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Abstract Events are central aspect of many semantic ambient media applications
such as surveillance, smart homes, automobiles, and others. Existing models for events
typically do not follow a systematic development approach, are conceptually narrow
with respect to event features, and their semantics is often ambiguous. This makes
the communication between and integration of different event-based components and
event-based semantic ambient media applications a challenging task. In this paper,
we present the Event-Model-F, a formal model of events based on the foundational
ontology DOLCE+DnS Ultralite (DUL). The Event-Model-F provides comprehensive
support to represent time and space, objects and persons, mereological, causal, and
correlative relationships between events, and different interpretations of the same event.
It is developed following a pattern-oriented ontology design approach and can be easily
extended by domain specific ontologies. We introduce the design and implementation
of an application programming interface that allows for easy integration of the Event-
Model-F in arbitrary applications. The use of the Event-Model-F is demonstrated at
the example of a socio-technical system of emergency response and implemented in the
SemaPlorer++ application for creating and sharing event descriptions.

Keywords Events - Models - Principles - Pattern-oriented Ontology Design - Core
Ontologies

1 Introduction

The explicit modeling of events and the development of event-based systems are in-
creasingly gaining widespread attention by research and industry [1, 44]. This is due to
a couple of reasons: Firstly, we find an increasing number of semantic ambient media
applications that are treating events, e.g., surveillance, smart homes and automobiles,
ambient assisted living, and situation management such as in the example of emergency
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response. Secondly, a fastly growing number of intelligence-collecting devices such as
sensors, CCTV, upload facilities, and others lead to an ubiquity of events being recog-
nized and communicated. Thirdly, event detection, clustering, and annotation is and
will be realized in many different software components and proprietary solutions us-
ing a large variety of internal data models. Thus, multiple systems are connected for
managing events resulting in a complex, distributed event-based system [34]. Such a
distributed event-based system consists of several components that are characterized
by taking events as input and providing events as output. Existing semantic ambient
media systems and applications typically focus on processing low-level signals and ac-
tions such as [9, 58, 73, 6]. They concentrate on the technical events that are captured
by sensory devices and try to make sense out of the captured information.

On the domain-level, events are understood as occurrences in which humans partic-
ipate. It is essential for semantic ambient media applications to capture and represent
these occurrences, i.e., to consider events on domain-level. In contrast to the technical
events above, events on domain-level are typically subject to discussions and interpre-
tations by humans [50]. They may be very complex and a variety of aspects need to be
considered such as time and space, objects and persons involved, as well as mereolog-
ical, causal, and correlative relationships between events. Existing models for events
like [67, 43, 22, 14, 33, 17, 70] and models for situation-awareness that have a close
relation to events and provide event-like structures such as [12, 68, 72, 32, 30, 24, 26]
are typically developed in an ad-hoc manner. Thus, they do not follow a systematic
development approach. They are conceptually narrow with respect to the event fea-
tures provided and the semantics is typically ambiguous. This hinders communication
between and interoperability of the different event-based components and event-based
semantic ambient media applications.

Modeling events is an interesting and challenging task as it involves among others
the different aspects of events like objects participating in events, mereological, causal,
and correlative relationships between events, and interpretations of the same event by
different humans. In philosophical literature, there are different discussions of how to
discriminate events from other categories [10]. One of them are objects. Although not
undisputed, there are standard differences between events and (physical) objects [10]:
Events are said to occur or happen. They are considered perduring entities that unfold
over time, i.e., they take up time. In contrast, material objects such as stones and chairs
are said to exist. Such enduring entities unfold over space, i.e., they are in time. As
said, this metaphysical distinction is not uncontroversial as some philosophers consider
objects as four-dimensional entities that extend across time just as they do across
space [10].

With the Event-Model-F, we present a formal representation of events that allows
for capturing and representing occurrences in the real world [52]. This representation
allows easy interchange of event information between different event-based components
and event-based systems. For our Event-Model-F, we base on the Descriptive Ontol-
ogy for Linguistic and Cognitive Engineering (DOLCE) [8, 21, 28]. We have aligned
the Event-Model-F with the DOLCE+DnS Ultralite (DUL) ontology®, a lightweight
version of DOLCE. The Event-Model-F follows the design decision of DUL and distin-
guishes events from objects. By this, we can be precise about the relationships that can
occur between events and objects [37]. DOLCE and DUL already have proved to be

1 http://ontologydesignpatterns.org/wiki/Ontology:DOLCE+DnS_Ultralite [Last re-
trieved: August 04, 2010]



a good modeling basis for core ontologies such as [45, 45, 2, 18, 38, 39] and provide a
formal modeling basis. For designing the Event-Model-F, we have followed the pattern-
oriented ontology design approach of DOLCE and DUL, respectively. This approach
provides native support for modularization of our Event-Model-F and extension by
domain specific ontologies.

