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Natural Contextual Reasoning for End Users

GEORGIOS METAXAS, Ambianti B.V.
PANOS MARKOPOULOS, Eindhoven University of Technology

The realization and deployment of the Internet of Things require providing to non-programmers some
level of programmatic control for tailoring system behaviour to their context and needs. We introduce a
simple context-range semantics (CRS) and a context-range editor (CoRE) that support end users formulate
and understand logical expressions regarding context. The editor builds on two key ideas (a) contextual
information is used to evaluate and minimize logical expressions; (b) logical expressions are presented in
a disjunctive normal form (DNF) thus applying a principle established in mental model theory. User tests
reveal situations in which the theory regarding the intuitiveness of the DNF needs to be extended with a new
element: Logical terms are easier to comprehend and formulate when grouped according to their semantic
affinity. We report two experiments that demonstrate the intuitiveness of this approach and how it improves
performance of non-programmers in specifying context sensitive system behaviour.

CCS Concepts: � Human-centered computing → Natural language interfaces; Ubiquitous and
mobile computing
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models, natural programming
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1. INTRODUCTION

To a large extent, earlier technological visions of ubiquitous computing and ambient
intelligence have been realized as computing and internet connectivity are increasingly
embedded in the physical objects surrounding us [Schmidt 2010; Markopoulos 2016].
Current developments relating to the Internet of Things promise to scale up the pop-
ulation and density of such interactive devices forming flexible and multi-functional
ecosystems that exchange data through the internet. Consequently, end users will need
mechanisms for controlling these ecosystems, adjusting them, and personalizing them
or even mechanisms for creating totally new services based on those already available.
The sheer number of devices anticipated in such scenarios means that direct inter-
action with individual devices does not suffice. Rather, mechanisms for aggregation
and programmatic control are needed. End-user development emerges thus as a key
interaction mechanism for the Internet of Things.

A key element of the Internet of Things is sensing information about a user’s context,
modelling, and reasoning about it [Perera et al. 2014]. However, context sensitivity
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13:2 G. Metaxas and P. Markopoulos

resulting from dynamic assemblies of computationally enhanced objects can be
problematic for users who may not always be able to anticipate, understand, or ap-
preciate system function and may even feel their sense of autonomy and privacy to be
threatened. Bellotti and Edwards [2001] argued that users should be given mechanisms
that support them to understand, explore, and even define the mechanisms governing
context sensitivity. Accordingly, Internet of Things applications should be intelligible,
representing to users what a system knows, how it knows it, and what it is doing about
it, and should also be accountable, helping them anticipate its impact upon others.
Such general requirements are not trivial to address as there is a tradeoff between
the level of user control desired and the effort required to exercise this control [Abowd
and Mynatt 2000; Barkhuus and Dey 2003; Markopoulos 2005]. Such programmatic
control of system behaviour relies on comprehending and formulating expressions
about system behaviour, which is challenging, especially for non-programmers.1

In this article, we discuss solutions for this challenge that can potentially allow
users of Internet of Things services who are not expert programmers to comprehend
and formulate expressions specifying context sensitive behaviour of open and exten-
sible collections of distributed system services. We contribute (a) a simple XML-based
notation for representing context; (b) a novel constrained natural language editor that
allows non-programmers to edit logical expressions over context and compose related
services; (c) a theoretically founded approach for presenting logical expressions to non-
programmers, by applying mental model theory [Johnson-Laird 1983]; (d) an extension
of this approach that accounts for perceived implicit associativity relations between
terms; (e) an experimental validation of this approach.

2. RELATED WORK

Earlier efforts aimed at supporting end users to intentionally modify and control the
behaviour of systems that embed computing in their physical environment often put
the user in the role of an architect composing system behaviour from of available
system components and services. For example, the e-Gadgets editor [Mavrommati et al.
2004] supported a scalable approach that allows users to ‘open up the box’ at different
levels and adjust the behaviour of lower level entities as well as their higher level
combinations. Danado and Paternò [2014] support a jigsaw puzzle metaphor in order
to configure compositions of services controlling smart devices with web services and
smartphone functions.

Visual notations for composing system behaviours from elementary blocks are often
considered as more approachable to non-experienced programmers. A popular example
is Yahoo pipes that helps create mashups by connecting data feeds and components
that transform, enrich, and combine data [Yu et al. 2008]. In some cases, creative
communities of enthusiasts have emerged where users take on different roles in sup-
porting each other to create new services [Jones and Churchill 2009]. However, these
approaches still require some basic understanding of building components and the se-
mantics of connecting them that is not always available to end users. Investigations in
the area of web service composition have explored various solutions to this challenge:
Ghiani et al. [2016] implemented a copy-and-paste interaction for identifying and re-
using components of web pages in mashups, facilitating the specification of dataflows
between different services. Ardito et al. [2014] introduced a graphical interface for spec-
ifying bindings of attributes of a given service to familiar visualization mechanisms.

1Without delving into the debate regarding the definition of an end-user programmer, e.g., see Scaffidi et al.
[2005], we adopt the abbreviated and perhaps paradoxical term non-programmer to denote potential end-
users of a context sensitive system who cannot be assumed to have familiarity with programming or logic,
but are still expected to specify programmatically system behaviour.
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Natural Contextual Reasoning for End Users 13:3

Both solutions rely on the fact that users can inspect and interact directly with the vi-
sual components on the screen and the behaviour programmed concerns primarily the
presentation of data, which is not the general case in the domain of Internet of Things.

A recent review of context aware computing techniques for the Internet of Things
[Perera et al. 2014] identified six general approaches commonly used to adapt system
behaviour: machine learning, rules, fuzzy logic, ontology-based reasoning, and proba-
bilistic logic. They argue that rules are the simplest and most straightforward way of
reasoning about context and by far the most popular in the research field. However,
most rule-based solutions address professional software engineers rather than end
users. Below we discuss a few notable efforts towards programmatic control of context
aware systems for non-programmers.

Early efforts to provide programmatic controls of smart environments to non-
programmers lack a vocabulary sufficiently extensible and flexible to allow their ap-
plication outside a very specific domain, e.g., the home media space [Neustaedter and
Greenberg 2003] and AutoHan [Blackwell and Hague 2001]. A variety of interaction
mechanisms have been proposed, e.g., CAMP [Truong et al. 2004] provides a graphical
interface that allows users to place freely predefined ‘magnetic tags’ (keywords) related
to a smart home environment in order to create rules defining the behaviour of the sys-
tem. Humble et al. [2003] use a jigsaw puzzle metaphor to represent information flow
and reasoning enabling end users to compose applications.

Others supported programming by means of logical expressions specifying inferences
and system responses to different contextual ranges. For example, the iCAP system
[Dey et al. 2006] supports end users to design visually a variety of context-aware
applications, based on if-then rules, temporal and spatial relationships, and envi-
ronment personalization. A similar approach has been adopted in the commercially
available service ifttt.com (if-this-then-that) where end users can connect applications
on their smartphone by programming responses to different outputs of applications
and services.

The aCAPpella system [Dey et al. 2004] illustrated how programming by demonstra-
tion can enable end users to compose heterogeneous context recognition functions and
thus create recognizers relevant to them. Users could select from available streams of
data those that are relevant for sensing a particular activity or event; also, they could
indicate to the system that time intervals are associated with a particular activity of
interest. For simple behaviours that can be easily overridden ‘manually’ this approach
can potentially make the whole adaptation process transparent. However, where the
multiplicity of context sensing and more complex logical relations than action-reaction
pairing are needed, the link between system behaviour and context can be obscure and
the need arises for the user to inspect and control system learning, e.g., see Markopoulos
et al. [2004]. Thus, learning by demonstration does not circumvent the need for under-
standable representations for specifying context.

Intelligibility can be improved by providing explanations of system function. Lim
et al. [2009] evaluated five different types of explanations (i.e., What did the system
do? Why did the system do(or not) X? What would the system do if Y happens? How
can I get the system to do Z, given the current context?). They found that in all cases,
explanations generated by the system regarding its context sensitive behaviour
increased user’s comprehension and feelings of trust towards the system. Lim and
Dey [2009] argued that these different types of explanations are not always needed by
users, who mostly require ‘Why?’ questions to be answered. Two rare examples where
explanation functionality is supported are the Intelligent Office System by Cheverst
et al. [2005] and the DIARIST system by Metaxas et al. [2007]. In both these cases in
situ evaluations were carried out, but these were of limited scale and their focus was
more generally on the acceptability of a context-aware application as a whole, rather
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13:4 G. Metaxas and P. Markopoulos

than on evaluating the degree to which system intelligibility had been achieved. On
the other hand, Lim and Dey [2009] report a controlled experiment in a field context
where they could establish that users are interested to receive explanations and to
explore system function, emphasizing the need to do so efficiently. Vermeulen et al.
[2010] developed an interface to answer ‘Why?’ and ‘Why not?’ pertaining to actions
taken by a ubiquitous computing system; a preliminary evaluation suggested that
users found this mechanism useful but unwieldy when many events fire in a short
time span. Comparatively less attention has been invested on using natural language
to specify system behaviour; Aghaee and Pautasso [2014] combined controlled natural
language processing with model driven web engineering in NaturalMash, thus
enabling non-programmers to create interactive mashups from web pages.

With this backdrop, we set out to develop interactive mechanisms that will support
non-programmers to specify, comprehend, and modify context sensitive behaviour of
open and heterogeneous collections of services, which as argued above are key for us-
ing and developing the Internet of Things. We adopt the What You See Is What You
Meant (WYSIWYM) approach [Power et al. 1998] that allows end users to construct
queries by performing editing operations directly upon natural language representa-
tions of the underlying semantics. WYSIWYM has been applied with success in cases
where a well-defined ontology and vocabulary are available, e.g., in the legal domain
[Evans et al. 2008]. What is unique in the approach presented here is that we provide
a uniform way for an open set of heterogeneous services to contribute to a composi-
tional model of application development by exposing their underlying reasoning and
their possible outcomes. This semantic information is exposed using the WYSIWYM
approach, enabling non-programmers to control system behaviour. We introduce an ex-
ecutable context-range notation for using an XML-based scheme, and we introduce an
editor of logical expressions relating context ranges. In order to make the presentation
and manipulation of logical expressions intuitive, we build on and extend the findings
of Byrne and Johnson-Laird [1992] regarding the spontaneous usage of propositional
connectives and on the findings of Pane and Myers [2000] regarding the perceived
associativity of Boolean operators for novice programmers.

3. A SIMPLE CONTEXT-RANGE SEMANTICS

To accommodate the overwhelming population of heterogeneous services, the need
to manipulate rich vocabularies and in order to support compositionality, we have
developed a notation and a corresponding simple range mark-up language that allows
any context-aware service to define both its premises (i.e., the range under which it
performs some task) and to expose its effective outcomes on the context itself, i.e., the
range of its output. While existing languages allow the description of service inputs and
responses such as WADL [Hadley 2009] and WSDL [Christensen et al. 2009], we aim to
provide a uniform way of combining service outcomes into logical expressions and a sim-
ple semantics for reasoning about context. The evaluation of a context-range against
a specific context is supported by the proposed notation with prefixes that describe
the parts of the context that were matched by the range or that failed to match the
range. Here, we present briefly the semantics of the operators that services can use to
describe their premises and their effective outcomes.

