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Abstract. Mobile Internet is rapidly growing and an enormous quantity of re-
sources are currently available. Thus, the common mechanisms used up to now
to locate resources, such as browsing and searching, do not look anymore to be
effective in helping users in mobility. Indeed, the user’s personal information
space can be very large, with respect to the limited interaction capabilities of
mobile devices. This paper proposes a situation-aware framework for providing
personalized resources in a proactive manner. Current situations of the user are
inferred by exploiting domain knowledge expressed in terms of ontologies and se-
mantic rules, which are represented in the well-known Web Ontology Language
(OWL) and Semantic Web Rule Language (SWRL), respectively. Uncertainty in
some contextual rule conditions is handled by defining appropriate linguistic vari-
ables through the Fuzzy Control Language (FCL), a standard representation of
fuzzy systems for data exchange among different implementations, and adopting
a purposely-adapted coding of ontologies and rules. Uncertain conditions bring
to infer more than one situation with different certainty degrees: these degrees are
used to assign a rank to concurrent situations. Finally, situations are connected to
a set of related resources to be recommended to the user.

Keywords: Context-awareness; Fuzzy Inference System; Mobile Service Rec-
ommender; Web Ontology; Semantic Rules.

1 Introduction

Nowadays, the number of mobile users is rapidly growing and more and more services
and documents are available on marketplaces. Categorizing such resources is a very
difficult task: there exists no standardized taxonomy, and the user preferences can vary
from an individual to another [9]. Hence, finding the best-fitting service by browsing
and searching in resource repositories is very time expensive for the common user.

Moreover, mobile devices are becoming more and more capable to accommodate
many types of resources such as services, documents and links to external sources,
enlarging incredibly the personal information space of a mobile user. On the contrary,
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the interaction features of the devices are very poor, due mainly to user interfaces less
comfortable and manageable than in a personal computer. Furthermore, often services
have to be configured with a set of proper parameters in order to be executed effectively.
These parameters can vary in dependence of specific circumstances, and users have
often to provide textual inputs on small keypads [6].

Hence, a significant cognitive effort is required to users in mobility to find and con-
figure the most appropriate resources among the many available [8,15]. A tool able to
automatically searching for the most suitable resources for the specific situation and
configuring them would be strongly desirable. To this aim, in this paper we propose a
situation-aware framework for providing personalized resources in a proactive manner.
Situation awareness is enabled by a specific engine based on semantic web technologies
and fuzzy logic.

More specifically, contextual information is maintained in the system by domain
ontology [23] and is enriched with a truth degree depending on a level of certainty. Sit-
uations are inferred by means of semantic rules [25], which take the fuzziness of the
contextual antecedents into account, and are ranked depending on their fuzzy values.
Unlike in our previous work [1], here fuzziness is directly managed within the semantic
rules and the semantic inference engine rather than by a specific fuzzy inference engine.
These situations allow the identification of specific tasks, on the basis of domain knowl-
edge expressed in terms of task ontology, which represents common sense knowledge
about user usual activities. Finally, the specific current task together with contextual
information is used to recommend a set of resources, in a task-navigation paradigm [7],
where the user is supported to find appropriate services and documents by relying on
the task ontology.

2 Background

A large amount of research in recommendation systems has focused on providing per-
sonalized services [10]. In our approach, the current user situation is exploited to narrow
down the set of recommendable resources, thus showing to the user only those resources
that are relevant in the specific situation. In [26], the term situation refers to a business
level concept that allows targeting precisely and at different levels of granularity the
demand of the user at a certain time. More precisely, a situation can be defined as a
collection of context information that is invariant as long as the situation occurs [26].
According to Dey and Abowd [4], context refers to any relevant information that can
be used to characterize a user. Hence, a situation can be inferred as a consequence of
rules that verify whether a set of contextual conditions hold in the system. For instance,
the situation meeting can be inferred when the contextual conditions user is stationary,
user is located in the scheduled place at the scheduled time, and user is close to the
meeting organizer are verified in the system.

