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Abstract. In this paper we propose an activity patterns ontology to
formally represent the relationships that drive the derivation of complex
activities in terms of the activity types and temporal relations that need
to be satisfied. The patterns implement the descriptions and situations
(DnS) ontology pattern of DOLCE Ultra Lite, modelling activity classes
of domain ontologies as instances. The aim is to allow the formal repre-
sentation of activity interpretation models over activity classes that are
generally characterized by intricate temporal associations, and where it is
often the case that the aggregation of individual activities entails the ex-
istence of a new (composite) activity. Due to the expressive limitations of
OWL, these semantics are often defined outside the ontology language,
e.g. they are encapsulated in rules and they are tightly-coupled with
implementation frameworks, hindering the interoperability and reuse of
the underlying knowledge. As a proof of concept, we describe the imple-
mentation of the activity pattern semantics using dynamically generated
SPARQL CONSTRUCT graph patterns.
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1 Introduction

In the past five years, ontologies have been gaining increasing attention as means
for modelling and reasoning over contextual information, and human activities
in particular. Their expressiveness and level of formality, make them particularly
well-suited for the open nature of context-aware computing, where information
at various levels of abstraction and completeness has to be integrated. Low-level
information acquired from detectors, such as video cameras and contact sensors,
is mapped to ontological representations; high-level activity interpretations are
then inferred through the use of background knowledge specific to the domain.

Plenty of ontology-based models have been developed for complex activity
recognition. Central to all, yet primary cause of variation, is the approach taken
to capture activity patterns, namely the structure of complex activities that are
built from atomic or other complex activities. Roughly speaking, two strands per-
meate the relevant literature. The one adopts an a-temporal viewpoint, where



contextual activity information has no temporal extension, and complex activ-
ities are defined as the intersection of their constituent parts [22][6]. Though
relevant to applications where suitable time-windows can be reliably defined, a-
temporal approaches fall short when more intricate activity patterns are involved,
requiring, for instance, the discrimination of sequential and interleaved activi-
ties. The second strand embraces hybrid ontology-based models that manage
temporal information by means of rule-based reasoning [7], Semantic Complex
Event Processing [28] and RDf stream reasoning [27], thus affording far more
expressive and flexible solutions than their a-temporal counterparts.

However, no consensual activity recognition model exists that may be broadly
reused. This is largely due to semantics encapsulated in the implementation
rather than the models developed for activity recognition. A prominent example
is the assertion of new named individuals for representing inferred complex ac-
tivities, e.g. assert a tea preparation instance that is inferred on the basis of heat
water and use tea bag instances. Thus, applications that share similar purpose
and scope cannot directly avail of existing ontologies, unless specific implemen-
tation details are made available.

In order to promote a well-defined description of patterns for high-level activ-
ity interpretation tasks and achieve a high degree of interoperability, we propose
an activity patterns ontology that formally captures the structure of complex
activities. The activity patterns introduced follow the DnS design pattern [10]
of DOLCE+DnS Ultralite (DUL) [9] and make use of the OWL 2 metamod-
elling capabilities (punning). Currently, two activity patterns have been imple-
mented; one for formalising the notion of composition of an activity based on
its constituent activities and one for formalising the notion of specialisation of
an activity within the activity hierarchy. We also present the implementation
of the activity pattern semantics in terms of dynamically generated SPARQL
CONSTRUCT rules (SPIN rules [13]), exemplifying the way the proposed patterns
can be used in the domain of rule-based activity recognition.

The rest of the paper is structured as follows. Section 2 reviews existing
ontology-based activity modelling and processing frameworks. Section 3 provides
an overview of the lightweight vocabulary used by the activity patterns ontol-
ogy to represent domain activities, e.g. actors, places, etc. Section 4 introduces
the core activity pattern for representing complex activity-related conceptualisa-
tions, along with its two implementations defined within the pattern ontology for
addressing the requirements of specialisation and composition of complex activ-
ities. Section 5 presents an example use of the ontology patterns in the domain
of rule-based activity recognition, implementing the activity pattern semantics
as SPARQL CONSTRUCT graph patterns. Conclusions and future directions are
presented in Section 6.

2 Related Work

Ontologies have been increasingly explored for modelling and reasoning about
complex activities and situations in context-aware applications.