The ‘all’ operator accepts any number of operands. When used by a service to define
its premises it denotes that all its operands should be matched in the test context. When
used to define the effective behaviour outcome of a service, the same operator denotes
that all its operands appear in the resulting context. For example, the evaluation of the
expression ‘all ({X, Y})’ versus the context ‘{X, Y, Z}’ yields ‘match (all ({match (X), match
(Y)}))’, meaning that the expression is validated because both of its operands X, and
Y are matched in the test context. In contrast, the evaluation of the same expression
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versus the context ‘{X, Z}’ would yield ‘fail (all ({match (X), fail (Y)}))’, denoting that
the expression is rejected because despite X was matched, it failed to match also Y in
the target context. Furthermore, the expression ‘all ({X, Y})’, appearing as a definition
of the effective outcome of a service, denotes that both of its operands X, and Y appear
in the service’s outcome.

When used to define premises, the ‘any’ operator denotes that any number of its
operands should be matched in the test context. When used to describe the outcome
of a service, it denotes that any number of its operands may appear in the resulting
context. For example, the evaluation of ‘any (all ({X, Y}), Z)’ versus the context ‘{X, Y, W}’
yields ‘match (any (match (all ({match (X), match (Y)}))))’, meaning that the expression
is validated because ‘all {X, Y}’ was matched in test context ‘{X, Y, W}’.

The ‘one’ operator is employed to denote that exactly one of its operands should
be matched in its test context; correspondingly, it may be used to describe that the
resulting context of a service contains exactly one of its operands. For example, the
evaluation of ‘one ({X, Y})’ versus context ‘{X, Y, Z}’ yields ‘fail (one ({match (X), match
(Y)}))’ meaning that the expression is rejected because both rather than exactly one of
its operands matched the target context.

The ‘opt’ operator accepts one operand and denotes that it may influence only posi-
tively the result of evaluation; That is, if its operand is not matched in the test context,
it will not reject the expression. When used to describe the outcome of a service it de-
notes that its operand may appear in the resulting context. For example, the evaluation
of ‘all ({X, opt (Y)})’ versus ‘{X, Y}’ yields ‘match (all ({match (X), match (Y)}))’ and the
same expression versus ‘{X, Z}’ also yields ‘match (all ({match (X)}))’ because the lack
of Y does not influence the result negatively.

The ‘ext’ operator denotes that the evaluation of its test context should be performed
by an externally defined evaluating function. This enables services to extend their rea-
soning capabilities beyond the limits of the other operands. For example, the expression
‘ext (earlier, {X, Y})’ could denote that the evaluation should pass to the external oper-
ator ‘earlier’ that as its name suggests is likely to be a temporal logic operator, while
‘ext (at-least, 2,{X,Y,Z})’ could denote, through the externally defined operator ‘at-least’,
that at least two of the operands X, Y and Z appear in the outcome.

All operators can be prefixed with a negation operator ‘neg’. When used to define a
context under which a service performs an operation, the negation operator denotes
that its operand should not be matched in the test context, rather than that its operand
should be falsified. For example, ‘neg(sensor-high-activity)’ denotes that the test context
should not contain the term ‘sensor-high-activity’. Note that this does not imply that
the sensor should report low activity. The latter could be stated using ‘affirmative
negation’ with the term ‘all (sensor-low-activity, neg(sensor-high-activity))’, or simply
as ‘sensor-low-activity’, given that the sensor exposes its contextual-range outcome as
‘one (sensor-high-activity, sensor-low-activity)’.

The aforementioned operators are context independent and are translated to an XML
schema that may be applied on any form of XML defined context. For example, consider
the following XML snippet:

<book>
<range:one>

<title>Odyssey</title>
<title>Iliad</title>

</range:one>
</book>

Here, the context of the ‘range: one’ is a ‘<book>’ that can be used to define a
service’s reasoning to denote that exactly one of the terms ‘<title>Odyssey</title>’
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13:6 G. Metaxas and P. Markopoulos

and ‘<title>Iliad</title>’ should be matched; the same snippet when used to define
a service’s possible output would denote that the service would return a ‘<book>’ tag
containing either ‘<title>Odyssey</title>’ or ‘<title>Iliad</title>’.

We consider the notion of ‘attribute’ as a binding of an aspect with some value; a
specific context is defined as a set of attributes. For example, below are the extracts
from two services returning their possible outcomes, one that senses whether the phone
is ringing and the second that senses whether the doorbell is ringing:

<range:opt>
<attribute>

<aspect>phone</aspect>
<value>ringing</value>

</attribute>
</range:opt>

<range:opt>
<attribute>

<aspect>doorbell</aspect>
<value>ringing</value>

</attribute>
</range:opt>

The definitions of the possible outputs of the above services could be transformed,
with respect to their range semantics in the composition of the underlying rationale
(premises) of a third service. In the following snippet, we see such a transformation
that could reflect the reasoning of a service that mutes the volume of the stereo system
when the phone or the doorbell is ringing:

<range:any>
<attribute>

<aspect>phone</aspect>
<value>ringing</value>

</attribute>
<attribute>

<aspect>doorbell</aspect>
<value>ringing</value>

</attribute>
</range:any>

The evaluation of the latter premise against a known context, such as the last known
outcome of the phone and doorbell services, could yield that the context-range premise
was matched, e.g., because the doorbell is ringing despite that there was no indication
whether the phone is ringing as well, as below:

<range:match>
<range:any>

<range:fail>
<attribute>

<aspect>phone</aspect>
<value>ringing</value>

</attribute>
</range:fail>
<range:match>

<attribute>
<aspect>doorbell</aspect>
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<value>ringing</value>
</attribute>

</range:match>
</range:any>

</range:match>

This last extract would be sufficient for describing the behaviour of the sound con-
troller service in the given situation. The sound controller could populate the context
with the following attribute that defines both the state of the sound-volume and the
system’s reasoning behind its decision:
<attribute>

<aspect>sound volume</aspect>
<value>muted</value>
<seams>

<range:match>
<range:any> · · ·</range:any>

</range:match>
</seams>

</attribute>

Overall the sound-controller service could by itself also describe its possible influ-
ence on the context using yet another context range. For example, the following snippet
declares that the sound controller returns both an attribute about sound-volume ex-
pressed by enumeration and a second attribute where the sound-volume is expressed
using an externally defined range operator type (decibel):
<range:all>

<attribute>
<aspect>sound volume</aspect>
<range:one>

<value>muted</value>
<value>low</value>
<value>normal</value>
<value>high</value>

</range:one>
</attribute>
<attribute>

<aspect>sound volume</aspect>
<value><range:ext type="decibel"/></value>

</attribute>
</range:all>

Note that the same notation has been used in all the steps above, despite that each
represents a different view of the system’s functionality. The notation is rich enough to
allow a wide range of heterogeneous services to express their semantics and behaviour
and to communicate their underlying mechanisms. This enables a compositional ap-
proach for developing Internet-of-Things applications. In the next section, we examine
interactive mechanisms for end users to control this process through a context-range
direct editing environment in natural language.

4. CONTEXTUAL-RANGE EDITOR

The composition of syntactically correct and semantically meaningful expressions can
be a challenging cognitive task, especially for non-programmers. In the terms of Abowd
et al. [1996], the user has to bridge a substantial articulatory gap to map her tasks to
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13:8 G. Metaxas and P. Markopoulos

Fig. 1. Architecture of Amelie and the context-range editor.

the input language of the system and an observation gap to map the system output to
her tasks. To reduce these gaps, rules describing system behaviour are described using
a constrained natural language as in NaturalMash [Aghaee and Pautasso 2014]. We
offer to end users a context-range editor (CoRE) that supports a small subset of natural
language limited in vocabulary and grammar. However, to reduce the articulatory gap,
we do not expect end users to enter text (as in NaturalMash), but rather we provide a
graphical interface where automatically constructed expressions can be manipulated
with point and click interactions upon operands and operators.

CoRE presents the user with an aggregation of all the context ranges of available
services corresponding to their possible outcomes. The collected semantic information
is used to regroup and simplify the contextual range from the involved services to in-
teractive text representations. This aggregate range is populated by interrogating all
services registered in a user’s service profile, a dynamic collection of services accessed
through the Internet (see Figure 1). The user can register services by entering their
URL or using a search function. This functionality is supported by the Amelie middle-
ware that was developed to support serendipitous interaction with an open collection
of services in an ambient intelligence environment, see Metaxas et al. [2009]. A service
profile-processor, itself an Amelie service, enables users to browse and search services
and manage their profile. To support scaling up which is necessary for the Internet of
Things, services can be registered and manipulated in bundles relating to a particular
purpose (e.g., services relating to the weather, to the office or work environment, the
location, availability for interaction with others). Amelie services are implemented as
SOAP services; for details of the middleware operation and the profile-processor see
Metaxas [2010].

The translation from context-range semantics specified in XML to an interactive text
representation specified in HTML is implemented using XSL (www.w3.org/Style/XSL).
Users are presented with a group of expressions representing the contextual range
of the effective output of the involved services. The presentation of these expressions
features configurable operators and operands that allow end users to modify the under-
lying context range in order to produce the desired result, by collapsing the undesired
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Fig. 2. Snapshot of the CoRE editor specifying the context range in which a user is assumed to be in a
great mood as a collection of tabs representing a disjunction of different contingencies (each represented as
a separate tab) and exceptions to these. Each contingency specifies a conjunction of different conditions that
should hold; the user has collapsed irrelevant terms (shown with the interactive operand +) and altered
term-specific parameters, e.g., the time range.

terms, changing the operands that connect them, and editing their specific parameters
in a unified view (Figure 2).2

If applied blindly, an automatic population and grouping of terms can result in
representations equivalent to an exhaustive truth table, which can be excessively
long and tedious to read. Much of this complexity would derive from including
contingencies known to be invalid due to mutually incompatible logic statements. To
avoid this, the user is presented with the model of context that is valid in a particular
contingency. The system evaluates logical expressions based on the current context,
thus automating the edit-compile-run cycle, to reduce the observation gap as above. A
comparable approach has been implemented successfully in the NaturalMash system
[Aghaee and Pautasso 2014].

To ensure that the aggregated service range is easier to comprehend, well-known
results from mental models theory [Johnson-Laird 1983] are applied to guide the
grouping and composition of terms. This theory holds that people conceptualize logical
statements in terms of models of what can be true in a particular context, as opposed
to also remembering how a statement is falsified that would be specified in a logician’s
truth table. Furthermore, it holds that people tend to think in terms of disjunctive

2For example, given the XML input
<attribute><aspect>weather</aspect>
<value>bad</value></attribute>
and the XSL snippet
The <xsl:value-of select = "attribute/aspect"/> is

<xsl:value-of select = "attribute/value"/>.
one would get as output the readable text:
"The weather is bad".