Several projects consider the use of ontology as a promising means to develop
context-aware systems. In the framework of semantic web, an ontology is a knowl-
edge model that describes a domain of interest using semantic aspects and structure. An
ontology consists of: (i) facts representing explicit knowledge, consisting of concepts,
their properties, and instances that represent entities described by concepts; (ii) axioms
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and predicates representing implicit knowledge, by means of rules used to add seman-
tics and to derive knowledge from facts [26]. In [21], a comparative analysis shows that
the most promising assets for context modeling in ubiquitous computing environments
can be found in the use of ontology.

To reflect the varying nature of context and to ensure a universal applicability of
context-aware systems, context is typically represented at different levels of abstrac-
tion [15]. At the first level of raw context sources there are context data coming from
sensor devices, or user applications. At this level, logic embodied in semantic languages
does not allow a treatment of uncertainty and imprecision existent in real world [17].
For instance, a typical smartphone GPS receiver provides a device position with dy-
namic accuracy ranging from some meters to hundreds of meters, depending on many
environmental variables. Thus, the situation recognition from the environment should
rely on a vague characterization. Furthermore, these situations are often connected to
specific user requirements, and then the system should offer a specification mechanism
that is intuitive, for instance in terms of standardized natural language, as guaranteed
by employing linguistic terms [27].

3 Overall Architecture

In our implementation, the situation-aware resource recommender is running on the mo-
bile device as an advanced menu, whose elements are dynamically updated, according
to the different situations in which the user is involved. The overall system architecture
is shown in Fig. 1.

In the server side, the main module is represented by the situation engine, which is
in charge of interpreting contextual conditions and assessing the user situations. Con-
textual conditions that are inherently vague, such as mobility and proximity state of
users, are evaluated by means of fuzzy logic, i.e., enriched with a truth degree main-
tained in the ontology. Such degrees represent the extent to which the conditions hold
in the system. For instance the user is close to a place is a contextual condition that
can be characterized with a truth degree representing the level of closeness of the user
to the place. Semantic rules enhanced with the ability of managing the uncertainty al-
low inferring multiple situations with an appropriate ranking. This allows the system to
recommend the related resources with different priorities.

The control flow of the application is steered by the application controller module,
which manages the activities of each module, granting access to different functions and
data sources. The contextual data sources package comprises a set of interfacing mod-
ules for different data sources, such as geographical maps, users’ personal calendars
and positions. In particular, numerical data concerning users positions are fed by the lo-
cation detector module. This module provides outdoor/indoor location estimation, also
on the basis of several possible technologies, such as GPS, GSM, WiFi [22]. Regardless
of the available technologies, the location detector provides a generalized interface in
terms of position and accuracy.

The Rule Translator is an off-line module that translates the rules, expressed in a
high-level language, into a well-established standard for semantic rules, the Semantic
Web Rule Language (SWRL, [25]). Thus, designers can express how the system should
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Fig. 1. Overall architecture of the situation-aware resource recommender

interpret contextual conditions in order to assess the most appropriate situations in a
natural language close to their language. Further, the Rule Translator module allows
the representation of the fuzzy logic within the SWRL, mapping directly the fuzzy
information into the crisp ontology.

On the client side, the Rule Editor module allows a designer to configure and express
the semantic rules for situation assessment. Finally, the Resource Launcher module
shows the recommended resources to the user and allows the launch of these resources.
In the following, the paper is focused on the design of the situation engine module.