In [6]]22][7][23] ontologies are used to recognise typical activities of daily
living (e.g. making tea), through snapshot-like definitions that capture the as-
sociated contextual elements (e.g. turning the kettle on, place tea bag to mug),
but fall short to cover the underlying temporal correlations. In [21], activity
definitions are endowed with temporal properties, such as recently used and sec-
ond last activity, while several approaches have investigated hybrid frameworks,
combining ontologies with rules [17][14][29], as well as other formalisms, such
as event calculus [20][19], to support reasoning over the temporal structure of
activities. In addition, extensions to the SPARQL language have been proposed
for working with temporal RDF streaming data [28][27][5][3].

Ontologies have been also explored as means to capture in a declarative way
meta-knowledge. In [30] a top-level ontology is proposed to model the semantics
common to all dimensions of an information space, i.e. levels of granularity, con-
flicting, and overlapping relationships that can be used to evaluate and compare
concepts and terms of the ontologies built upon them. In [15] an ontology-based
framework, based on the Event-Condition-Action (ECA) pattern, is presented
in order to integrate heterogenous semantic web services via rule definition, in
[4] an ontology is used to model different types of event rules in order to en-
able automatic service discovery, while in [8], a Rule Management Ontology is
presented to support the representation of event-based rules that trigger specific
actions in a context-aware recommender system.

Similar to [8], we aim to promote reusable and interoperable contextual activ-
ity models. However, unlike [8] that focuses on the definition of a vocabulary for
representation of event-based rules, we use the DnS ontology pattern to formalise
abstract activity descriptions. As such, the underlying semantics of the activity
patterns can be reused in already existing frameworks for activity modelling and
processing, such as the aforementioned one.

3 The Domain Activity Ontology

In order to enable the definition of patterns for the description of the contextual
conditions and the temporal relations that drive the derivation of complex activ-
ities, there is a need for a core vocabulary for the representation of basic activity
information. The Domain Activity Ontology depicted in Figure 1 serves this pur-
pose. Both the atomic (i.e. asserted) and complex activities of the domain are
represented as instances of the Activity class and they are linked to ranges of
time through the use of the hasStartTime and hasEndTime datatype properties.
Actors are defined using the hasActor property, whereas relevant participating
entities in an activity, such as objects or other persons, are represented using
the hasParticipant property. Spatial information can be associated with the
activities using the hasArea property, e.g. the room where an activity takes
place. Finally, the ontology supports the correlation of activities through the
hasSubActivity and isSpecialisedBy properties for the representation of the
corresponding semantics of the two proposed patterns. The aforementioned mod-
elling capabilities have been designed with a minimum of semantic commitment



to guarantee maximal interoperability. As such, the Domain Activity Ontology
can be fully aligned with relevant foundational ontologies, such as SEM [11] and
Ontonym [26], reusing existing vocabularies for modelling different aspects of
activities, e.g. entities, places, etc.

Person

hasStartTime [Zigéﬁsolr] hasSubActivity

[exactly 1] [allValuesFrom]

hasParticipant

[allValuesFrom]

hasEndTime isSpecialisedBy
[exactly 1] [allValuesFrom] core pattern class

—P rdfs:subClassOf
% object property restriction
hasArea

% datatype property restriction
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xsd:dateTime Activity

Fig. 1. The core vocabulary of the Domain Activity Ontology.

4 Design of Activity Patterns

To promote a well-defined description of complex activities structure and achieve
a better degree of knowledge sharing and reuse, an activity patterns ontology has
been developed as specialized instantiations of the descriptions and situations
(DnS) ontology pattern that is part of DOLCE+DnS Ultralite. The developed
activity patterns treat domain activity concepts as instances to allow property
assertions to be made among activity types. In that way, they enable the rep-
resentation of contextualised views on complex activities, and afford reusable
pieces of knowledge that cannot otherwise be directly expressed by the stan-
dard ontology semantics, e.g. temporal correlations among activities that are
not connected in a tree-like manner [16].

In the following, we introduce the core activity pattern and its two current
instantiations, namely the specialisation and composition patterns. The spe-
cialisation pattern formalises complex activities, whose derivation concerns an
already asserted activity instance; the composition pattern formalises complex
activities, whose derivation is based on the aggregation of other activities and
requires the assertion of new activity instances.