The remainder of this article is organized as follows: The next section motivates
the need for a formal model on events at the example of a concrete scenario in the
domain of emergency response. Section 3 introduces the SemaPlorer4++ application
for creating and sharing event descriptions in the emergency response scenario. Sec-
tion 4 presents the requirements on the Event-Model-F derived from the scenario,
SemaPlorer++ application, and an extensive analysis of existing models in various
domains. In Section 5, we describe the development of our Event-Model-F. For a se-
mantically precise definition of the Event-Model-F, we have axiomatized it using De-
scription Logics [4] described in Section 6. In order to allow for an easy use of the
Event-Model-F in applications such as SemaPlorer++, we have developed an applica-
tion programming interface discussed in Section 7. The use of our Event-Model-F in
the SemaPlorer++ application at the example of the emergency response domain is
demonstrated in Section 8. In Section 9, we present an extensive analysis of existing
event models and event-based systems and relate them to the Event-Model-F. We also
discuss related applications in the domain of managing emergency response, before we
conclude the paper.

2 Sharing of Event Descriptions in Emergency Response

We demonstrate the need for the Event-Model-F at the example of sharing ambient
media information in the emergency response use case of the EU project WeKnowlIt2.
We will use the emergency incident of a flooding as a concrete scenario throughout
the paper. In the course of such an incident, different professional emergency response
entities are involved such as the emergency hotline, police department, fire depart-
ment, emergency control center, and forward liaison officers. As depicted in Figure 1,
the emergency hotline receives calls from citizens and sends event descriptions to the
control center. In addition, citizens report about events by using their cell phones and
taking images of the incidents. The information provided by the citizens is transmitted
from the emergency hotline to the emergency control center. In addition, the citizens
can upload content and provide information directly to the emergency control center.
Finally, information from social networking platforms are used by the emergency con-
trol center such as images shared on Flickr3. The emergency control center is in charge
of coordinating the emergency response entities. It receives the event descriptions and
media associated with it, processes them, and communicates the event descriptions
and their documenting media assets with the police department and fire department.
Forward liaison officers as part of the emergency control center are out in the field to
report about the situation by taking photos and notes.

In the case of a concrete incident this socio-technical system for emergency response
becomes very active. Many different descriptions of events and their documenting me-
dia assets are created and communicated between the different emergency response

2 http://wuw.weknowit.eu/ [Last retrieved: August 04, 2010]
3 http://www.flickr.com/ [Last retrieved: August 04, 2010]



entities. Please note again, the events we are modeling aim at capturing and represent-
ing occurrences in the real world where humans participate and thus are different from
technical events as discussed above. The different aspects of events are marked with
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Fig. 1 Sharing Event Descriptions in the Socio-technical System of Emergency Response

In an incident of a heavy storm a major flooding may happen. (i) During the flood-
ing a power outage occurs. (ii) Some citizens are lacking power supply and are calling
the emergency hotline to report about the outage. The officers at the emergency hot-
line record these calls and type in an event description for each call to document them
in their system. (iii) These events are annotated with information about the call and
its recording and are automatically transferred to the system of the emergency control
center. In addition, the citizens are reporting about events by taking images of the
events, tagging them, and uploading them to the WeKnowlt system. In the course of
the flood, (i) further events happen such as pumping out flooded cellars or rescuing
people from their flooded homes. (iv) Forward liaison officers drive to the different
locations of the events to take photos and report them. Here, the event description is
created using an application on their cell phone. (iii) A documentary support for the
event is provided by attaching a photo to it and tagging it. The event description is
also send to the system of the emergency control center. (v) Although the events of
a flooded cellar and rescuing people from their homes might occur at different times
and be located farer away from each other, they are probably both caused by the same
flooding event. (vi) Thus, the events that happen during an incident correlate to each
other. These correlations are important to recognize to gain a full understanding of
the emergency situation. Thus, the officers at the control center thoroughly analyze
the event descriptions they receive from the forward liaison officers and the emergency
hotline. (vii) The emergency control center also receives event descriptions from the
systems of the police department and fire department that happen during the incident.
(v) Based on the evidence of the event descriptions, the officers in the emergency control
center use their system to formulate hypothetical events that might have caused the
power outage. To this end, event descriptions are analyzed, (semi-)automatically clus-
tered, visualized, and put into relation. (viii) The officers conclude that there are two
possible interpretations that might have caused the power outage, namely a snapped
power pole close to the river or a problem with the power plant. The correct assess-



ment of the situation is very crucial in order to most effectively deploy the available
emergency response resources. Thus, the different event interpretations modeled in the
system need to be verified by the officers as soon as possible in order to confirm or
reject the hypothesizes. For this purpose, the officers in the emergency control center
may contact the personnel of the power plant. At the same time, the description of
the hypothetical event of a snapped power pole together with a task description is sent
onto the mobile device of a forward liaison officer. The forward liaison officer drives
to the area where the control center suspects that the pole might be snapped, takes
images documenting the situation, and reports back the result using his mobile device.