Interactivity in the textual presentation is also supported by XSL. E.g., if in the place of ‘is’ we use an
HTML anchor such as: <a href = ". . .">is</a> then we get an HTML rendition of the same statement,
however ‘is’ would now be a functional HTML link. Similarly, one could thus program that clicking ‘is’
changes it to ‘is not’, to support the end-user in specifying different logical expressions.
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normal form (DNF) when presented with a set of contingencies [Byrne and Johnson-
Laird 1992]. A DNF is a logical formula that is a disjunction of conjunctive clauses
(an OR of AND’s). Logical expressions of arbitrary forms can be normalized to a DNF
form. According to mental model theory, people find it easier to conceptualize logical
statements as a disjunction of conjunctions as opposed to other logically equivalent
forms. Thus, CoRE allows users to describe a range of contexts using one or more al-
ternative contingencies accompanied by any number of exceptions that may apply to
each of them.

CoRE has been designed and developed in an agile approach involving small itera-
tions and tests combining simple context sensing devices. It has been under an almost
continuous deployment for 2 years, with regular upgrades, during which next to the
first author, two non-programmers field-tested it for sustained intervals to specify
their availability for communication based on sensed contextual data collected from
their desktop devices and internet services. These tests had a formative role helping
solve usability issues and explore different natural language expressions of context.

User tests of the editor conducted during its iterative development suggested that
users often deviate from the general tendency to think in DNF when they encounter
terms with high affinity to each other. Affinity here refers to semantic affinity a per-
ceived similarity or closeness, because items refer to the same activity or goal. For
example, the items knife, fork, and plate can be perceived as closer to each other than
to car and they are closer to dinner than to car.

In such cases, and contrary to what mental model theory would predict, our iterative
design and testing led us to hypothesize that the higher the affinity of terms, the more
likely it is that the users will think in terms of a conjunctive normal form (CNF), a
conjunction of clauses that themselves can be a simple term or a disjunction of terms
(AND of OR’s). For example, it is more likely that one thinks and comprehends the CNF
phrase ‘I am eating and (I am holding a fork or I am holding a knife)’ rather than its
equivalent DNF ‘(I am eating and holding a fork), or (I am eating and holding a knife)’.
Furthermore, it is quite unlikely that a person would even consider a statement imply-
ing ‘(I am eating and holding a fork), or I am holding a knife’ as intuitive. Therefore, to
further facilitate non-programmers, several heuristics were developed iteratively that
are used by CoRE to regroup terms within each contingency based on their affinity to
each other.

4.1. Term-Regrouping Based on Affinity Heuristics

Below, we present the affinity regrouping heuristics and mechanisms that are applied
throughout the contextual ranges of the involved services.

4.1.1. Common Aspect Range. Let us consider, e.g., that the user has installed two
services; the first one detects whether the user is working and the second one detects
whether the user is listening to music. The first service’s range could be described as
‘opt (Attribute (activity, working))’ meaning that the service may optionally return an
attribute about activity with value working. The range of the second service could be
described as ‘opt (Attribute (activity, listening to music))’.

We would like the two ranges to be grouped together in logical expressions since
both refer to the same aspect (the user’s activity). The semantic information that the
services disclose lets the editor recognize this affinity and allows it to combine them
in a common range ‘any (Attribute activity, working), Attribute (activity, is listening to
music))’. Optional operators are considered by default to not be mutually exclusive;
hence, they can be combined using the any operator. The attentive reader may remark
that it would be safer to consider by default that the merged operators are mutually
exclusive; logical terms that in one’s conception are mutually exclusive (hence would
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not be related with conjunction) could be inclusive for someone else (hence potentially
also be related with conjunction). In some cases, the underlying service premises and
in others an underlying ontology would allow the editor to identify such mutually
exclusive cases for each particular user. However, the availability of such ontologies
cannot be assumed, so favouring expressiveness we take the safe approach to consider
the joined terms as mutually inclusive.

4.1.2. Common Value Range. In the same direction, we can think of a service called
service1 that detects whether a fridge is open and a second one called service2 that
detects whether a cupboard is open. The first service’s range could be described as
‘Attribute (fridge, one (open, closed))’ meaning that the service returns an attribute
about the fridge with value either open or closed. Similarly, the range of the second
service could be described as ‘Attribute (cupboard, one (open, closed))’. In this case, the
editor could use the value ranges of the two attributes as an alternative way to identify
similarities when combining the two services’ ranges. The editor is able to recognize
cases similar to the above and combine them in the same range group if it cannot apply
any other way of regrouping.

4.1.3. Preferred Group. Let us consider another example, where the user has installed
a service, service1, which detects the activity sensed through some ‘smart’ table, and
a second service, service2, which detects the number of chairs occupied in the dining
room. In this case, the editor could group the above services together, since they are
both relevant to the dining room. To enable this kind of regrouping, services include
in their ranges their ‘preferred’ group. In our example, the user could have indicated
during the installation of the two services that the involved objects are located in the
dining room. When queried, the services return not only their range of values, but also
their ‘preferred’ group.

4.1.4. Explicit Grouping. Obviously, there may arise cases where the above forms of re-
grouping are not desired. Service developers may have noticed that the affinity of terms
within a context range can be more precisely captured ‘by hand’ rather than by apply-
ing the heuristics discussed so far. For example, we can imagine a service that detects
various attributes from a specific context that the designer would rather keep grouped
together. For this purpose, the ‘group’ operator has been introduced, which is seman-
tically equivalent to the ‘all’ operator, with the difference that it cannot be merged,
broken apart, or altered; ‘group’ forces a ‘bulleted-list’ in the textual representation of
its contents. Actually, CoRE finalizes the regrouping by generating groups for all the
corresponding service ranges except those that are already fixed.

4.2. Translation to Natural Language Elements

The above heuristics are applied to automate the simplification and regrouping of the
contextual ranges within each contingency aiming for an intuitive editor that, while
maintaining formal expressiveness, does not compromise the users’ ability to use this
expressiveness and comprehend context-aware descriptions. In order to populate the
graphical interface for the manipulation of expressions, the editor transforms the ac-
quired output ranges from the services involved to a list of prefabricated expressions
that the user is able to edit in order to construct a desired expression. In this transfor-
mation process it is essential to construct the presentation of the expression following
the semantics of the context ranges, so that syntactic and logical integrity is ensured
throughout the interaction by allowing only ‘meaningful’ modifications. This is achieved
by taking in account the implications that a manipulation could have on a range.

Consider for example the contextual range ‘any (Attribute (activity, working), At-
tribute (activity, is listening to music))’. The above range can be transformed to ‘my
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Fig. 3. Clicking on the verb ‘is’ changes the affirmative ‘is listening to music or drinking coffee’ at the top to
the negative form ‘is neither listening to music nor drinking coffee’ in the bottom and vice versa.

activity is working or my activity is listening to music’ and adorned with interactive
elements that enable its manipulation (see Figure 3). In this case, the user is able to
change the ‘or’ operator to ‘and’ by pointing and clicking, and the other way around,
since the range semantics yield that the two attributes are not mutually exclusive (i.e.,
according to the semantics of the above range, one may be working and listening to
the music at the same time). Moreover, the editor allows the user to collapse or expand
operands in order to alter the semantics of the expression. So in the above example,
the user is able to collapse any of the two operands (my activity is working and my
activity is listening to music) and of course to change the operator either to ‘or’ or to
‘and’. Consequently, the expression and its underlying semantic may be modified with
a single click to any of the following alternatives (or it can be completely discarded):

—my activity is working or my activity is listening to music
—my activity is working and my activity is listening to music
—my activity is working
—my activity is listening to music

In the last two expressions collapsing the terms ‘working’ and ‘listening to music’
would yield the expression ‘any information about my activity is known’ that is equiv-
alent to the range ‘any(Attribute(activity))’.

In a different example, consider the range ‘Attribute (weather, one (good, fair, ter-
rible))’. This range is transformed by the editor to the textual-representation: ‘the
weather is good, fair, or terrible’. The operator ‘one’ as mentioned earlier denotes that
its operands are mutually exclusive; hence, in this case the user is not allowed to change
the ‘or’ operator to ‘and’ that would lead to an expression that cannot be matched (since
the mutual exclusive ‘one’ implies that the weather cannot be good and terrible simul-
taneously). In this case, the original expression can be modified, e.g., to ‘my weather is
good or terrible’ or to ‘my weather is fair’, but not to ‘my weather is good and terrible’.

Contrary to traditional programming, the programmer is offered an all-encompassing
representation of the context ranges of selected services that she can trim down by
collapsing terms and by selecting from available operators to combine terms that make
sense given the choices made so far during editing.

Special attention is paid to support users in handling negations in order to ensure
comprehension and expressiveness. Services report in their semantics whether the
absence of information implies an affirmative negation. (Note that logic programming
environments typically assume one of the two choices independent of context, e.g.,
having a ‘closed-world’ assumption for all logic programs written in that language).
For example, a service detecting home presence could declare that the absence of
detection signifies that the user is not at home or it could otherwise denote that the
system does not have sufficient information to judge presence at all. When services
support affirmative negation, they may explicitly provide the negative and affirmative
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Fig. 4. An exception tab declares exceptions from the typical behaviour that apply to one or more of the
alternative context ranges specified. Here, neither of the two alternatives will be considered to hold when a
photo sensor declares high activity.

forms of their range of values; in the example above, ‘away’ could be denoted as the
affirmative negation of ‘at home’, instead of ‘not at home’.

When the system groups terms from such services, the user is able to express negation
within the group by clicking on the preceding verb; in order to minimize ambiguity when
negation is applied over disjunction (i.e., not (X or Y)), the terms in their negative form
are preceded with the preposition ‘neither’ and connected with ‘nor’ (i.e., neither X nor
Y) (see Figure 3).

Alternatively, negations over contingencies can be declared as an exceptional context
range that may apply to any of the alternatives (see Figure 4); this preserves formal
expressiveness but also follows the dynamics of real-life usage. We can expect that users
would notice exceptional situations that they would like to exclude from the typical
system behaviour on the fly when they experience the context sensitive behaviour they
program, rather than in some idealized configuration time. It is rather straightforward
to apply them on the existing system behaviour as they are encountered during day-by-
day use. In this respect, every time a user adds an ‘alternative’ she effectively extends
the matching context for some specific system behaviour, whereas whenever she adds
an ‘exception’ the context is restricted.

Apart from the predefined range operators, services can extend and populate the
editor with customized range editing and checking. To do so, a service may use the
operator ‘ext’ that instructs the editor to embed an external range editor/evaluator.
During the transformation of the semantics to editable phrases, the editor embeds the
external range-type editor in the flow of the textual expressions produced, whereas
during evaluation the external range type is requested to either match or reject its
corresponding sub-context.