4 Semantic Domain Knowldege

In the system, domain and general knowledge is represented by the situation ontology
and related semantic rules. The ontology has been developed by using the Web Ontol-
ogy Language (OWL [23]), a W3C standard well-supported in most semantic engines.
In the upper situation ontology, general context information is represented by basic
concepts such as User, Calendar, Device, Time and Place.
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In order to manage fuzzy information in an OWL compliant ontology, we estab-
lished a representation pattern. The pattern is applicable to properties that are related
to the same base variable and to the same pair of concepts. For instance, let us con-
sider the base variable distance, and the concepts User and Place. Depending on the
actual value of the distance, and considering a prefixed set of distance intervals, we can
establish properties like User is-close-to a Place or User is-far-from a Place. The pres-
ence of each property depends on the membership of the distance value to a prefixed
interval. For example, considering the first interval as LowDistance = 0-10 meters, it
can be said that User is-close-to depends on LowDistance, more formally is− close−
to|LowDistance . Fig. 2-a shows an abstract representation of this mechanism, for a se-
ries of n properties and related n intervals. Here, concepts have been enclosed in oval
shapes, whereas properties are represented by arrows. In order to capture vagueness in
this representation, we propose the extension shown in Fig. 2-b. Here, an OWL group
of properties is transformed into a concept, which includes a specification of the degree
for each property. In other words, we assert that there is a property with a certain degree.
Each degree is the membership level of the base variable to a specific fuzzy set.

Fig. 2. An OWL-compliant fuzzy extension of a property

It is worth noting that this scheme can be used also in case of a property related to a
single concept. In such case, the concept property corresponds to the concept itself.

In Fig. 3, the complete upper situation ontology is presented. This ontology is made
of 10 general concepts and 25 properties, together with 5 concepts and 14 properties
for the fuzzy representation. In particular, general concepts such as Time and Place
are inherited from publicly available ontologies [24,5], according to the best practices
of reusing domain ontologies. In the figure, such external ontologies are enclosed in
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dashed rectangular shapes. Concepts are connected by properties, represented with di-
rected black edges in the figure. Edges with white arrowhead show classical inheritance
(i.e., an is-a relation).

Fig. 3. The upper situation ontology

The model comprises a set of rules to infer the current situations on the basis of the
situation ontology. Rules are expressed in the Semantic Web Rule Language SWRL, an
emerging standard that extends OWL with additional rule-based knowledge represen-
tation. In terms of expressiveness, this reasoning standard corresponds to description
logics, a particular decidable fragment of first order logic, and is named OWL DL [5].
Fig. 4 shows an example of rule in human readable syntax (a), commonly used in the lit-
erature, and in natural language (b). We point out that there are two types of antecedent
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conditions, i.e., crisp (binary) and fuzzy, represented in Fig. 4 in bold and italic bold,
respectively. The conditions is a participant and has type are derived from the user’s cal-
endar, and are inherently crisp, whereas the other conditions can be assessed only with
vagueness. This implies that also the conclusion inferred from the rule is characterized
by vagueness. This vagueness can be represented directly in SWRL (see next sections),
which implements some mechanisms to express truth degrees and related membership
functions.

Fig. 4. A rule example

Once some situations have been inferred, with a certainty degree, a task ontology
allows connecting a situation to specific tasks, and then specific tasks to specific re-
sources to be recommended. Furthermore, such resources are tailored by proper con-
textual information, selected according to the identified user task. In Fig. 5 the upper
task ontology is represented.

5 Managing the Uncertainty

There is some uncertainty in many contextual conditions related to real-world events.
For instance, the condition user1 is before the scheduled event start-time, in Fig. 4.b,
can be assessed only with a certainty degree. This uncertainty can arise, for instance,
from lack of precision in the information stored in the users calendar. Furthermore, it
is possible that noise affects sensed data. For instance, the condition user1 is moving
requires an estimation of the user’s speed, often known only with a limited accuracy.

Fuzzy set theory and fuzzy logic have proved to be a promising approach to man-
age the natural uncertainty that affects such contextual data [16]. In order to evaluate
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Fig. 5. The upper task ontology

the certainty degree of the contextual conditions, a number of linguistic variables have
been defined. The universe of definition of such variables is partitioned with trapezoidal
membership functions. An appropriate tuning of these functions has been carried out by
means of experimental data.

Linguistic variables have been described using the Fuzzy Control Language
(FCL, [2]), a standard representation of fuzzy systems for data exchange among dif-
ferent implementations. An example of the linguistic variable speed, used to decide
about the user mobility, is shown in Fig. 6.