As depicted in Figure 1, several entities are involved in an emergency response
using different event-based systems. These systems need to be connected through a
common understanding of events into a distributed event-based system. The goal is
to efficiently communicate the event descriptions and associated media between the
different emergency response entities. Thus, a formal representation of events is useful
for the interoperability among the various computer systems as it provides machine
accessible semantics. To support this complex, socio-technical system for emergency
response, we have developed the SemaPlorer++ application for creating and sharing
event-based media information among the emergency response entities.

3 Creating and Sharing Event Descriptions in SemaPlorer+ -+

The SemaPlorer++ application aims at providing a distributed infrastructure for cre-
ating and sharing event descriptions and media assets documenting these events in the
domain of emergency response. It is an extension of the SemaPlorer application [49]
for faceted search and navigation of distributed semantic data sources in real-time.
As data sources SemaPlorer uses DBpedia [7], GeoNameS4, WordNet5, and personal
FOATF files® (Friend-of-a-Friend). In addition, it connects via a semantic photo query
service live to the Flickr photo sharing system. The distributed storage infrastructure
of SemaPlorer bases on NetworkedGraphs [48]. It allows to integrate arbitrary further
data sources. The user interface of SemaPlorer supports visualizing the semantic data
using a map view, media view, and different context views. It bases on the K-Space
Annotation Tool (KAT) [46] and can be extended by domain-specific plugins.

To support the specific needs of emergency response to create and share event
descriptions, the SemaPlorer++ application provides an event-manager plugin that
makes use of the Event-Model-F. Figure 2 shows a screenshot of the SemaPlorer++
application with the event-manager plugin. An ontology browser is located on the left
hand side with an emergency response ontology loaded. The emergency ontology is
provided by the Sheffield City Council and comprises all emergency incidents that the
emergency response team deals with. The emergency events defined in the ontology are
listed in a tree-structure of the ontology browser. It enables the user to easily create
event descriptions by choosing a concept from the ontology, e.g., the emergency inci-
dent concept Major_Industrial_Fire. The emergency response concepts can be dragged
and dropped from the ontology browser onto the map at the right hand side of Fig-
ure 2. Once the user has placed an event concept on the map, an event description

4 http://www.geonames.org/ [Last retrieved: August 04, 2010]
5 http://wordnet.princeton.edu/ [Last retrieved: August 04, 2010]
6 http://www.foaf-project.org/ [Last retrieved: August 04, 2010]



is created. To visualize the just created event description, the event-manager plugin
of the SemaPlorer++ application selects an icon for the map view and displays it to
the user. The example in Figure 2 shows an icon on the citymap of Sheffield, UK. It
represents a major industrial fire that happened in a bakery.

The event-manager plugin uses the system date and time as default for creating the
event description. They can be changed by the user. The location of the event is the
latitude and longitude of icon’s position on the map, which can be moved by the users.
Additional information about the event is captured such as a title, location name, de-
scription, and images taken during the event. Once the representation of the emergency
event is created, it is instantly stored in SemaPlorer+-+’s storage infrastructure. By
this, the event description created by one user of the SemaPlorer++ application will be
available to arbitrary other instances of the application in the complex, socio-technical
system of emergency response, i.e., other emergency response entities.
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Fig. 2 Screenshot of the SemaPlorer++ Application Showing an Industrial Fire Event that
Happened at a Bakery in the City of Sheffield, UK

When the user clicks on the icon, the SemaPlorer++ application changes from the
map view to the event view to show the details of the industrial fire event as depicted
in Figure 3. The figure shows the event details of the bakery fire in Sheffield that was
caused by a short-circuit. In addition, an image from Flickr is shown documenting the
event. The users of the SemaPlorer++ application can change the event title, location
name, description, time, date, and documenting images. For documenting the event
with images, the event-manager plugin allows the users to search for Flickr images
that happened in the closeby location and time and associating them to the event
as documentary support. To this end, the SemaPlorer++ application calls a semantic
photo query service [35] provided by the WeKnowlt system with the parameters of the
current time, the location of the event, and the event type, i.e., the emergency incident
concept taken from emergency incident ontology. The semantic photo query service
searches for appropriate Flickr photos within a specific time range and distance that



match the given incident concept. For the SemaPlorer++ application, the time range
is set to seven days of when the actual event happened. The radius of the location used
to search for Flickr photos is determined by the semantic photo query service.