To demonstrate the use of the ‘ext’ operator in a familiar context consider a desktop-
activity-monitor service that extracts the state of the mouse of the user’s computer. In
the initial design, the service would return the range ‘Attribute (mouse, one (moving,
idle))’; i.e., when queried, the service would return an attribute about the user’s mouse
with the value either moving or idle. In order to allow system inferences about the user
activity, we need to extend the system to generate statements such as ‘my mouse is
idle for 2 minutes at least’. Therefore, we implemented an external range definition,
for the custom range-type ‘state-duration’ and altered the returned range semantics to
‘Attribute (mouse, one (ext (state-duration, moving), ext (state-duration, idle)))’. The new
semantics allow the user to create expressions such as ‘my mouse is moving for less
than 5 minutes, or idle’, or ‘my mouse is idle between 10 and 30 minutes’ (Figure 5).

4.3. Supporting Intelligibility and Accountability

Ensuring intelligibility and accountability implies the need to inform users about the
capabilities of the system and the model that a system constructs of user’s context and
intentions. It also requires providing feedback that allows users to tell what will be the
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Fig. 5. Natural language description of the system’s inference and behaviour.

consequences of a change in their context and to defer and control system behaviour
[Edwards and Grinter 2001; Lim et al. 2009]. The contextual range semantics and
the ability to transform them into both natural language and editable expressions
support the aforementioned design principles by answering the following four main
questions: (1) How does the system behave? (2) Why is something happening? (3) What
will happen in a different situation? (4) How can the system’s behaviour be modified?
We consider these below in turn.

4.3.1. How Does the System Behave? Edwards and Grinter [2001] point out that context
sensitive inferences will always be susceptible to unreliability, so users need expla-
nations of how such systems arrive at conclusions. The question of ‘how does the
system behave?’ becomes even more important when systems evolve, become extended
over time and the premises for different behaviours become complex. We have already
shown how using CRS services can define their outcome and the context in which
they perform a behaviour. We have also shown how such semantics can be uniformly
transformed to natural language with interactive elements. Here, this mechanism is
employed to allow the system to describe its underlying logic accurately.

Consider, e.g., familiar messaging applications, which announce to others that the
user is away when their mouse and keyboard are inactive for some interval. Typically,
the underlying logic is not disclosed to users, who may develop own and incorrect
assumptions about it. Using our notation and editor, the exact premises that guide this
behaviour can be described and translated precisely to natural language allowing the
user to understand, predict, and anticipate the behaviour of the system in accordance
to her interaction with the environment (see Figure 5).

4.3.2. Why is Something Happening? Ensuring intelligibility and accountability means
also that end users should be provided with explanations why something happens or
not. As applications evaluate their context, the result of this evaluation embeds the
decision path that yields the result itself. This requirement is supported by CoRE as
the evaluation of a range versus a context returns not only a logical result but actually
returns the semantics describing the matching or rejected context.

The premise defining the detection of the user’s status in the above example is
described by the range ‘all (Attribute (mouse, idle), Attribute (keyboard, idle)’. The
evaluation of the above expression versus a situation where the mouse is idle, while
the keyboard is in use (i.e., Attribute (mouse, idle), Attribute (keyboard, in use)) would
yield a failure and also return the semantics describing why the rejection occurred. In
the depicted example (Figure 6), the resulting semantics (i.e., fail (all (match (Attribute
(mouse, idle)), fail (Attribute (keyboard, idle))))) indicate that the premise is falsified
because the system failed to match the term ‘idle for 4 minutes at least’. In Figure 6, we
see how the user can inspect the reasoning of the ‘away’ service of the previous example.
The user can see that the system cannot infer whether she is away; by clicking on the
link ‘explain’ she can see exactly why the system highlights the terms of the expression
that falsify or otherwise verify its outcome in a specific context. Thus, end users are
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Fig. 6. Two successive snapshots of CoRE. (a) The system fails to detect the user as being away and offers
a link for an explanation; (b) The user has clicked the ‘explain’ link that reveals the premises for the failed
inference. Blue font is used for terms that were matched and red for those that did not.

Fig. 7. The user instructs the system to exclude a situation when she is in active conversation.

able not only to inspect the ‘variables’ (terms) within expressions, but also to get direct
feedback for those that result in the verification (or not) of the expressions’ evaluation.

4.3.3. How Can I Change the System’s Behaviour? Essential to user control and account-
ability is to let end users’ defer system’s behaviour. In our running example, the user
could identify situations where the inactivity of her input devices does not imply that
her status is away or where different premises should be used depending on her au-
dience. For example, she might desire to instruct the system to exclude very short
mouse activity or to exclude a situation when a program such as a movie-player or
a web-conference is running on her computer. In Figure 7, the user has modified the
behaviour of the system to better match her notion of being away by excluding the
situation when she is engaged in an active voice call. The approach taken to specify
alternatives and exceptions is designed to allow end users to expand and restrict the
context that triggers specific system outcomes on a progressive (e.g., day-by-day) basis
as users experience the system’s behaviour.

4.3.4. What Will Happen if I Do This? Using the range semantic information, we are able
not only to construct logical expressions concerning contextual ranges, but also define
specific information contexts resembling imaginary yet plausible situations. For this,
we apply the same heuristics as for constructing the context-range editing environment,
ensuring however that the interactive elements enforce contingencies (Figure 8) and
that a specific situation is defined instead of a context range.
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Fig. 8. Enabling users to test the system behaviour under a specific context by letting the user define an
imaginary situation.

Fig. 9. The premises of the service that declares the user as away are evaluated against the imagined
situation that the user has specified.

Returning to our running example, the user may query the outcome of the service
that detects her status. The system evaluates its premises against the imaginary situ-
ation populating this time the range editor with the colour-coded evaluation semantics
(Figure 9). This mechanism allows users to iteratively explore the impact of their in-
teraction with the context-sensing environment and support them in modifying system
behaviour. In the example above, a user could verify that a short movement of her
mouse could cause the system to stop declaring her as being ‘away’.

5. EVALUATION OF CORE

Following the iterative development of the editor a summative evaluation was carried
out which was aimed at evaluating how non-programmers perform in terms of errors
made and time needed to compose logical expressions.

5.1. Participants

In total, 13 students (seven female, six male) with ages 19–25 years, who were
non-native English speakers participated in the evaluation study. Participants were
screened to have none or superficial programming experience and no training in for-
mal logic. They received a small money compensation (6€) for participating in the
experiment, which lasted approximately 30 minutes.
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Fig. 10. The setup of the editor for one of the tasks (task1).

5.2. Procedure and Materials

Initially, each participant was shown a short video demonstration (approx. 3 minutes)
of the editor’s features, followed by a couple of example use cases. Then, they had
to complete three trial tasks. At the end of each trial task, and before proceeding to
the next one, they could review a possible solution that was shown on a side pane.
Then, participants would proceed to the main tasks. For each of the tasks, they were
prompted with a task specification in English (Figure 10), which they were then asked
to express as a logical expression using the editor. The completion time for each task
was recorded and then the participants would proceed to the next task. In the end of
the session, participants completed a short questionnaire with demographic data and
some open questions regarding their overall impressions of the editor. The terms and
the prompts that were used for the demonstration and the trial tasks were selected
to differ from the terms used in the real tasks to avoid priming or even confusing the
participants.

A small set of test tasks were designed that could help assess the heuristics discussed
in the previous section. The terms that the participants could manipulate in order to
complete the tasks were selected to cover a variety of affinity groups and terminal
symbols. The first group of terms consisted of date and time services (Figure 10). The
second group contained several activities (reading news, listening to music, and drink-
ing coffee) that notionally could have been produced by a diversity of heterogeneous
services, but still had been grouped together in the editor’s interface because they refer
to the same aspect (i.e., activity). The third group consisted of attributes that could
be perceived as mutually exclusive (e.g., home vs. office), all referring to locations (i.e.,
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home, office, downtown). The last group contained a service that would describe one’s
social context (alone, with friends, with family, with colleagues).

Below we consider in turn the selected tasks in terms of the expressions that the
users were expected to construct.

Task 1. ‘You are at home listening to music, or you are downtown with some friends’.
With this task, we examine the fundamental concept underlying the editor, namely the
structured editing of DNF expressions. We expected participants to respond by using
an alternative for defining the contingency ‘home and listening to music’ and a second
alternative for the contingency ‘downtown with friends’.

Task 2. ‘You are at home listening to music or reading the news’. Based on the
heuristic of grouping together terms with high affinity discussed earlier, we expected
that participants would consider that the above statement was a conjunction of the
phrase ‘at home’ with the phrase ‘listening to music or reading the news’ rather than a
disjunction of the phrases ‘at home listening to music’ and ‘reading the news’.

Task 3. ‘You are with some colleagues or friends but not at the office’. The participants
could successfully complete this task either by writing a single contingency that is
using a negation operator on the term ‘at the office’, or by writing an exception that
could be applied on the phrase ‘with some colleagues or friends’.

Task 4. ‘It is Sunday evening (but not dinner time) and you are home alone reading the
news and listening to the music’. This task is designed to assess how the editor supports
users in formulating complicated expressions that require negation. In contrast to the
previous task, task 4 can only be done by using an exception that excludes a subset of
ranges from a particular contingency.

Task 5. ‘It’s a Saturday afternoon, and you are drinking coffee with your friends
either at your place or downtown’. Task 5 was selected as a complement to tasks 1
and 2, allowing a wide space for possible solutions. However, in task 5, we used an
implicit disjunction between two mutually exclusive terms (you are at your place and
you are downtown) expecting that, because of this strong affinity and the editor’s ability
to group these terms apart, the participants would complete the task using a single
contingency in CNF rather than two contingencies in DNF.

Task 6. ‘You are reading the news but you are neither drinking coffee nor listening
to music’. This task was intentionally complicated by containing a negation on a dis-
junction of two out of three terms belonging to the same affinity group; the interface
allows only a unique solution for translating the above expression flawlessly, because
the involved terms are placed in a flat affinity group and chosen not to support lo-
cal negations (i.e., participants could not create within a single contingency-sheet the
paraphrase reading the news and neither drinking coffee nor listening to music).

5.3. Results

Overall participants had no difficulties in correctly completing tasks 1 to 5. Only 7 of
the 13 participants completed task 6 without errors. However, it is noted that task
6 had been designed to stretch their capabilities; that more than half of them could
solve this task using the editor is certainly positive and the difficulties encountered
by the rest are inherent in formulating meanings into logical expressions. On average,
male participants completed five tasks successfully, while females completed 5.14 tasks
successfully. In Table I, the summary of responses along with the response times per
task is shown; in Figure 11, the frequency of correct responses per participant is shown;
remarkably, 10 participants made at most one mistake, while only one participant
responded correctly in less than four of the six tasks.
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Table I. Summary of Tasks and Participants’ Responses

Task and response times Response variations F
re

qu
en

cy

C
or

re
ct

In
co

rr
ec

t

1. ‘You are at home listening to
music, or you are downtown
with some friends’
(M = 77.9 seconds; SD = 11.3)

(home and listening) or
(downtown and friends)

12
12

(92%)
1

(8%)(home and listening and alone)
or (downtown and friends)

1

2. ‘You are at home listening to
music or reading the news’
(M = 45.2 seconds; SD = 17.3)

home and (listening or reading) 12 13
(100%)(home and listening) or (home

and reading)
1

3. ‘You are with some colleagues
or friends but not at the office’
(M = 53.1 seconds; SD = 19.7)

(colleagues or friends) and not
(office)

8

11
(85%)

2
(15%)

(colleagues or friends) except
(office)

2

(colleagues and not office) or
(friends and not office)

1

(colleagues or friends) except
(. . .)

