioning phase, the current Wi-Fi scan is
compared with the ﬁngerprints in the ﬁngerprint database, and the likeliest ﬁngerprint
is returned, which indicates the current location.
Wi-Fi fingerprinting-based systems with good accuracy need a large fingerprint
database and therefore quite some processing time to position a user, whereas systems
with a small fingerprint database reach only poor location accuracy. In order to opti‐
mize the size of the fingerprint database while keeping the room-level accuracy, this
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paper proposes a novel RSS-ranged based approach. In the approach, a fingerprint
is a low-dimensional vector of RSS-ranges, which are extracted from a high-dimen‐
sional vector of Wi-Fi scans in the process of fingerprint building. Thereby, the size
of a fingerprint, as well as the size of the fingerprint database is significantly
reduced. An RSS-range of a fingerprint is not a fixed pre-defined range. Rather, for
each AP, its RSS-range is discovered by a density-based clustering algorithm [1]
from a set of RSS samples available.
The RSS-range based approach is used in a localization system, which we call
WHERE. WHERE is an autonomous, Wi-Fi ﬁngerprinting-based localization system
without site surveys, which provides mechanisms of automatic location learning, posi‐
tioning and update of ﬁngerprints.

2

The RSS-Range Based Approach and the System WHERE

The reason for producing a large ﬁngerprint database is the RSS ﬂuctuations due to
small-scale fading [2] in the indoor environment. Small-scale fading [3] describes the
rapid signal amplitude variation of a signal over a short period in time or over a small
change in space. Small-scale fading results in numerous Wi-Fi scans which, after some
time, accumulate to a large ﬁngerprint database in these traditional Wi-Fi ﬁngerprinting
based approaches.
To address the challenges of the database size and the RSS ﬂuctuation, we propose
to use an RSS-range of an AP instead of a set of scalar RSS samples to build ﬁngerprints
in the learning phase. To discover an RSS-range of an AP, we propose to use a densitybased clustering algorithm introduced in [1]. The original idea of density-based clus‐
tering is to detect clusters with points which are closer together than points outside of
clusters. A cluster is a collection of points where the density of the clustered points is
high. In the proposed approach, an RSS samples sensed from an AP is regarded as a
point. Thus, a cluster is a set of RSS samples which are close together. The clustering
process has been introduced in the publication [4–7].
In order to discover clusters, the density-based clustering algorithm in [1] utilizes
concepts of neighborhood and neighborhood-density. Two parameters, a distance
threshold (Eps) and a density threshold (MinPts), are speciﬁed.
Deﬁnition 1 – neighborhood and neighborhood-density: a set of RSS samples in a
database D, whose Euclidean distance (e.g., the absolute RSS value of the diﬀerence of
is smaller than a speciﬁc distance threshold
two RSS samples) to an RSS sample (
, indicated by
. The number of RSS samples
Eps, is the neighborhood of
is the neighborhood –density, indicated by
.
inside the neighborhood of

Deﬁnition 2 – cluster: a cluster is a set of RSS samples (
) from an AP with
fulﬁlls the density criterion that
is equal to or higher than
MACk, and each
a density threshold (MinPts). j indicates the cluster

is the j-th cluster, because more
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than one cluster can be extracted. However, clusters do not overlap with one another.
The high-density criterion is fulﬁlled when the neighborhood-density of an RSS sample
(
) is equal to or higher than a density threshold (MinPts).

The cluster discovering process works as follows:
• For an RSS sample (
), if its neighborhood-density is equal to or larger than
MinPts, the point and his neighborhood create a cluster.
• If two clusters contain the same point, the two clusters are merged to one cluster
• For an RSS sample (
), which does not belong to any cluster, is regarded as noise.
After the high-density clusters are discovered, the next step is to extract an RSSrange for each cluster.
Deﬁnition 3 – RSS-range: an RSS-range

is an interval of RSS values between a

, extracted from a cluster
lower and upper bound
are RSS values of the lower and upper bound, respectively.

.

and

Deﬁnition 4 – ﬁngerprint: in our RSS-range based approach, a ﬁngerprint is a vector
of n MAC and RSS-range pairs, extracted from Wi-Fi scans sensed at a location l. n is
.
the number of extracted MACk: [RSSkl, RSSku] pairs in the ﬁngerprint

Figure 1 shows an example of a ﬁngerprint in the RSS-range based approach. As
observed, a ﬁngerprint is a low-dimensional vector of RSS-ranges. The low-dimensional
vector is extracted from a high-dimensional vector of Wi-Fi scans. Compared to these
conventional approaches storing a high-dimension vector of Wi-Fi scans, the RSS-range
based approach has an advantage of having a signiﬁcantly optimized size of the ﬁnger‐
print database.

Fig. 1. An example of a ﬁngerprint in the RSS-range based approach.