The photo query service called by the SemaPlorer++ application bases on an
approach that combines semantic knowledge and statistical information as described
in [35, Section 5.3]. Each concept of the emergency incident ontology is associated with
a vector of weighted tags that are associated with the concept. The tags relevant for a
concept are identified by exact string match, synonyms extracted from WordNet [16],
and tag co-occurrence. When the SemaPlorer++ application calls the semantic photo
query service, the Flickr photos of the requested time range and location area are clas-
sified by their tags using the vectors of the emergency incident concepts. The semantic
photo query service returns a list of ranked photos most relevant to the given concept.
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Fig. 3 Screenshot of the SemaPlorer++ Application with the Details and Photo Documen-
tation of the Industrial Fire Event at a Bakery in Sheffield, UK

Besides using images from Flickr, the flexible infrastructure of the SemaPlorer++
application also allows to integrate and make use of arbitrary other media data
from the Internet such as videos, blog entries, and tweets. Future extensions of the
SemaPlorer+-+ application include providing trigger when new media data about an
emergency incident is available on social media sharing platforms. In addition, rea-
soning on the data could be conducted like determining the buildings that need to
be evacuated in a specific incident type such as a larger industrial fire or chemical
accident. Here, among others sources like LinkedGeoData [3] could be used.

The emergency response scenario and SemaPlorer++ application have been devel-
oped based on the requirements of the professional emergency planning team of our
project partner, the City Council of Sheffield, UK. To this end, an extensive require-
ment analysis has been conducted by visiting different emergency response entities
such as the emergency hotline, control center, and fire department in Sheffield. In ad-
dition, we have conducted interviews with the emergency planning team of Sheffield



to gather further requirements. These requirements have been refined regularly during
the project meetings.

What we have learned from the emergency planning team in our project is that
in the course of an incident communication is very difficult in the control room due
to high noise as many people are gathering in the control room and become very
active. During a larger incident, the emergency response coordination team needs to
communicate with other emergency response entities such as the police and fire depart-
ment. The emergency response entities communicate using phones, which is potentially
error-prone and inefficient. In specific incidents also dedicated persons of the emergency
response entities are in the control room to receive and dispatch messages. For exam-
ple, during the Sheffield floods in 2007, a police officer was in the control room with
responsibility for communicating between the control center and his colleagues out on
the ground. Thus, computer support for exchanging emergency response information
like with SemaPlorer++ is very welcomed. A scientific evaluation of the SemaPlorer+-+
application has yet not been conducted and remains part of our future work.

4 Requirements on Event-Model-F

We have derived functional as well as non-functional requirements on our Event-Model-
F. These base on an analysis of existing event models and related work in Section 9, the
emergency response scenario in Section 2, the SemaPlorer++ application in Section 3,
and reported and own experience in designing core ontologies [39, 38, 2, 18].

To derive the functional requirements, we have analyzed existing models in var-
ious domains such as music [43], journalism [67], multimedia [15, 17, 70], news [22],
cultural heritage [14], and knowledge representation [33]. The most comprehensive list
of functional requirements are the six aspects defined for the event model E [70] and
the journalism interrogatives of the Eventory system [67]. We have blend the aspects
in E and interrogatives of the Eventory system and have synthesized them into our
requirements. For each requirement, we also explicitly refer to the scenario in Section 2.

(1) Participation of objects in events. Representing participation of living and
non-living objects such as people, animals, and other material objects in events and
the roles they play in events. In the scenario, an example of objects participating in
events and different object roles are to be found with (ii).

(2) Temporal duration of events and (3) spatial extension of objects. As
events unfold over time (see Section 1), their temporal duration needs to be modeled.
This can be conducted using absolute or relative representations of points in time. Ob-
jects unfold over space. Thus, modeling their spatial extension needs to be supported.
This can be also modeled using absolute or relative positioning. In the emergency re-
sponse scenario, events occur and objects exist at different points in time (vii) and at
different locations (iv).

(4) Structural relationships between events. We consider three kinds of struc-
tural relationships between events, namely (4a) mereological, (4b) causal, and
(4c) correlation relationships. The mereological relationship should be supported
as events are usually made up of other events [42]. Causal relationships require the
modeling of causes and effects and should support the integration and use of different
causal theories as discussed, e.g., in [23]. Correlation refers to two events that have
a common cause (cf. [55]). It should be supported as it is typically easy to observe,



while causality is very difficult to discover and, hence, often unknown. The scenario
illustrates the requirement of mereology (i), causality (v), and correlation (vi).