1

(colleagues or friends) and
(home or downtown)

1

4. ‘It is Sunday evening (but not
dinner time) and you are home
alone reading the news and
listening to the music’
(M = 131.4 seconds; SD = 14.7)

(Sunday and evening and home
and alone and reading and

listening) except (dinner time)

11

11
(85%)

2
(15%)Sunday and ‘evening’ and home

and alone and reading and
listening

2

5. ‘It’s a Saturday afternoon,
and you are drinking coffee with
your friends either at your place
or downtown’,
(M = 53.1 seconds; SD = 17.8)

Saturday and afternoon and
drinking and friends and (at
my place or downtown)

13

13
(100%)

6. ‘You are reading the news but
you are neither drinking coffee
nor listening to the music’
(M = 71.7 seconds; SD = 20.2)

reading except (drinking or
listening)

7

7
(54%)

6
(46%)

reading except (drinking and
listening)

1

Reading 2
not (reading or drinking or

listening)
3

Fig. 11. Frequency of correct responses.
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5.4. Discussion

The laboratory evaluation of CoRE shows that users are able to construct and manipu-
late realistic expressions to describe different contexts with only a minimal introduction
to the system. To the best of our knowledge, there is no prior report in the literature of
the performance of non-programmers in composing logical expressions of similar real-
ism. Early studies like those relating to the IOS system [Cheverst et al. 2005] involved
only expert computer scientists as users who had also been involved in its development.
Closest to our study is the evaluation of iCAP [Dey et al. 2006] that successfully demon-
strated that users can program logical rules to define the context-aware behaviour of a
system; however, that experiment involved simple expressions composing conjunctions
and hardly any negations or disjunctions. While the two experiments are not directly
comparable, (Dey et al. asked participants to map contexts to actions), we note that
the time it took their participants to formulate logical expressions was roughly twice
to three times as long than in the evaluation of CoRE. Furthermore, Jones et al. [1999]
used a purely graphical interface for Boolean query specification and report much
higher number of incorrect responses in expressions of similar complexity to the ones
used in our evaluation.

The structured editing supported by CoRE addresses to a large extent the issues
identified by Pane et al. [2001]: People interpret the meaning of ‘and’ either as a
logical conjunction or as a disjunction depending on the context. Therefore, within each
contingency sheet, we use the qualifier ‘all the following conditions apply’, while we use
the label ‘alternative’ to make clear that each sheet represents a contingency within a
disjunction. The range semantics and affinity further resolve this issue; for example,
when the semantics imply that there is an exclusive disjunction among terms, the user
cannot misinterpret and erroneously alter the disjunctive operator ‘or’ to ‘and’. Further
supporting our approach, we note that in the examples given by Pane and Myers [2000]
to identify this context-dependent interpretation of ‘and’ as a disjunction, the terms
used are typically mutually exclusive.

In the same work, Pane and Myers remark that the perceived precedence of ‘not’ dif-
fers when it is applied on disjunctions or conjunctions. People tend to perceive that ‘not’
has lower precedence than ‘or’, while it has higher precedence than ‘and’. Therefore, the
expression ‘not a or b’ is—erroneously from the perspective of Boolean logic—usually
understood as ‘not (a or b)’; on the other hand, it is difficult to interpret correctly the
expression ‘not (a and b)’ because the higher precedence of ‘not’ over ‘and’ may pose
a blind (regarding parentheses) interpretation as ‘not (a) and b’. As Pane and Myers
suggest, this latter ambiguity is bypassed in English by using instead the word ‘un-
less’ and placing it in the end of the phrase followed by the conjunction. In order to
overcome these challenges, CoRE allows users to express negation over conjunctions
using ‘exceptions’ as a direct mapping of the word ‘unless’. Similarly, negations over
disjunctions (i.e., not (a or b)) are displayed as ‘neither a nor b’, while at the same time
negations on single terms are pushed to the end of phrases; hence expressions such as
‘not(a) or b’ are displayed as ‘b or not a’ in order to avoid the perceived precedence of
‘or’ over ‘not’. Furthermore, the context-range notation promotes the use of ‘affirma-
tive’ negation (i.e., the usage of explicit terms referring to the negative form of a term)
eliminating the ambiguities that ‘not’ may cause.

The exception mechanism was tested in tasks 4 and 6. In task 4 only 2 out of 13
(15%) responses were incorrect; yet on task 6 the number of incorrect responses was the
highest among all tasks, namely 6 out of 13 (46%). This remarkable difference between
the two we believe can be attributed once again to the affinity of terms: Actually, in
task 6, participants were expected to formulate a negation on a disjunction of two
out of three terms belonging to the same affinity group. The high number of incorrect

ACM Transactions on Computer-Human Interaction, Vol. 24, No. 2, Article 13, Publication date: April 2017.



Natural Contextual Reasoning for End Users 13:21

responses suggests that it is quite difficult to ‘split’ mentally such a disjunctive group
in a set of affirmative and a set of negative terms. This observation may be interesting
to explore in further iterative refinement of the heuristics regarding affinity.

Overall, using the affinity of terms and the prior knowledge of contextual ranges in
order to regroup and generate expressions to match closely the cognitive capabilities of
users has not been reported elsewhere. The results presented are clearly encouraging
regarding the effectiveness of the CoRE editor and supportive of its underlying ratio-
nale. Judging from the small number of incorrect responses, we may conclude that the
insights for grouping the terms based on their affinity within each alternative contin-
gency were beneficial. The success of the semantic translation to natural language is
further amplified by taking into account that none of the participants was a native
English speaker.

However, these positive results need to be kept in perspective. It is noted that in real
life, end-user programming requires more than the ability of users to comprehend and
manipulate expressions about contexts or rules about context sensitive behaviour. It
requires also that users have the motivation to do so, seeing enough benefits in their
investment of effort to program the system. This reflects partly how users evaluate the
perceived cognitive costs and benefits of programming [Blackwell 2002] but also relies
on the existence of a supportive social, technical, or organizational context [Mehandjiev
et al. 2006]. We acknowledge that evaluating the success of end-user development
platforms in real life extends to broader considerations, pertaining to the value the
system can provide to users and their organizations, and the costs it brings about to
each [Tetteroo et al. 2015].

6. APPLYING AND EXTENDING MENTAL MODEL THEORY

In this section, we attempt to establish the role of context in writing and comprehending
logical statements. Let us consider two logical expressions:

1) John is walking in the forest and he is drinking a soft drink, or he is listening to the
music and watching around.

2) John is walking in the forest or he is drinking a soft drink, and he is listening to the
music or watching around.

The first is a logical expression in DNF, while the second is a logical expression in
CNF. What makes one think of the first as natural, while the second is almost impossi-
ble to comprehend? According to the Mental Models theory [Johnson-Laird 1983, 2006]
the human mind constructs reality, conceives alternatives to it, and searches out the
consequences of assumptions in terms of representations in short-term memory that
Johnson-Laird calls mental models. In this transformation process, a number of alter-
native mental models each representing a contingency is generated. Crucially for this
theory, mental models represent what can be true according to the premises, but not
what is false [Johnson-Laird 1995]. Compared say to a truth table or other computer-
based representations, this mechanism is parsimonious as reasoners do not expend
cognitive resources on what is false; it does though seem to give rise to a variety of
fallacies in deductive reasoning that cognitive scientists have studied extensively over
the years, see [Johnson-Laird 2006]. Ormerod [2000] argued that reasoners construct
the minimal set of models needed to infer a conclusion, while in a similar direction, it
has been observed that reasoners often draw conclusions based on a single model of
the premises [Sloutsky and Johnson-Laird 1999]. Such findings explain why reason-
ers while constructing multiple models are likely to fail to envisage a specific model.
Mental Models theory accounts for the general tendency of people to produce logical
expressions in DNF when presented with a set of contingencies such as a truth table
[Byrne and Johnson-Laird 1992]. In the example above, the DNF expression requires
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two models as opposed to the CNF expression that requires four. We have shown with
CoRE the design of editors addressing end users that can capitalize on this fundamen-
tal tendency, expecting that users will tend to think of a DNF-based structured editor
as an intuitive translation of their intended concepts.

On the other hand, the theory of Johnson-Laird is largely agnostic to the intended
meaning of the terms. However, phrases like ‘it is raining’, ‘it is windy’, and ‘it is Mon-
day’ are not all alike. We anticipate that people think differently about between con-
cepts that are similar versus those referring to different things. In the aforementioned
phrases, one would find the phrases ‘it is raining’ and ‘it is windy’ naturally more akin
to each other when compared to the phrase ‘it is Monday’ but not when compared to the
phrase ‘it is cloudy’. This notion we describe as ‘affinity’ of the terms related in the logi-
cal expression. Affinity is implicit knowledge that people bring into the task of describ-
ing logical expressions; it is not derived from the terms themselves but rather reflects
knowledge of a particular user or knowledge some users might assume to be shared.
This type of knowledge is typically not addressed in programming environments and
has not yet been addressed before in mental models theory. The notion of affinity is a
key in the design of the CoRE editor, and it is used to group terms with high affinity
within a contingency. Here, we report on an experiment that was intended to validate
experimentally the role that affinity plays in understanding logical expressions.

Our starting point is the general tendency people have for using DNF constructs to
form logical expressions as argued by the original theory of Johnson–Laird. Then, we
attempt to identify the impact of affinity of terms over this tendency and how affinity
may lead people to favour CNF. For example, instead of the previous—rather difficult
to comprehend—CNF expression (2) consider the following one with the same form,
but where the terms are slightly changed:

3) John is drinking coffee or tea, and he is listening to music or watching TV.

This CNF expression, typically, seems easy to comprehend, despite that the form of
the expression is identical to the previous (2). In this section, we argue that what makes
this last expression so different from (2) is exactly the affinity of its disjunctive terms
(i.e., drinking coffee/drinking tea, and listening to music/watching TV) that allows for
an easy translation to mental models.

Given three logical terms A, B, and C, one could use—in the context of some problem—
both the DNF expression ‘(A and B) or C’ or its CNF equivalent ‘(A or C) and (B or C)’.
Similarly, in the context of another problem, one could use the CNF expression ‘(A or
B) and C’ or its DNF equivalent ‘(A and C) or (B and C)’.

In the CoRE editor, DNF is supported using alternative contingencies that appear
in separated tab-sheets. On the other hand, similar terms within alternatives are put
together in disjunctive groups based on their affinity, hence allowing CNF expressions
such as ‘(A or B) and C’ to be edited within a contingency. This ability is expected
to be beneficial not only because the user can avoid the—rather lengthy—equivalent
DNF ‘(A and C) or (B and C)’, but more importantly because we expect that there are
situations where the user may be ‘blind’ regarding the latter, meaning that they will
not be able to conceptualize it.