The proposed RSS-range based approach is used in an autonomous localization
system WHERE to build ﬁngerprints in the learning phase. WHERE is a Wi-Fi ﬁnger‐
printing-based localization system with the mechanisms of automatically triggering the
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learning, positioning and update of ﬁngerprints of signiﬁcant locations. A signiﬁcant
location is a location where a user stays for a minimum period of time of e.g., at least
10 min. In this paper, WHERE uses the embedded accelerometer of a smartphone to
detect signiﬁcant location by detecting a smartphone’s motion states (i.e., phone is in
motion or in rests) [8]. When the phone is at rest for at least 10 min, the current location
is regarded as a signiﬁcant location.
WHERE performs the following operations.
Collection: WHERE uses the embedded accelerometer of a smartphone to detect a
smartphone’s motion states (i.e., phone is in motion or in rests) [8]. Once the phone is
at rest, the system activates the Wi-Fi sensing function, to collect Wi-Fi scans. The
system deactivates the Wi-Fi sensing function when the phone is in motion or when the
collection time reaches 30 min.
Learning: If the phone is at rest for at least 10 min, the system regards the location as
a signiﬁcant location. The Wi-Fi scans at the signiﬁcant locations are automatically
learned to build ﬁngerprints by using the RSS-range based approach. The ﬁngerprints
are stored in a database.
Positioning: When a Wi-Fi scan with n APs is sensed, the system compares it with all
learned ﬁngerprints in the ﬁngerprint database, and calculates the likeliest ﬁngerprint.
If an RSS sample of an AP belongs to an RSS-range of a ﬁngerprint, it is considered as
a matching AP. The matching degree is the percentage of m matching APs among all
sensed n APs of the measurement: m/n. A likeliest ﬁngerprint is a ﬁngerprint, which
produces the highest matching degree, and for which the matching degree is higher than
a threshold (we set 50 % in this paper). The user is positioned at the location, where the
likeliest ﬁngerprint indicates.
Update: The system either returns a response (i.e., the likeliest ﬁngerprint) in the posi‐
tioning phase, or does not respond. If the response probability at a location is lower than
a threshold (e.g., 50 %), the ﬁngerprints at that location are invalid. WHERE detects
such situation and automatically updates the ﬁngerprints of the location. The Wi-Fi scans
sensed at that location are re-learned to generate new ﬁngerprints, and added to the
database. The system removes an invalid ﬁngerprint when it is not recognized over a
certain period (e.g., we set it to 3 months in our system).

3

Evaluation in a Real-Life Case Study

As an autonomous localization system, WHERE provides mechanisms of automatic
location learning, positioning and update of ﬁngerprints. To evaluate the system in the
real-life, we carried out a case study in a shopping mall to investigate the performances
of automatic learning, positioning, update of ﬁngerprints, as well as the size of the
ﬁngerprint database.
Figure 2 shows the layout of the shopping mall. It is a one-ﬂoor building, which
consists of 83 shops. A user carries a smartphone (a Nexus 5) in his pocket when he
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visits the shopping mall and walks around in some shops. The star-marked locations in
Fig. 2 are visited several times by the user, and he stays for at least ten minutes. The
visited shops and times of visit are manually recorded as ground truth for the evaluation
intention. The complete case study is carried out over six weeks. Most of shops were
visited at least three times.

Fig. 2. The layout of a shopping mall for a case study and the measurement locations.

Learning: WHERE learns ﬁngerprints of a location automatically when a user visits it
for the ﬁrst time and stays there at least 10 min.
The learning result shows that approximately 92.31 % of the locations can be learned
when a user visits them for the ﬁrst time. Of the 26 visited locations, 2 locations are not
learned on the ﬁrst visit. The two locations, which are not learned, are Location 11 and
Location 22 in Fig. 2. Location 11 is a water fountain basin, where the crowd around
and water of the fountain severely aﬀect the signal stability, and in Location 22 the
system only senses very weak signals because of its special magnetic security control.
Positioning: The system begins to position a user whenever he returns to a location,
where its ﬁngerprints have been learned. The system compares each Wi-Fi scan with
ﬁngerprints. The system either returns a response (i.e., the likeliest ﬁngerprint) after the
comparison, or does not respond. On average, in 73.98 % cases, WHERE provides a
response immediately at a learned location. And 83.84 % of these responses indicate the
correct locations by being compared with the ground truth.
Update: We summarize the update times for each location during six weeks in Table 1.
The result shows that more than 60 % of the locations need to be updated only once, to
keep the response rate higher than the threshold (we use 50 % in this paper). The ﬁnger‐
prints of these locations are robust to be used for positioning without frequent update.
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Table 1. The update times for each location during the six weeks of a case study.

Update times
Location

0

1

1, 3, 5, 9, 12, 15,
21, 23, 24

Number of locations

9 (34.62 %)

2

2, 4, 8, 13, 14,

7, 18

16, 22
7 (26.92 %)

3

4 or more

10, 17, 19,

6, 11, 25

20, 26
2 (7.69 %)

5 (19.23 %)

3 (11.54 %)

(Percentage)

Database Size: In the case study, 81 ﬁngerprints of 26 locations are learned. In total,
937 RSS-ranges are stored in the ﬁngerprint database. It means, for the positioning, each
(MAC, RSS value) pair in the current scan needs to be compared with up to 937 RSSranges. After six weeks, the size of the ﬁngerprint database is only 22.3 KB (22.863
Bytes).

4

Conclusion

In this paper, we propose an RSS-range based approach for ﬁngerprinting localization.
RSS-ranges, related to detectable APs sensed at a location, are extracted as components
of a ﬁngerprint. The proposed approach signiﬁcantly reduces the size of the ﬁngerprint
database, while maintaining a comparable accuracy in the simulated-based study. The
proposed approach is used in the autonomous localization system WHERE. WHERE
provides mechanisms of automatic learning, positioning and update, without expensive
site surveys. Over a six-week study in a shopping mall, approximately 92.31 % of the
locations were learned when a user visited them for the ﬁrst time, and the learned loca‐
tions were correctly positioned with a probability of 83.84 %. The ﬁngerprints also show
strong robustness in the study. Fingerprints of more than 60 % of the locations were
updated only once during the six-week time, showing very strong robustness. After the
six-week study, the size of the ﬁngerprint database was only 22.3 KB, which stores 81
ﬁngerprints of 26 locations.
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