(5) Documentary support for events and objects. This requirement com-
prises the annotation of events and their participating objects with arbitrary infor-
mation such as sensor data and media data. It provides documentary support that a
particular event happened or object exists. In the scenario, the documentary support
is indicated with (iii).

(6) Event interpretations. Relations between events such as causality and cor-
relation can be matter of subjectivity and interpretation. For example, in a law suit the
parties involved may each claim that the other one is at fault. Thus, the event model
should support such different interpretations of the same event, i.e., provide different
contextual points of view onto the same occurrences in the real world. In the scenario,
event interpretation is indicated with (viii).

Besides the functional requirements discussed above, there are also a number of non-
functional requirements to the Event-Model-F. They are derived from reported and own
experience in knowledge-based systems and knowledge representation [39, 38, 2, 18].
The non-functional requirements comprise the extensibility of the Event-Model-F to-
wards new developments and functional requirements. The Event-Model-F needs a suf-
ficient formality and axiomatization so that systems can reason about the represented
knowledge and carry out semantic checks on its validity. To decrease the complexity
of the Event-Model-F, it needs to be modular. It shall be able to incorporate exist-
ing domain ontologies and make use of that existing domain knowledge. However, this
domain-specific knowledge needs to be clearly separated from the structural knowl-
edge captured with the Event-Model-F. An extensive discussion of the non-functional
requirements has been conducted in [52].

5 Design of the Event-Model-F

For designing the Event-Model-F and implementing the functional requirements, we
have carefully aligned it with the DOLCE+DnS Ultralite (DUL) ontology. DUL defines
the class DUL:Event next to the disjoint upper classes DUL:0bject, DUL: Abstract, and
DUL:Quality. The definition of Event refers to an entity that exists in time (cf. discus-
sion of events and objects in Section 1). The class Object stands for entities that exist
in space such as living things as well as non-living and abstract things like social and
cognitive entities. A Quality is a characteristic of an object or an event. It has a value
that is represented as a point or area in some Abstract. The class Abstract represents
value spaces, e.g., the space of natural numbers or the time of a day. In the Event-
Model-F, we do not prescribe specific Abstracts that are to be used. We rather refer to
the generic Abstracts already defined in DUL such as the regions DUL:TimeInterval,
DUL:SpatioTemporalRegion, and DUL: SpaceRegion.

The functional requirements on our Event-Model-F are represented by specialized
instantiations of the descriptions and situations (DnS) ontology pattern that is part of
DOLCE+DnS Ultralite. We use DnS as it provides formally precise representations of
different, contextualized views on events [19, 20]. Thus, with DnS one can reify events
and describe the n-ary relation that exists between multiple individuals of events and
objects. We use the DnS pattern as the representation of occurrences in the real world
(i.e., the events and objects we are modeling) are subject to discussion and interpreta-
tion and may not be objectively observable. The DnS pattern allows for representing
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different opinions about events and their participating objects. This feature is not
provided by the DOLCE+DnS Ultralite participation relation, namely the property
isParticipantIn. The property defines fixed relations between Events and Objects.
Thus, no further interpretations or discussions of, e.g., the objects participating in an
event are possible.” This is not desirable for the domains we consider such as emergency
response, sports, news, law, and others.

In the following, we introduce the ontology patterns of the Event-Model-F and il-
lustrate them in diagrams. With respect to the functional requirements in Section 4,
the participation of objects in events (1) is implemented by the participation pat-
tern. It also provides for modeling the absolute time and location of events (2) and
objects (3). The mereology pattern, causality pattern, and correlation pattern imple-
ment the structural relationships between events (4a-4c). In addition, the mereology
pattern allows for modeling the relative temporal relations and relative spatial re-
lations between events (2) and objects (3). The documentation pattern provides for
annotating events (5) and the interpretation pattern supports different event interpre-
tations (6). Classes defined by the Event-Model-F are highlighted in the diagrams to
show the alignment with classes of DUL. The Event-Model-F is axiomatized in Descrip-
tion Logics [4] using the Web Ontology Language (OWL) [40]. It is available online at:
http://west.uni-koblenz.de/eventmodel.