The remainder of this section reports an experiment that consisted in two parts.
Part 1, aimed to evaluate whether logical expressions are perceived as more natural
when grouping based on affinity. Part 2, aimed to evaluate whether using contextual
information can help users in formulating expressions. Though part of the same exper-
iment, we present the two parts separately for clarity.

6.1. Evaluating the Impact of Term Affinity on Naturalness of Expressions

Our aim was to investigate the importance of affinity in the selection between alterna-
tive syntactical forms. In terms of logic-formalization, DNF and CNF are of equivalent
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expressiveness and can both be used to represent any Boolean expression. More specifi-
cally, we set out to identify whether the affinity of terms can make participants perceive
the CNF formulation ‘A and (B or C)’ as more natural than its semantically equivalent
DNF ‘(A and B) or (A and C)’ and vice versa when any of the above equivalent forms
are the solutions to a given problem. Similarly, we aim to assess whether the affinity
of terms makes one think of the DNF ‘A or (B and C)’ as more natural rather than its
semantic equivalent CNF ‘(A or B) and (A or C)’ and vice versa. We anticipated that
when asking participants to select the more natural of two expressions, the first in
DNF and the second in its CNF equivalent, the affinity of terms would play a central
role in their selection.

Consider for example the following set of phrases.

A. Joe is holding a pen
B. Joe is holding a pencil
C. Joe is listening to music

In the above set, a strong affinity between the two statements (Joe is holding a pen,
Joe is holding a pencil) is imposed in relation to the third statement (Joe is listening
to music). One can combine the aforementioned phrases in a CNF statement ‘(A or B)
and C’, i.e.,

E1cnf: (Joe is holding a pen or a pencil) and he is listening to music
Based on the distributivity of conjunction over disjunction, its DNF equivalent ‘(A

and C) or (B and C)’ could also be used, i.e.,
E1dnf: (Joe is holding a pen and he is listening to music) or (Joe is holding a pencil

and he is listening to music)
In a different context, one can also combine the aforementioned phrases in a CNF

statement ‘(A or C) and B’, i.e.,
E2cnf: (Joe is holding a pen or he is listening to music) and he is holding a pencil
Based on the distributivity of conjunction over disjunction, its DNF equivalent ‘(A

and C) or (B and C)’ could also be used, i.e.,
E2dnf: (Joe is holding a pen and he is holding a pencil) or (Joe is holding a pencil

and he is listening to music)
We expected that this exact affinity would make participants perceive as more nat-

ural the statement E1cnf (a statement that can be directly edited within a single con-
tingency of the CoRE editor) compared to E2cnf (a statement that cannot be directly
edited in a contingency of CoRE). Assuming then that the affinity does not influence
how natural the CNF and DNF equivalents are perceived, our null hypothesis is that
the proportion of CNF statements in the first case (i.e., E1cnf vs. E1dnf ) should not
differ to the proportion of CNF statements in the second case (i.e., E2cnf vs. E2dnf ).

Consider next, the following set of phrases:

A. Joe is lying on the sofa
B. Joe is sitting on the chair
C. Joe is listening to music

In this set, the imposed mutual exclusion among the terms ‘Joe is lying on the sofa’
and ‘Joe is sitting on the chair’ implies such a strong affinity among them compared to
the third (i.e., Joe is listening to music) that our expectation is that the CNF paraphrase
‘(Joe is lying on the sofa or sitting on the chair) and (he is listening to music)’ should
be considered as more natural compared to its equivalent DNF ‘(Joe is lying on the
sofa and he is listening to music)’ or ‘(Joe is sitting on the chair and he is listening to
music)’.

Contrary to the above, when considering phrases of similar affinity, it could be ex-
pected on the basis of mental models theory that the DNF expression ‘(A and C) or (B
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Table II. Affinity Modes and Example Phrases

Affinity Term A Term B Term C
AB Joe is holding a pen Joe is holding a pencil Joe is listening to music
ABc Joe is holding a pen Joe is holding a pencil Joe is holding a sheet of paper
Ab Joe is holding a pen Joe is holding a sheet of paper Joe is listening to music
mxAB Joe is lying on the sofa Joe is sitting on the chair Joe is listening to music
ABC Joe is holding a red pen Joe is holding a green pen Joe is holding a blue pen
Abc Joe is drinking coffee Joe is listening to music Joe is reading the news

and C)’ would still be perceived as natural despite being longer than its CNF equivalent
‘(A or B) and C’.

A. Joe is holding a red pen
B. Joe is holding a green pen
C. Joe is holding a blue pen

Furthermore, and in accordance to the Mental Models theory, we expected that,
independently of the terms’ affinity, ‘short’ DNF expressions of the form ‘(A and B) or
C’ should be perceived as more natural compared to their equivalent, but lengthier,
CNF expressions of the form ‘(A or C) and (B or C)’.

In total, six different affinity modes were examined; they are summarized in Table II
together with a shorthand notation to represent each case. Note also the special short-
hand introduced for mutually exclusive terms: In modes AB, ABc, and ab the affinity
of the terms A and B is considered higher compared to the third. In mode mxAB, the
terms A and B are implicitly mutually exclusive forming a rather strong affinity com-
pared to the third. In mode ABC, the three terms are considered to be equally similar
to each other. The same holds for mode abc, based however on the fact that there is no
apparent affinity among any two of the terms compared to the third. The shorthand
ABx or abx denotes that the third term is unrelated to the other two, which makes
the CNF hard to comprehend (while it is well formed from a logic point of view): For
example, compare the DNF form ‘He is holding a pen and a pencil, or he is listening to
music’ versus the logically equivalent (CNF) ‘He is holding a pen or he is listening to
music, and he is holding a pencil or he is listening to music’.

6.1.1. Experiment Design. A within-subjects design was followed where each participant
was presented with the same set of semantically equivalent pairs of sentences each
combining three terms. The participants were asked to choose for each pair the more
natural one. Assuming that the affinity of terms does not play a role in the selection of
CNF over DNF, one could expect that given that the terms A and B are of a high affinity
(compared to the third term C) the proportions of CNF and DNF selections should be
the same regardless of whether the term C appears as conjunctive or disjunctive. The
order of the terms B and C was swapped where applicable, resulting in two additional
pairs for the affinity modes AB, ab, and ABc. In total, 17 pairs of expressions were
generated (Tables III and IV) to evaluate the effect of affinity on what is considered
more natural by the participants. To control for fatigue and learning effects, the order
in which pairs were presented was randomized.

6.1.2. Participants. Total 38 students participated in the experiment (aged 19–
24 years), with none or very elementary programming experience and training in
formal logic. They were paid 6 Euros for their participation, which lasted approxi-
mately 30 minutes. To avoid framing effects, we did not screen participants; instead
participants were asked after the experimental session about their background and
education; as a result, two participants were omitted from the analysis post-hoc.
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Table III. List of CNF (Compact Syntax) and DNF (Expanded Syntax) Equivalents in the Case
of Conjunction over Disjunction

Conjunction over disjunction
Affinity Order of CNF compact DNF expanded
mode terms (A or B) and C (A and C) or (B and C)

AB

ABx
He is holding a pen or a pencil,
and he is listening to music.

He is holding a pen and he is listening
to music, or he is holding a pencil and
he is listening to music.

AxB
He is holding a pencil or he is
listening to music, and he is
holding a pen.

He is holding a pencil and a pen, or he
is listening to music and he is holding
a pen.

ABc

ABc
He is holding a pen or a pencil,
and he is holding a sheet of
paper.

He is holding a pen and a sheet of
paper, or he is holding a pencil and a
sheet of paper.

AcB
He is holding a pen or a sheet
of paper, and he is listening to
music.

He is holding a pen and he is listening
to music, or he is holding a sheet of
paper and he is listening to music.

ab

abx
He is holding a pencil or a
sheet of paper, and he is
holding a pen.

He is holding a pencil and a pen, or he
is holding a sheet of paper and a pen.

axb
He is holding a pen or he is
listening to music, and he is
holding a sheet of paper.

He is holding a pen and a sheet of
paper, or he is listening to music and
he is holding a sheet of paper.

mxAB mxAB
He is lying on a sofa or he is
sitting on a chair, and he is
listening to music.

He is lying on a sofa and he is
listening to music, or he is sitting on a
chair and he is listening to music.

ABC ABC
He is holding a red pen or a
blue pen, and he is holding a
green pen.

He is holding a red pen and a green
pen, or he is holding a blue pen and a
green pen.

abc abc
He is drinking coffee or he is
listening to music, and he is
reading a newspaper.

He is drinking coffee and he is reading
a newspaper, or he is listening to
music and he is reading a newspaper.

Note: Greyed cells account for the expressions that we were expecting to be perceived as less natural.

6.1.3. Procedure and Materials. The experiment took place at a laboratory partitioned in
sound-isolated individual booths for each participant, allowing experimental sessions
with more than one participant simultaneously. Each booth was equipped with a desk-
top computer connected that was used to collect the data and administer the overall
process. Participants carried out the procedures for part 1 first and then procedures
for part 2.

For part 1, participants were presented successively with each of the 17 pairs of
expressions in a random order. For each pair, participants were asked read aloud the
two statements and to select from each pair the statement that according to their
intuition seemed more natural (Figure 12). To prevent satisficing and rushing through
items, participants were only allowed to advance to the next pair after a minimum set
time (60 seconds) had elapsed.

6.1.4. Results. In Tables V and VI, the participants’ responses are presented for each
test case. Table V summarizes the responses of participants for the nine pairs where
the CNF construct was in compact form (i.e., conjunction over disjunction: (x or y) and
z), whereas Table VI summarizes the responses of participants for the eight pairs where
the DNF construct was in compact form (i.e., disjunction over conjunction: (x and y) or z).
Below we discuss in turn the results for the case of Conjunction over Disjunction and
for Disjunction over Conjunction.
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Table IV. List of DNF (Compact Syntax) and CNF (Expanded Syntax) Equivalents in the Case
of Disjunction over Conjunction

Disjunction over conjunction
Affinity Order of DNF compact CNF expanded
mode terms (A and B) or C (A or C) and (B or C)

AB

ABx
He is holding a pen and a pencil, or he
is listening to music.

He is holding a pen or he is listening
to music, and he is holding a pencil or
he is listening to music.

AxB
He is holding a pencil and he is
listening to music, or he is holding a
pen.

He is holding a pencil or a pen, and he
is listening to music or he is holding a
pen.

ABc
ABc

He is holding a pen and a pencil, or he
is holding a sheet of paper.

He is holding a pen or a sheet of
paper, and he is holding a pencil or a
sheet of paper.

AcB
He is holding a pen and a sheet of
paper, or he is holding a pencil

He is holding a pen or a pencil, and he
is holding a sheet of paper or a pencil.

ab
abx

He is holding a pen and a pencil, or he
is listening to music.

He is holding a pen or he is listening
to music, and he is holding a pencil or
he is listening to music.

axb
He is holding a pencil and he is
listening to music, or he is holding a
pen.

He is holding a pencil or a pen, and he
is listening to music or he is holding a
pen.

mxAB mxAB
∗Excluded because the mutual exclusiveness of A and B yields invalid the
conjunction of A and B.