4.1 Core Meta-Activity Pattern

The DnS design pattern provides a principled approach to context reification
through a clear separation of states-of-affairs, i.e. a set of assertions, and their
interpretation based on a non-physical context, called a description [10]. Intu-
itively, DnS axioms try to capture the notion of “situation” as a unitarian entity
out of a state of affairs, with the unity criterion being provided by a “descrip-
tion”. In that way, when a description is applied to a state of affairs, a situation
emerges. We use DnS to formally provide precise representations of contextu-
alized situations and descriptions on activity concepts of the Domain Activity
Ontology, describing the different activity types and temporal relations that can
be associated with complex domain activities.

The implementation of DnS in DUL allows the relation of situations and de-
scriptions with individuals of the dul :Event and dul:EventType classes, respec-
tively. For example, Event-Model-F [24] implements a number of instantiations
on top of the DnS pattern to describe relations among asserted events (instances
of the dul:Event class), such as causality and correlation. The scope of the core
activity pattern, however, is to conceptually describe the activity context that
define complex activities at the class level, and not to represent relations di-
rectly among activity instances. To this end, the core activity pattern allows the
representation of the following activity-related conceptualisations (Figure 2):

— Activity situations: An activity situation defines a set of activity classes
that are involved in a specific pattern instantiation and they are interpreted
on the basis of an activity description. The classified activity classes are
treated as instances of the MetaActivity class and they are associated
with situations through the isMetaActivityIncludedIn property. More-
over, each situation satisfies only a single description (hasDescription prop-
erty).

— Activity descriptions: An activity description serves as the descriptive
context of an activity situation, defining the activity types (definesActi-
vityType property) that classify the domain activities of a specific pattern
instantiation, creating views on situations.

— Activity types: Activity types are DUL concepts that classify activity
classes, i.e. they treat domain activity classes as instances, describing how
they should be interpreted in a particular situation. These descriptions mainly
involve the specification of the temporal constraints that characterise the re-
spective contextual activities, reusing the temporal property assertions pro-
vided by the OWL-Time ontology in terms of the time:TemporalEntity
class [18].

— Meta-activities: The instances that represent domain activity classes, i.e.
classes of the Domain Activity Ontology, belong to the MetaActivity class.

Currently, two implementations of the core activity pattern are provided
that satisfy common interpretation requirements in complex activity recognition
applications, namely specialisation and composition.
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Fig. 2. The core meta-activity pattern and the main alignments with DUL’s DnS
vocabulary.

4.2 Activity Specialisation Pattern

The activity specialisation pattern enables to formally capture complex activi-
ties that are defined as further specialisations of a given atomic or other com-
plex activity. As shown in Figure 3, a definition of this type is expressed by a
SpecialisationSituation that satisfies a SpecialisationDescription. The
situation includes the descriptive context that admits the specialisation, namely
the activity that is subject to further specialisation, one or more associated activ-
ities, and their pertinent temporal correlations. The classes SpecialisedActi-
vityType and SpecialisationType express the asserted and derived activity
respectively, while the class ContextType allows to express activities compris-
ing the descriptive context. Temporal correlations among activities are expressed
through their associated SpecialisedActivityType, SpecialisationType and
ContextType classifications that subsume the ActivityType class, and thus
time:TemporalEntity, as depicted in Figure 2.

4.3 Activity Composition Pattern

The activity composition pattern enables to formally capture complex activ-
ities that are defined as the composition of atomic or other complex activi-
ties. As shown in Figure 4, a composite activity definition is expressed by a
CompositionSituation that satisfies a CompositionDescription. The situa-
tion includes the descriptive context that admits the composition, namely the
composite activity, its constituent activities and their pertinent temporal corre-
lations. The classes CompositeType and SubActivityType express the complex
activity to be inferred and its constituent activities respectively. Similar to the
specialisation pattern, the temporal correlations among the involved activities
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Fig. 3. The activity specialisation pattern.

are expressed through their associated CompositeType and SubActivityType
classifications that subsume the ActivityType class.
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Fig. 4. The activity composition pattern.
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4.4 Example

In the following we describe example instantiations of the activity patterns in the
home-based healthcare domain for specifying the activity contexts that define the
derivation of nocturia incidences!. Our scenario involves the following low-level
(atomic) activities that are represented in terms of the Domain Activity Ontology

! Nocturia refers to the need to urinate during the night.