5.1 Participation Pattern

The participation pattern enables to formally express the participation of
objects in events. As shown in Figure 4(a), participation is expressed by
an F:EventParticipationSituation that satisfies an F:EventParticipation-
Description. The situation includes the Event being described and the Objects par-
ticipating in this event. The EventParticipationDescription classifies the described
event and its participants by using the concepts F:DescribedEvent (specialized from
DUL:EventType) and the object role F:Participant (specialized from DUL:Role). The
concept DescribedEvent classifies the Event that is described by the participation
pattern, e.g., the event of a flooded cellar. Likewise, instances of Participant classify
objects as participants of the event. For example, the citizen calling the emergency
hotline to report about the flooded cellar. Instances of Participant can be roles de-
fined in some domain ontology as indicated in Figure 4(a). For example, an emergency
response ontology may define the role of a person being affected, i.e., the emergency
subject, and the role describing the rescue staff such as firemen. Besides the role an
object can play in a specific participation pattern, also the described event and its
participating objects themselves can be defined in some domain ontology as indicated
in Figure 4(a).

The parameter F:LocationParameter describes the general spatial region where
the objects are located. It DUL:parametrizes a SpaceRegion and defines a prop-
erty DUL:isParameterFor to the Participant role. The Object that is classified by
the Participant has a Quality with the property DUL:hasRegion of a SpaceRegion.
Thus, using the F:LocationParameter we can define the location(s) represented by
SpaceRegions that are relevant for describing the event in a given context. For exam-
ple, when quenching a house fire all firemen have their specific location within and

7 DOLCE provides a similar property between endurants and perdurants (objects and
events) called participant-in.
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around the building. The LocationParameter can then be used to describe in general
that the firemen where at that specific house, e.g., in form of some longitude-latitude
rectangular. Thus, we do not need to explicitly state or even know where the individual
firemen are. The F:LocationParameter is typically some aggregation of the objects’
locations. The F:TimeParameter describes the general temporal region when the event
happened. It parametrizes a TimeInterval and defines a property isParameterFor
to the DescribedEvent role. For example, one can state that the house fire happened
on June 13, 2006.
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Fig. 4 The patterns of F, namely (a) participation, (b) mereology, (c) causality, (d) correla-
tion, (e) documentation, and (f) interpretation

5.2 Mereology Pattern

Events are commonly considered at different abstraction levels depending on the view
and the knowledge of a spectator. For instance, the event of a flooded cellar may be con-
sidered as such or as part of the larger event of a flooding in which many other (smaller)
incidents occur. The mereology pattern shown in Figure 4(b) enables expressing such



12

mereological relations as composition of events. The composite event is the “whole” and
the component events are its “parts”. Formally, a F:EventCompositionSituation in-
cludes one instance of an event that is classified by the concept F:Composite and many
events classified as its F:Component(s). Accordingly, an EventCompositionSituation
satisfies a F:CompositionDescription that defines the concepts Composite and
Component for classifying the composite event and its component events.

Events that play the Component role may be further qualified by temporal, spatial,
and spatio-temporal constraints. As events are formally defined as entities that exist
in time and not in space (cf. Section 1), constraints including spatial restrictions are
expressed through the objects participating in the component event. For instance, a
Component event may be required to occur within a certain time-interval, e.g., the
second week of June 2009. Depending on its objects, a Component event may also
happen in a certain spatial region. For example, the flooding of a town should be
composed of events that have objects associated to it, which have some certain range
of longitude and latitude. Finally, events and the objects bond to it may be qualified
by a spatio-temporal quality like the progress of a flood that extents over time and
space, starting with a high water level located in some area of a river and extending
spatially over time into other areas. Any such constraints are formally expressed by one
or multiple instances of the F:EventCompositionConstraint. They define qualifying
values for temporal, spatial, and spatio-temporal qualities of a component event as
shown in Figure 4(b). Thus, with the composition pattern, events may be arbitrarily
temporally related to each other, i.e., they might be disjoint, overlapping, or otherwise
ordered. In order to express such relative temporal relations between events, one can
facilitate the provided means of DOLCE such as the formalization of Allen’s Time
Calculus®.

5.3 Causality Pattern

Causality is the traditional philosophical problem investigating the existence (or nonex-
istence) of any special “tie” binding causes and effects together [23]. It can be ques-
tioned either as “Why” or “How” [23]. An answer to this question is (or better said
claims to be) a causal explanation. What explains, is the cause and that what is ex-
plained is the effect [23]. Events are the most natural concept to serve for defining
causal relations [42]. In fact, causes and effects are two specific types of events [23, 27]
and only events can play the roles cause and effect, respectively [27].9 Causation is
unidirectional [23], i.e., causes are bringing about effects in an orderly succession, and
causes are a necessary condition of its effect [23]. A causal relationship is always justi-
fied by some (maybe implicit) underlying causal theory.

Based on the analysis of related work and discussion above, we designed a causality
pattern as depicted in Figure 4(c). The pattern defines two EventTypes called F:Cause
and F:Effect which classify Events. It further defines a DUL:Description, which is
classified by a F:Justification. By this, the pattern explicitly expresses the causal
relationship between the cause and the effect under the justification of some theory.
A theory might be an opinion, a scientific law, or not further specified. For example,
during a heavy storm, a power outage might occur caused by a snapped power pole.