ABC ABC
He is holding a blue pen and a red
pen, or he is holding a green pen.

He is holding a blue pen or a green
pen, and he is holding a red pen or a
green pen.

Abc abc
He is drinking coffee and he is
listening to music, or he is reading a
newspaper.

He is drinking coffee or he is reading a
newspaper, and he is listening to
music or he is reading a newspaper.

Fig. 12. A screenshot of a prompt to the participant during the second experiment.

Table V. Subject Responses for Conjunction over Disjunction
in Each Affinity Mode

Conjunction over disjunction—CNF compact, DNF expanded
Affinity Mode DNF constructs CNF constructs

ABx 2 33
AxB 18 18
ABc 10 26
AcB 20 14
abx 3 32
axb 17 18

mxAB 7 28
ABC 20 14
abc 21 15
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Table VI. Subject Responses for Disjunction over Conjunction
in Each Affinity Mode

Disjunction over conjunction—DNF compact, CNF expanded
Affinity Mode DNF constructs CNF constructs

ABx 31 5
AxB 34 2
ABc 32 4
AcB 27 9
abx 32 4
axb 28 7
ABC 33 3
abc 32 4

6.1.5. Disjunction over Conjunction. Consider three logical terms A, B, and X, where A
and B are two terms with high affinity compared to X. We may combine these terms
using disjunction over conjunction in order to form the compact expression ‘(A and B)
or X’. This DNF expression can also be written in its CNF equivalent ‘(A or X) and (B
or X)’ using the distributivity property of disjunction over conjunction. By altering the
order of the three terms, we may also produce the DNF expression ‘(A and X) or B’ and
similarly its CNF equivalent ‘(A and B) or (X and B)’.

In contrast with the case of conjunction over disjunction, we find that in the above
cases the affinity itself does not play any role in the preference of CNF over DNF. In
compliance with the general prediction of mental models theory, the preference of DNF
prevails consistently, irrespective of the permutation and degree of affinity. This should
come as no surprise; not only are the DNF constructs in this case shorter than their
CNF equivalents (hence occupying less working memory), but also their conjunctive
terms are in most cases of high affinity, making them quite easy to translate into
mental models.

The exact binomial sign test indicates that the subjects consider the compact DNF
significantly more natural than its equivalent expanded CNF in the case of disjunction
over conjunction, when two of the terms have high affinity irrespective of the order of
terms in the prompted expression, 31 of 36 subjects finding the DNF more natural in
the first case (ABx), a < 0.05, and 33 of 36 subjects finding the DNF more natural in
the second (AxB), a < 0.05.

The same results hold also in lower degrees of affinity ABc and ab. When the affinity
mode is ABc (cases ABc and AcB), the exact binomial sign test indicates that the sub-
jects consider the DNF significantly more natural than its equivalent CNF in the case
of disjunction over conjunction when two of the terms have a clear affinity irrespective
of the order of terms in the prompted expression, 32 of 36 subjects finding the DNF
more natural in the first case (ABc), a < 0.05, and 27 of 36 subjects finding the DNF
more natural in the second (AcB), a < 0.05.

When the affinity mode is ab (casesabxand axb), the exact binomial sign test indicates
that the subjects consider the DNF significantly more natural than its equivalent CNF
in the case of disjunction over conjunction when two of the terms have high affinity,
irrespective of the order of terms in the prompted expression, 32 of 36 subjects finding
more natural the DNF in the first case (abx), a < 0.05, and 28 of 35 subjects finding
more natural the DNF in the second (axb), a < 0.05.

Unsurprisingly, this is also the case when the three terms are of the same affinity
when compared to each other: Considering three logical terms A, B, and C that have the
same degree of affinity compared to each other, we may compare the DNF expression
‘(A and B) or C’ with its CNF equivalent ‘(A or C) and (B or C)’. The exact binomial
sign test in the case of high affinity among all terms (ABC) indicates that the subjects
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consider the DNF significantly more natural than its equivalent CNF, with 33 of 36
subjects finding the DNF more natural in the case ABC, a < 0.05. The same holds
also when the three terms have no apparent affinity (affinity mode abc), with 32 of 36
subjects finding the DNF more natural (a < 0.05).

6.1.6. Conjunction over Disjunction. Consider three logical terms A, B, and X where A,
and B are two terms with high affinity compared to X. We may combine these terms
using conjunction over disjunction in order to form the expression ‘(A or B) and X’.
This compact CNF expression can also be written in its DNF equivalent ‘(A and X) or
(B and X)’ applying the distributivity of conjunction over disjunction. By altering the
order of the three terms, we may also produce the CNF expression ‘(A or X) and B’ and
similarly its DNF equivalent ‘(A and B) or (X and B)’.

If the affinity of terms does not play a role in what form (CNF vs. DNF) is perceived
as more natural, then we should expect that the proportion of frequencies of preference
of CNF over DNF would be the same irrespective of the permutation of the terms B and
X. The z-test for proportions of frequencies rejects the above hypothesis and indicates
that participants consider significantly more natural the CNF than its equivalent DNF
in the first permutation (i.e., (A or B) and X versus (A and X) or (B and X)) compared to
the second (i.e., (A or X) and B versus (A and B) or (X and B)), (z = 3.884, a < 0.05). A
logical explanation of this phenomenon is that during the process of transforming the
presented expression to mental models, an implicit mechanism allows this translation
to occur more naturally when the two disjoint terms have high affinity (i.e., A, and B)
as opposed to when not (i.e., A, and X).

Indeed, the same holds also in the other similar degrees of affinity that we have
tested: More specifically, when the affinity mode is ABc, the z-test for proportions of
frequencies indicates that the subjects consider the CNF significantly more natural
than its equivalent DNF in the first permutation (i.e., ABc) compared to the second
(i.e., AcB), (z = 2.381, a < 0.05), and similarly when the affinity mode is ab the z-test
for proportions of frequencies indicates that the subjects consider the CNF significantly
more natural than its equivalent DNF in the first permutation (i.e., abx) compared to
the second (i.e., axb), (z = 3.439, a < 0.05).

In the special affinity mode, where A and B are perceived as mutually exclusive
(mxAB), the outcome is even stronger. The exact binomial sign test indicates that the
subjects consider the CNF significantly more natural than its equivalent DNF when
the involved terms are perceived as mutually exclusive, 28 of 35 subjects finding the
CNF more natural compared to its equivalent DNF, a < 0.05. Based on the same insight
as in the previous cases, the mutual exclusiveness of the terms A and B in this case
apparently makes the disjunction of A and B strong enough to allow a direct mapping
of the CNF form ‘(A or B) and X’ to a mental model.

Based on the same insight, we would expect that when there is no clear affinity
between two of the three terms compared to the third (ABC, and abc affinity modes),
the mechanism that makes CNF perceived as natural should fade away. Consider three
logical terms A, B, and C that have the same degree of affinity compared to each other.
In this case, we may compare the CNF expression ‘(A or B) and C’ with its DNF
equivalent ‘(A and C) or (B and C)’ (e.g., He is holding a red pen or a blue pen, and he
is holding a green pen versus He is holding a red pen and a green pen, or he is holding
a blue pen and a green pen). While the majority of subjects (20 of 34) indeed consider
the DNF more natural than its equivalent CNF, the exact binomial sign test does not
allow us to consider the difference (a > 0.05) significant. The same also holds when
the three terms have no apparent affinity (affinity mode abc), 21 of 36 subjects find the
DNF more natural than the CNF, yet the exact binomial sign test does not allow us to
consider significant the difference (a > 0.05).
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The results suggest that as the affinity between disjunctive terms becomes more
apparent compared to the third, participants tend to regard the CNF statements more
natural. On the other hand, when the participants cannot identify a clear affinity
between two terms compared to the third (mode abc), as well as when the three terms
are perceived by the participants as belonging to the same affinity group (mode ABC),
they tend to consider the DNF statement more natural than its CNF.

6.2. Using Context to Assist Users in Formulating Logical Statements

The first part of the experiment shows how grouping terms based on their affinity, as
in the CoRE editor, can help reduce the observation gap by facilitating the mapping
of interactive elements to their mental representations. Part 2 examines whether the
articulatory gap can be reduced also, i.e., the ability of users to map their mental
models to interactive elements.

Consider for example affinity mode AB; while the structured editing approach of
CoRE allows users to directly formulate expression ‘(A or B) and X’, it does not do the
same with the expression ‘(A or X) and B’; the latter has to be manipulated by the
user into its DNF equivalent ‘(A and B) or (X and B)’. Similarly, when three terms of
the same affinity (i.e., affinity modes ABC, and abc) are grouped, the interface does
not permit the expression ‘(A or B) and C’. Again the user needs to first effect the
transformation to DNF equivalent ‘(A and C) or (B and C)’.

Participants were presented with a set of three phrases (terms), in random order,
and were instructed to combine them using the connectives ‘and’, and ‘or’ in order to
construct a sensible sentence. Our goal was to elicit spontaneous logical constructs
that we could classify either as DNF (DNF) or as CNF. According to mental models
theory, we were expecting that participants would tend to combine the phrases using
DNF. However, like with the previous study, we were expecting that by manipulating
the affinity among the presented terms, we would elicit more CNF paraphrases
when two of the terms were of high affinity compared to the third. Of our interest here
was to assess to which extent a structured editing approach that facilitates regrouping
of terms based on affinity would encounter situations that cannot be directly mapped
on such an interactive structure.

6.2.1. Experiment Design. For part 2 of the experiment, a within subject design was
chosen; all participants were exposed to all six affinity modes and were instructed to
combine their respective terms into sensible sentences using both of the connectives
‘and’ and ‘or’. To counter for fatigue and learning effects, the order of presentation of
each affinity mode was randomized.

6.2.2. Procedure. For this second part of the experiment, participants were presented
(with each of the six affinity modes Figure 13) in random order and were instructed to
generate a sensible sentence using the provided terms and the connectives ‘and’, and
‘or’. Before proceeding to the next set, participants were requested to confirm that they
used all the terms, both of the connectives, and confirm that a comma was used when
necessary, to identify the parts that compose their sentence.

6.2.3. Results. After eliciting spontaneous logical constructs from the users two in-
dependent observers classified them as either DNF-compact, DNF-expanded, CNF-
compact, CNF-expanded and also in terms of the ability of directly mapping them on a
user interface that a priori groups the involved terms based on their affinity. Table VII
summarizes the number of elicited constructs per affinity mode.

Quite unsurprisingly none of the elicited constructs were of the Expanded-CNF. The
only cases of unsupported constructs were encountered when participants were asked
to elicit sentences using terms of equal affinity; 9 out of 31 of the elicited constructs in
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Fig. 13. Prompting a participant to type in a paraphrase using three terms and the connectives ‘or’ and
‘and’.