(see section 3) and they are made available directly through monitoring, e.g. by
video processing and sensor-based modules, such as sleep monitoring devices?:

— Night sleep: The overall night sleep activity is represented as instance of
the NightSleep class.

— Out of bed: Instances of the Out0fBed class represent periods of time when
the person is out of the bed.

— In bathroom: Instances of the InBathroom class represent periods of time
when the person is in the bathroom.

The scope of the activity pattern instantiations is to describe the way the
aforementioned low-level activities can be aggregated and correlated so as to
derive the following complex (inferred) activities of the domain:

— Bed exit: A bed exit (instance of the BedExit class) represents an out of
bed activity that is performed during the night sleep.

— Nocturia: Nocturia represents a new activity element (instance of the Noctu-
ria class), derived by the aggregation of bed exit and in bathroom activities.

Figure 5 depicts the instantiation of the specialisation pattern for describ-
ing bed exits. The example defines ActivityType instances for the classifica-
tion of activity classes: the NightSleep and OutOfBed classes are classified by
ContextTypes, the Out0fBed class is further classified by a SpecialisedType
and BedExit is classified by a SpecialisationType instance. Moreover, the
NightSleep class is temporally related (time:intervalContains) to the Out0f-
Bed class through the corresponding activity type instances that classify them.
These relations are encapsulated as property assertions in the bed_exit_desc
description which is related to the bed_exit_sit situation. Intuitively, the in-
stantiation of the pattern defines that an OutOfBed instance is further specialised
as BedExit, if it is temporally contained in a NightSleep activity.

Figure 6 shows the instantiation of the composition pattern for describing
Nocturia activities. Both the InBathroom and BedExit classes are classified by
SubActivityTypes, Nocturia is classified as the CompositeType, and BedExit
is temporally related (time:intervalContains) to InBathroom through their
pertinent classifying instances. Intuitively, the example defines Nocturia as a
composite activity whose instances derive based on the temporal dependencies
between BedExit and InBathroom activities. Additionally, the nocturia_type
instance is temporally related to the in_bathroom_type and bed_exit_type in-
stances, so as to define the temporal boundaries of the new composite activity:
nocturia is defined to start when the bed exit starts (startedBy) and finishes
together with the in bathroom activity (finishedBy).

5 Transforming Activity Patterns into SPARQL

The purpose of the activity patterns is to describe the contextual conditions and
the temporal relations that drive the derivation of complex activities, through

2 The Renew SleepClock™is an example of a monitoring device that records, among
others, the sleep onset and waking times.
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Fig. 6. The instantiation of the composition pattern for Nocturia.

well-defined and reusable activity models. As such, the encapsulated semantics
can be shared across applications with similar scope but different implementa-
tion frameworks. In this section, we describe a prototype implementation of a
transformation framework that dynamically generates SPARQL rules that im-
plement the semantics of the composition and specialisation patterns.

The abstract architecture of the prototype framework is depicted in Figure 7.
More specifically, the semantics of the Domain Activity Ontology for represent-
ing domain activities, and the semantics of the instantiated patterns, e.g. the
property restrictions, sub-properties, inverse properties, etc. that are defined by
the DnS implementation in DUL, are handled by an OWL ontology reasoner
(e.g. [25]). The ontology model is then used by the SPARQL Generator to dy-
namically generate SPARQL rules, based on the provided pattern instantiations.
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Fig. 7. The prototype framework for generating and executing SPARQL rules.

5.1 SPARQL Rules

The rules in our framework are defined in terms of domain-specific SPARQL
CONSTRUCT graph patterns (SPIN rules [13]), tailored to the semantics of the pro-
vided pattern instantiations. A SPARQL rule is defined in terms of a CONSTRUCT
and a WHERE clause: the former defines the set of triple patterns that should be
added to the underlying activity model upon the successful pattern matching of
the triple patterns in the WHERE clause. The generation of such rules in involves
the mapping of the conceptual knowledge provided by the activity patterns on
SPARQL triple patterns and functions.

In the case of the specialisation pattern, the activity classes that are classified
by ContextTypes are used to define the triple patterns that match the corre-
sponding activity instances in the WHERE clause. Additionally, the Specialisa-
tionType that classifies the class of the specialisation is used to define the triple
patterns in the CONSTRUCT clause that specify the additional class type of the
specialised instance. In the case of the composition pattern, the triple patterns
that match activity instances in the WHERE clause are determined based on the
SubActivityType classifications. The CompositeType classification is used to
define the activity type of the new composite activity that is generated in the
CONSTRUCT clause. In both activity patterns, the temporal constraints among
activities are checked using SPIN functions® that implement basic temporal re-
lations (Allen’s temporal operators [1]).