6 A Simple Integration of Fuzzy Logic into SWRL

In our implementation, we expressed fuzzy rules, such as the one described in Fig. 4-b,
within SWRL, which however does not directly support fuzzy rules. While we refer the
interested reader on fuzzy extensions of the logics behind Semantic Web Languages
to [14,19,20], here we show that there is a simple way to encode the fuzzy rules into a
crisp rule language supporting arithmetic built-in functions and, thus, in SWRL, mak-
ing them directly available in current reasoners and in the Protégé editor1. In fact, we
followed the below mentioned method to correctly deal with our fuzzy rule base.

In our setting, a fuzzy rule is of the form (which closely resembles [13])

R(x)[s]← ∃y.R1(z1)[s1], . . . , Rl(zl)[sl], s = f(s1, . . . , sl)

where

1. R is an n-ary relation, every Ri is an ni-ary relation;
2. x are the distinguished variables.
3. y are existentially quantified variables called the non-distinguished variables. We

omit to write ∃y when y is clear from the context;

1 http://protege.stanford.edu/

http://protege.stanford.edu/
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Fig. 6. Definition of linguistic labels in FCL

4. zi, z′j are tuples of constants or variables in x or y;
5. s, s1, . . . , sl are distinct variables and different from those in x and y, called scores

or truth degrees;
6. f is a scoring total function f : [0, 1]l → [0, 1], which combines the scores of the

l relations Ri(c′i) into an overall score to be assigned to the rule head R(c). We
assume that f can be computed in finite time.

We call R(x)[s] the head,∃y.R1(z1)[s1], . . . , Rl(zl)[sl] the body and s = f(s1, . . . , sl)
the scoring atom. We also allow the scores [s], [s1], . . . , [sl] and the scoring atom to be
omitted. In this case we assume the value 1 for si and s instead. The informal meaning
of such a rule is: if zi is an instance of Ri to degree at least or equal to si, then x is an
instance of R to degree at least or equal to s, where s has been determined by the scoring
atom, i.e. s = f(s1, . . . , sl).

As an example, in the following we show the high-level encoding of the fuzzy rule
in Fig. 4-b:

is−in−a−situation(?user1, ?aSituation)[s]← owns(?user1, ?aCalendar),
contains−as−next(?aCalendar, ?nextEvent),
is−located−in(?nextEvent, ?aPlace),
is−scheduled−at(?nextEvent, ?anInterval),
is−started−at(?anInterval, ?aTime),
mobility(?user1, ‘moving‘)[s1],
has−current−time(?user1, ?userTime),
is−before−of(?userTime, ?aTime)[s2],
type(?nextEvent, ‘business‘),
Pre−Meeting−on−Movement(?aSituation),
s = min(s1, s2)

(1)
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Note that the final degree s of being in a “pre-meeting-on-movement” situation is de-
termined by the minimum of the users’ degree of being moving (s1) and being before
a meeting (s2) (here, “moving” and “before” are considered fuzzy concepts). So, here
the scoring combination function f is the minimum, which is also the function used
in all the rules we have developed in our specific application. Of course, other func-
tions can be used as well such as any so-called t-norm (used to combine conjunctive
information) [12].

A rule baseR is a finite set of fuzzy rules, which we assume to be acyclic. This latter
notion is defined as follows: we say that a relation R directly uses a relation R′ if there
is a rule in R having R as head and R′ occurring in its body. Let uses be the transitive
closure of the relation “directly uses”. Then we say thatR is acyclic iff for any relation
R it is not the case that R uses R. Please note that acyclicity is required to guarantee
decidability. Note that cyclic rules bases can be allowed if specific conditions are meet
on the score combination functions (see e.g.,[18], for more on this issue), but we do not
address them here.

We point out that we may represent a fuzzy rule in a succinct way as

R(x)[s]←∃y.φ(x,y)[s] ,

where φ(x,y)[s] is

R1(z1)[s1], . . . , Rl(zl)[sl], s = f(s1, . . . , sl) .

We also impose that a rule baseR is such that there are no two rules in it with the same
head. Note that this restriction is harmless. Indeed, in case we would like to have n rules
with same head 2, i.e.