8 http://wiki.loa-cnr.it/index.php/LoaWiki:Ontologies [Last retrieved: August 04,
2010]
9 In the case of sociology, causes and effects are states [23].
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The Justification of this causal relationship is the laws of physics. During the power
outage, also some citizens are calling the emergency hotline. This causal relationship
would be justified by the social norm, which allows citizens to call the emergency
hotline in cases of emergency.

As defined above, causes and effects are events. Thus, we assume that objects
inherently involved in causal relationships between events are properly associated to
the cause and effect by the participation pattern (see Section 5.1). The causality pattern
defines that exactly one cause is tied with one effect. If there are multiple causes that
bring a common effect or if a cause implies multiple effects, the mereology pattern
is applied to create an aggregated cause and aggregated effect, respectively. Thus, an
aggregated cause or aggregated effect is a set of events that are classified as cause
or effects, respectively. As a discussion of different causal theories shows [23], not all
theories clearly separate objects from events as F does. In cases, where events and
objects are merged into one concept, we assume that the causal “tie” modeled in
the theory is applied to the event and that the objects are bound to it using the
participation pattern. This allows for describing the participation of objects relevant in
the context of a given causal relationship by using the causality pattern in combination
with the participation pattern from Section 5.1. Finally, according to Shafer [54] there
are different kinds of causal relationships. Thus, using a single causality relationship
might not be precise enough. Consequently, her logic for causality allows for explicitly
modeling the different kinds of causal relationships found in literature. This can be
supported with our Event-Model-F by specializing the causality pattern to specific
kinds of causal relationships.

5.4 Correlation Pattern

A set of events is called correlated if they have a common cause. However, there exists
no causal relationship between the two events [55]. The common cause may originate
from a single or a chain of multiple preceding cause-effect relationships. Correlation
also differs from co-occurrence where two or more events just (randomly) happen at
the same time and do not have a common cause.

Correlation is not of metaphysical interest as it is a property that can be derived
from causality, i.e., the common cause. In our ontology, we model correlation explicitly
as in many cases the (correlating) effects of some common cause may be known, while
the cause itself is not. The correlation pattern depicted in Figure 4(d) defines the role
F:Correlate to classify the events that are correlated. The Justification role clas-
sifies some Description, which explains the correlation in terms of a (mathematical)
law or some theory.

5.5 Documentation Pattern

Documentary evidence for an event may be given by arbitrary objects, e.g., some sensor
data, media data, or by other events. Formally, this relation is expressed by the docu-
mentation pattern depicted in Figure 4(e). It defines the concept F:DocumentedEvent
that classifies the documented event and the concept F:Documenter that classifies the
documentary evidence for that event. This evidence can be expressed by any special-
ization of an Object, e.g., a digital photo taken with a cell phone during an incident,
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or a specialization of Event. Thus, the documentation pattern enables the inclusion of
evidences described in ontologies other than F. For example, digital media data like im-
ages and videos can be classified as documenting Entity and precisely described using,
e.g., Multimedia Metadata Ontology [45]. Thus, the documentation pattern intriguing
connects the representation of the real-world events in which the humans participate
with the media assets that were taken during these events. The objects are documented
via the events in which they participate (see participation pattern in Section 5.1).

5.6 Interpretation Pattern

The perception of events as occurrences in the real world heavily depends on the
context and point of view of the observer. Such different, context-dependent event
interpretations can be described formally by instantiating the different Event-Model-F
patterns presented so far and binding them together with the interpretation pattern
depicted in Figure 4(f). Each pattern models a single, specific interpretation of an
event by associating participations, mereological, causal, and correlative relationships,
as well as documentations relevant in the context of a specific interpretation. In the
emergency use case, two emergency control officers might have differing interpretations
of the power outage. One might be convinced that the power outage is due to a snapped
power pole, while the other might think of a more serious case of a damaged power
plant. Both consider the same event of a power outage, however, consider it from
different points of view that involve other events and objects in different patterns.
Formally, the interpretation pattern shown in Figure 4(f) defines a F: Interpretant
that is specialized from EventType and classifies the interpreted Event. The
Interpretant might be defined in some domain ontology and determines how an
event is interpreted, e.g., as emergency incident in the case of the emergency con-
trol center or as news event described in a news paper. Within each interpretation,
we classify the F:RelevantSituations, namely the situations satisfying the participa-
tion, mereology, causality, correlation, and documentation. These are defined as spe-
cializations of RelevantSituation, namely the sub-classes F:RelevantComposition,
F:RelevantParticipation, F:RelevantCorrelation, and F:RelevantCausality.