Table VII. Number of Constructs per Affinity mode and Syntactical form Generated by Participants

DNF constructs CNF constructs

Affinity
Mode

Compact
(x and y) or z

Expanded
(x and y) or

(z and y)
Compact (x or

y) and z

Expanded
(x or y) and

(z or y) Supported Unsupported Total
AB 9(0) 3(0) 21(0) 0(0) 33 0 33
ABc 11(0) 5(0) 18(0) 0(0) 34 0 34
Ab 16(0) 2(0) 16(0) 0(0) 34 0 34

mxAB 11(0) 6(0) 17(0) 0(0) 34 0 34
ABC 14(0) 8(0) 9(9) 0(0) 22 9 31
Abc 18(0) 7(0) 8(8) 0(0) 25 8 33

Note: In brackets the number of constructs that could not be mapped on CoRE.

the ABC affinity mode, and 8 out of 33 of the elicited constructs in the abc affinity mode
were of this unsupported kind (e.g. Joe is holding a red pen, and a green or red pen,
He is drinking coffee or he is listening to music, and he is reading a newspaper). Yet, as
the exact binomial test suggests, in each one of the affinity modes the number of un-
supported spontaneous constructs is significantly lower than the number of supported
constructs (a<0.05).

6.2.4. Discussion. Overall participants preferred to use the DNF and considered it
more natural compared to its CNF equivalent. This tendency is rather apparent when
the proposed DNF constructs are shorter than their CNF equivalent constructs. How-
ever, the picture changes dramatically when the proposed DNF constructs are longer
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than their CNF equivalents. In these cases, participants found the CNF ‘(x or y) and z’
quite natural exactly when they perceived the terms x and y as highly akin compared to
the term z. This finding indicates that the overall tendency for expressing logic in DNF
is mediated by contextual affinity. Additionally, it highlights why specifying system
behaviour in terms of a disjunction of possible rules (whether these are a collection ‘IF’
and ‘DO’ recipes in the IFTTT service or, binding inputs on the ‘If’ side to outputs on
the ‘then’ part of a rule as in the early iCAP prototype [Dey et al. 2006]) is not always
fitting the user’s intuition and requires a more flexible approach.

Consider, e.g., the following sentence ‘I am usually with friends when it is Saturday or
it is Sunday and I am downtown’. The above sentence is in CNF and the high affinity
of the terms ‘it is Saturday’ and ‘it is Sunday’, due to their mutual exclusiveness,
makes the appeal of CNF so strong that it is quite unlikely for one to think of its DNF
equivalent ‘I am usually with friends when it is Saturday and I am downtown, or it is
Sunday and I am downtown’ as more. Now let us replace the term ‘it is Saturday’ with
the term ‘I am having coffee’, assuming that for most of the readers there is no inherent
affinity between exactly two of the three terms ‘I am having coffee’, ‘it is Saturday’,
and ‘I am downtown’. According to our findings, the reader should find the sentence ‘I
am usually with friends when I am having coffee and I am downtown, or It is Saturday
and I am downtown’ quite natural and straightforward, whereas the sentence ‘I am
usually with friends when I am having coffee, or It is Saturday and I am downtown’
should be less clear and understandable.

These last examples and their support from our experiment indicate that in a purely
DNF-based logical expression editor it would be rather difficult for users to express
statements as aforementioned. However, assuming an identifiable affinity of the in-
volved terms, we would be able to allow the appearance of ‘disjunctive terms’ in a DNF
construct ‘(a and b and. . .) or (c and d and. . .) or . . .’ by allowing the replacement of the
terms (a, b,. . .etc.) with either disjunctions or conjunctions of terms that share a high
affinity level compared to the rest; therefore, allowing a layered DNF construct such as
‘((a1 and/or a2) and (b1 and/or b2) and . . .) or ((c1 and/or c2) and (d1 and/or d2). . .)’.
Returning to the CoRE editor, this is exactly what we achieve by regrouping ranges
of terms based on their affinity. Each alternative resembles the outer disjunction of
the above DNF construct, while within each alternative a contingency is presented
involving terms that are grouped forming the inner conjunctions, which in turn are
composed as either disjunctions or conjunctions of terms of high affinity.

Overall, the above experiment extends existing knowledge on mental models theory
by illustrating its application to an interactive tool and by introducing and nuancing
the role of affinity regarding the naturalness of logical expressions. For the practical
application of these results, some way of estimating affinity is needed. For the
implementation of CoRE, a simple metric of semantic affinity is computed based on the
number of aspects shared by different concepts and by whether related attributes have
the same value or not. Perhaps, a more refined model could result in a more accurate es-
timation of affinity and in doing so improve the intuitiveness of the term regrouping in
CoRE or its robustness for different domains (e.g., domotics, retail). For example, earlier
research has shown that quite broadly recognized affinities can be computed based on
entity-relationship models or standard ontologies for a particular domain [Patwardhan
and Riloff 2007], or even generic lexical systems such as WordNet [Klebanov 2006].
Looking for ways to construct domain or population specific ontologies, e.g., from text
corpora as suggested by, e.g., Cimiano et al. [2005] and Pedersen et al. [2004], might
be a fruitful avenue for future research. While such efforts go well beyond the focus
of this article, CoRE as well as its underlying middleware Amelie [Metaxas et al.
2009] provide a placeholder and the entry points for realizing a wide range of different
approaches to address these issues that could extend to higher order logic deductions.
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7. APPLICATION TO THE INTERNET OF THINGS

The notation described in this article and the interactive tools that support editing,
inspecting, and evaluating the system’s reasoning can be applied in different domains
as long as there is an underlying mechanism that can describe the effective outcome of
its components (e.g., the services) on the context.

CoRE has been developed to compose logical expressions based on a model of context
that is automatically populated using the Amelie framework [Metaxas et al. 2009;
Metaxas 2010]. This middleware adheres to the tenets of recombinant computing
[Edwards et al. 2002] that enable the combination of heterogeneous services and com-
ponents into context aware applications. Internet of things services can be modelled in
Amelie in terms of their contextual-range using the CRS notation described above and
can be composed into higher-level services using CoRE.

Composition and abstraction using the CoRE editor allows us to combine not only
the large number of services that can be accessed in the environment, e.g., those
accessing individual sensors or generic internet services, but also custom-made higher
level services fitting idiosyncratic needs and context. While it has not been the focus
of this research, the challenge of browsing and searching the immense and changing
number of services anticipated in the Internet of Things context emerges as a major
challenge that still needs to be addressed. It can be even harder to locate, comprehend,
and re-use services created by other end users [Tetteroo et al. 2015].

Several prototypical services on this framework, addressing various relevant ab-
stract programming tasks, make use of the editor described here not only by defining
the underlying reasoning and behaviour of the system, but also, by allowing users to
inspect the system status and predict its behaviour in a possible future situation. Be-
low we present a couple of indicative programming tasks that are supported by such
prototypical services.

For example, a prototypical service enables users to combine the effective output
from other services using logical premises in order to define a new behaviour. Hence,
one could assert that her activity is watching TV when an electrical current sensor
attached to her TV senses that the TV is on and a sensor attached to her sofa senses
that someone is sitting on it.

In a different task, the user may need to keep track of events related to her in-
formation, allowing her to coordinate her social interactions (e.g., for awareness and
coordination with loved ones as in Khan and Markopoulos [2009]). Having instanta-
neous awareness information is not always enough and people need to extend it with
expressions that define when someone was first or last seen somewhere. To support
this scenario, an abstract service allows end users to extract the traces from specific
services when an event occurs such as when certain conditions apply for the first or last
time during a specified period of time. For example, a user could instruct such a service
to keep the trace of her activity the last time that she is at the office, or one could
instruct such a service to track the date of her last visit to Paris. Tasks that enable
users to expose or inquire information from others are implemented as services that
also use the CoRE editor allowing the user to manage their privacy requirements over
time. For example, a user who wishes to expose extracted information from one or more
services to other users can employ a task that allows her to select under which condi-
tions the system should expose the extracted information to certain entities. This user
could instruct the system to maintain a group of all her contacts marked as friends who
are currently working, say a group called ‘busy-friends’. A service that implements the
above statement returns an attribute that contains the list of entities that the user has
marked as friends whenever the specified conditions are met (i.e., they expose to her
that their activity is working). The user could use this attribute in some other service,
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e.g., to fine-tune her privacy control she could indicate that she wants to expose only
to her busy-friends whether she is also working.

Overall, the tools presented in this article make it possible for end users to program
context sensitive behaviours using logical expressions of relatively high complexity
compared to what has been demonstrated previously. The design and the user stud-
ies reported show how natural logic programming is supported by applying mental
models theory and its extension with the notion of affinity between concepts. In the
experiments, we presented users with terms that were carefully selected by the exper-
imenters to have contrasting levels of affinity to fit the experimental manipulations.
The evaluation of CoRE that uses a simple calculation of affinity based on the lexical
similarity of values returned by different services has shown how non-programmers
can already understand and formulate complex logical expressions about context. We
foresee that more sophisticated ontologies or domain specific models could potentially
optimize affinity calculations, providing an avenue for further improving the intuitive-
ness of the editor.

8. CONCLUSIONS

This article contributes both at the level of end-user development technology and in the
level of the understanding how users can program logical expressions about context in-
tuitively. Regarding the former, we contribute a notation (CRS) and an editor (CoRE) for
defining, inspecting, modifying, and comprehending context aware system behaviour.
Both have wide applicability, as they are orthogonal to application domain semantics.
We argue for their particular relevance for solving the challenges of intelligibility and
accountability in the context of programming Internet of Things applications. They
are beneficial for several reasons (a) our approach is compositional, allowing system
behaviour to be represented in a uniform fashion at a variety of abstraction levels that
may be relevant for different applications, context, and user groups. (b) We exploit
well-known cognitive theories that have extensive empirical foundation and extended
them with heuristics relating to the affinity of logical terms to largely simplify log-
ical expressions and make them more understandable to non-programmers. Where
traditional programming and logic formalisms expect users to understand and apply
formal-associativity rules and parentheses to disambiguate related terms, the CoRE
editor goes a long way in making such expressions clear and understandable by end
users directly. While a range of other research tools have been shown to support end
users in defining context sensitive system behaviour, this article has introduced a
uniform mechanism that allows the same semantic information to be used to give in
natural language answers not just to the question ‘how can the system’s behaviour
be altered?’ but also, and more importantly, to the questions ‘how does the system be-
have?’, ‘why is something (not) happening at the moment?’ and ‘how would the system
behave in response to a change in context?’.

We have shown how the semantic information describing the range of outputs from
available services can be combined in user-defined services of higher abstraction levels,
e.g., defining when someone is present based on lower level information such as whether
music is playing or someone is drinking coffee. The transformation of context ranges
by the tools presented here maps the users’ cognition of the semantic structure on the
visual layout of textual notation. Through realistic and complex evaluation tasks, we
have shown that the editor is effective and intuitive for end-users, resulting in very
few logical errors in both comprehension and expression.

We have shown how an established theory of mental models can guide the design
of interfaces for natural programming in logic. We have also shown how the theory
needs to be extended to accommodate for the perceived affinity between terms that
would lead people to find natural and easier to comprehend expressions contrary to
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the general predictions of mental models theories. This phenomenon has been demon-
strated through two experiments that further validate the core design rationale of the
CoRE editor and the practical value of this approach has been demonstrated with the
summative evaluation of CoRE.
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