R(x)[s]← ∃y1.φ1(x,y1)[s1]
R(x)[s]← ∃y2.φ2(x,y2)[s2]

...
...

...

R(x)[s]← ∃yn.φn(x,yn)[sn]

then we may replace them with the n + 1 rules

R1(x)[s]← ∃y1.φ1(x,y1)[s1]
R2(x)[s]← ∃y2.φ2(x,y2)[s2]

...
...

...

Rn(x)[s]← ∃yn.φn(x,yn)[sn]
R(x)[s]← R1(x)[s1], . . . , Rn(x)[sn], s = g(s1, . . . , sn)

where R1, . . . , Rn are new relation symbols, and g specifies how to combine the scores
of the individual rules into one overal score to be assigned to R. Usually, g(s1, . . . , sn)
= max(s1, . . . , sn), but in general, any so-called s-norm [12] (used to combine

2 In our specific fuzzy rule base, we do not have this scenario, though we present how to deal
with it as it works generally.
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disjunctive information) may be appropriate as well. This transformation guarantees
then thatR remains acyclic and that there are no two rules in it with same head.

It remains to show how to represent fuzzy rules in a crisp rule language, which
however supports arithmetic built-in predicates to perform arithmetic operations. To
this end we proceed as follows.

1. Any n-ary relation R becomes an n + 1-ary relation. The additional slot is used
to store the score s. So, in any rule, an expression R(z)[s] is replaced with the
predicate R(z, s). For instance,

is−before−of(?userTime, ?aTime)[s2]

becomes
is−before−of(?userTime, ?aTime, s2) .

2. As our crisp rule language supports arithmetic built-in predicates, there is a way to
express a rule

Pf (s1, . . . , sl, s)← built-in(s = f(s1, . . . , sl))

which defines a predicate Pf (s1, . . . , sl, s) such that s = f(s1, . . . , sl), using the
built-in arithmetic operations of the rule language.

3. Now, we replace each rule

R(x)[s]←∃y.R1(z1)[s1], . . . , Rl(zl)[sl], s = f(s1, . . . , sl)

with the crisp rule

R(x, s)←∃y.R1(z1, s1), . . . , Rl(zl, sl), Pf (s1, . . . , sl, s)

which concludes the case in which the rule language supports n-ary predicates. For
instance, fuzzy rule (1) becomes

min(s1, s2, s3) ← built-in(s3 = min(s1, s2))

is−in−a−situation(?user1, ?aSituation, s)← owns(?user1, ?aCalendar),
contains−as−next(?aCalendar, ?nextEvent),
is−located−in(?nextEvent, ?aPlace),
is−scheduled−at(?nextEvent, ?anInterval),
is−started−at(?anInterval, ?aTime),
mobility(?user1, ‘moving‘, s1),
has−current−time(?user1, ?userTime),
is−before−of(?userTime, ?aTime, s2),
type(?nextEvent, ‘business‘),
Pre−Meeting−on−Movement(?aSituation),
min(s1, s2, s)
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However, SWRL is a rule language supporting unary and binary predicates only. This
is not a particular problem, as to this end, we may rely on a well-known procedure,
called reification3 (see also [3]), which allows to represent an n-ary relation via unary
and binary relations. So, for instance, for the relation

is−before−of(?userTime, ?aTime, s2)

we create a new class

is−before−ofRelation(?aTimeReification)

with two additional properties

is−before−ofValue(?aTimeReification, ?aTime)
is−before−ofDegree(?aTimeReification, s2)

and, thus, is−before−of(?userTime, ?aTime, s2) will be replaced with

is−before−of(?userTime, ?aTimeReification),
is−before−ofValue(?aTimeReification, ?aTime),
is−before−ofDegree(?aTimeReification, s2) .