3 SPIN functions are reusable SPARQL queries that can be referenced inside SPARQL
FILTER and BIND functions.



11

Figure 8 shows the SPARQL rules that are generated for the recognition of
bed exit and nocturia activities performed by a specific patient (actor), based
on the pattern instantiations described in Section 4.4. In Figure 8 (a), the out
of bed activity is further specialised as a bed exit, whereas in Figure 8 (b) a
new nocturia instance is generated by aggregating bed exit and in bathroom
activities. The start time of the composite activity is associated with the start
time of the bed exit activity, whereas the end time is associated with the end
time of the in bathroom activity, as the example in Figure 6 models through the
temporal-related property assertions startsBy and finishedBy. The SPARQL
function contains checks whether the first time interval ([?stl, ?7et1]) con-
tains the second ([?st2, 7et2]). The newURI SPARQL function generates a
unique URI for the new nocturia by concatenating its sub-activity URIs to en-
sure the termination of the reasoning procedure, since always the same URI
is generated from the same sub-activities ?x and 7y. Also note that the rules
further correlate the activity instances in terms of the Domain Activity Ontol-
ogy properties discussed in Section 3. In that way, we materialise information
relevant to the activities that participated in the specialisation of an instance
(isSpecialisedBy property) and to the sub-activities of composite activities
(hasSubActivity property).

CONSTRUCT { CONSTRUCT {
?y a BedExit; //SpecialisationType ?new a Nocturia; //CompositeType
isSpecialisedBy ?x. hasStartTime ?stl;
} hasEndTime ?et2;
WHERE{ hasActor ?p;
?x a NightSleep; //ContextType hasSubActivity ?x;
hasStartTime ?stl; hasSubActivity ?y.
hasEndTime ?etl;
hasActor ?p. WHERE{
?y a OutOfBed; //SpecialisedType ?x a BedExit; //SubActivityType
hasStartTime ?st2; hasStartTime ?stl;
hasEndTime ?et2; hasEndTime ?etl;
hasActor 7?p. hasActor 7?p.
FILTER(:contains(?stl, ?etl, ?st2, ?et2)) ?y a InBathroom; //SubActivityType
3 hasStartTime ?st2;

hasEndTime ?et2;
hasActor ?p.
FILTER(:contains(?stl, ?etl, ?st2, ?et2))
BIND(:newURI(?Xx, ?y) as ?new)
3
@ (b)

Fig. 8. (a) The specialisation rule for deriving bed exits, (b) the composition rule for
inferring nocturia instances.

6 Conclusions

In this paper, we presented an activity patterns ontology that serves as a meta-
model over domain activity classes, capturing the structural notions of atomic
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and compound activities, based on the DnS pattern implementation in DUL.
The aim is to allow the formal representation of activity interpretation mod-
els over activity classes that are generally characterized by intricate temporal
associations, and where it is often the case that the aggregation of individual
activities entails the existence of a new (composite) activity. To this end, two
types of implemented patterns presented, namely specialisation and composi-
tion that provide well-defined and interoperable activity models that satisfy
common interpretation requirements in activity recognition domains. We also
elaborated on the implementation of a prototype framework for the genera-
tion of domain-dependent instantiations of the activity patterns in the form of
SPARQL CONSTRUCT graph patterns (SPIN rules).

Future work involves the further extension of the activity patterns to cap-
ture more complex activities whose recognition requires additional information,
such as cardinality and ordering (e.g. sequential, interleaving) constraints. In
the near future, we also plan to provide an ontology API (e.g. in Sesame?) for
enabling users to define pattern instantiations without going into the details
of the implementation of the activity patterns. As far as the prototype frame-
work is concerned, we are currently investigating the possibility of integrating
and adapting the SPARQL generation algorithm in existing SPARQL-oriented
complex activity processing and recognition frameworks, such as in [28] that
combines SPARQL and Prova rules® and in [2] for processing RDF streams. In
that way, the SPARQL query sets of such frameworks can be dynamically ex-
tended and adapted to reflect changes in the recognition logic, e.g. after learning
new patterns.
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