This allows removing n-ary (n � 3) relations from the rules bodies.
Concerning a n-ary (n � 3) relation in the rule head, such as

is−in−a−situation(?user1, ?aSituation, s)

as before, we create a new class

is−in−a−situationRelation(?aSituationReification)

with two additional properties

is−in−a−situationValue(?aSituationReification, ?aSituation)
is−in−a−situationDegree(?aSituationReification, s)

then add

is−in−a−situation(?user1, ?aSituationReification),
is−in−a−situationValue(?aSituationReification, ?aSituation)

to the rule body and replace the head with

is−in−a−situationDegree(?aSituationReification, s)

For instance, our fuzzy rule about pre-meeting becomes in SWRL (here, the minimum
is implemented as min(a, b) = (a + b− |a− b|)/2), see [11]):

3 http://www.w3.org/TR/swbp-n-aryRelations/

http://www.w3.org/TR/swbp-n-aryRelations/
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min(s1, s2, s3) ← sum(sm, s1, s2)
substract(diff, s1, s2),
abs(absdiff, diff),
substract(sd, sm, absdiff),
divide(s3, sd, 2),

is−in−a−situationDegree(?aSituationReification, s) ← owns(?user1, ?aCalendar),
contains−as−next(?aCalendar, ?nextEvent),
is−located−in(?nextEvent, ?aPlace),
is−scheduled−at(?nextEvent, ?anInterval),
is−started−at(?anInterval, ?aTime),
mobility(?user1, ?mobilityReification),
mobilityValue(?mobilityReification, ‘moving‘),
mobilityDegree(?mobilityReification, s1),
has−current−time(?user1, ?userTime),
is−before−of(?userTime, ?aTimeReification),
is−before−ofValue(?aTimeReification, ?aTime),
is−before−ofDegree(?aTimeReification, s2),
type(?nextEvent, ‘business‘),
Pre−Meeting−on−Movement(?aSituation),
is−in−a−situation(?user1, ?aSituationReification),
is−in−a−situationValue(?aSituationReification, ?aSituation),
min(s1, s2, s)

which concludes.We don’t go further into the reification procedure as it is pretty com-
mon and well-known in the Semantic Web literature.

7 Conclusions and Future Work

In this paper, a framework for providing personalized resources based on situation
awareness has been proposed, showing situation awareness as a key asset to enable
proactive behavior in the system. In particular, the study focuses on combining semantic
web standards with fuzzy logic. Domain knowledge is maintained by means of proper
ontologies and exploited to infer the current user situations. Inference is carried out by
semantic rules which embody fuzzy logic to take the assessment of real-world inaccu-
rate information into account.

We applied the system in two real business cases, in order to assess the effectiveness
of our approach. The first evaluation case study concerns a pharmaceutical consultant
in typical business situations. In particular, the situations of interest are: (i) Meeting-
Planning, (ii) Pre-Meeting, (iii) Ongoing-Meeting, (iv) Post-Meeting, (v) Hospital-
Conference, (vi) Call-for-Tenders, and (vii) Meal. The second evaluation case study
concerns an off-site student, who performs a daily travel to go to university and re-
turn. In this case, the identified situations are the following: (i) Pre-University-Day,
(ii) Preparing-for-Transportations, (iii) Traveling, (iv) Studying, (v) Attending-Courses,
and (vi) Meal. For each case study, by means of a series of interviews, a domain-specific
ontology has been added to the upper ontology and the fuzzy linguistic variables have
been tuned properly. Hence, a set of 13 rules has been designed for the above busi-
ness cases. Finally, the system has been tested by considering the events concerning
one overall working week of two different consultants and three different students, with
53 and 82 different test events, respectively. The system has been able to recognize
the right situations related to all the test events under the different conditions. Further,
the differences between the time at which actually the situation occurred and the time
at which the system recognized the situation was in the range of few seconds to few
minutes. This proves the usefulness of our service recommender which exploits data
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collected by different sensors to determine the situations of interest with respect to a
recommender based only on the scheduled events stored in the users calendar.

A weakness of the system concerns the design of the linguistic variables, which is
domain-specific and does not take into account actual differences among users. We
are currently working on improving the possibility of adaptation of the system to the
specific user. We are focusing on the exploitation of the user’s profile, expressed in terms
of user’s preferences. Further, we are considering the application of machine learning
paradigms for the tuning of the linguistic variables.
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