5.7 Summary

We designed a formal model of events F based on the foundational ontology
DOLCE+DnS Ultralite. The functional requirements to the Event-Model-F are ful-
filled by introducing ontology design patterns based on the Descriptions and Situa-
tions pattern. By this, we can represent arbitrary occurrences in the real world and
formally model the different relations and interpretations of events. We fulfill the non-
functional requirements stated in Section 4 by the use of this ontology and following a
pattern-oriented design approach.

6 Axiomatization of the Event-Model-F

The Event-Model-F is axiomatized in Description Logics using OWL. This axiomatiza-
tion has been conducted for each ontology design pattern as they have been introduced
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in Sections 5.1 to 5.6. In the following, we show an excerpt of the axiomatization of
the causality pattern. The full axiomatization of the Event-Model-F is presented in
Appendix A.

Like all patterns of the Event-Model-F, also the causality pattern bases on the
DnS pattern of DUL as introduced in Section 5. Lines (1) to (5) show the axioms
of the description part of the causality pattern. The first line is stating that the
EventCausalityDescription is a Description from DOLCE+DnS Ultralite. Line (2)
specifies that the EventCausalityDescription exclusively defines the three roles Cause
and Effect and Justification and only these roles. With lines (3) to (5), the
cardinality of the roles Cause and Effect and Justification within a single in-
stantiation of the causality pattern is defined. Finally, line (6) specifies that the
EventCausalityDescription is satisfiedBy exactly one EventCausalitySituation.

(1) EventCausality Description C Description

(2) EventCausality Description C Vde fines.(Cause U E f fect U Justi fication)
(3) EventCausality Description E= 1(defines.Cause)

(4) EventCausalityDescription C= 1(defines.E f fect)

(5) EventCausalityDescription C= 1(de fines.Justification)

(6) EventCausalityDescription C= 1(satis fied By. EventCausalitySituation)

Continuing with the situation part of the causality pattern, line (7) specifies that
the EventCausalitySituation is a Situation from DOLCE+DnS Ultralite. Lines (8)
and (9) specify that each EventCausalitySituation in the Event-Model-F includes
exactly two events, one Cause and one Effect. In addition, line (10) specifies that
exactly one Justification is included. Finally, it is specified in line (11) that the
EventCausalitySituation satisfies exactly one EventCausalityDescription.

(7) EventCausalitySituation T Situation

(8) EventCausalitySituation C= 1(includesEvent.(JisClassified By.Cause))

(9) EventCausalitySituation C= 1(includesEvent.(JisClassifiedBy.E f fect))
(10) EventCausality Situation C= 1(includesObject.(JisClassi fiedBy.Justi fication))
(11) EventCausality Situation C= 1(satis fies. EventCausality Description)

When specifying ontology design patterns semantically precisely like the causality
pattern of the Event-Model-F above, one encounters the question how many axioms
are needed in order to sufficiently define the semantics of a pattern. The patterns
of the Event-Model-F such as participation, causality, and so on base on the DnS
pattern from DOLCE+DnS Ultralite (see Section 5). As we have seen in Sections 5.1
to 5.6 and the example axiomatization of the causality pattern above, these DnS-based
patterns are specified in a way that the Description defines a number of concepts
that classify entities within the context of the pattern, namely Events and Objects.
Each concept might only classify exactly one entity. Thus, the concepts classifying the
entities constitute the roles the entities play within the context of a specific pattern.
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This is required to ensure a semantically precise specification and use of the patterns.
In addition, the Description defines that the pattern only comprises this specific set
of roles and no further roles. By this, a semantically precise use of the ontology design
pattern is ensured.

For example, the axiomatization of the EventCausalityDescription in line (2)
of the causality pattern exclusively defines the three roles Cause, Effect, and
Justification and only these roles. With this so-called closure axiom, it is not possi-
ble to define and use other roles than Cause, Effect, and Justification within this
pattern. For example, an ontology engineer might want to use the pattern in a context
in which it is not designed for. He might want to add some concepts that do not fit
the intended design of the causality pattern. Thus, a high amount of axiomatization
reduces the risk of wrongly applying the patterns. On the other hand, it might be inter-
esting in future to extend the patterns and provide support for additional information
like provenance, i.e., meta-information about the method and parameter setting by
which the concrete pattern instantiations have been created.

To add provenance information to the ontology design patterns of the Event-Model-
F, different options are possible. For example, a new provenance pattern could be
created. This provenance pattern would base on DnS and define a provenance role
and provenance parameter. To add provenance information to the existing patterns
of the Event-Model-F such as the participation pattern and causality pattern, they
would need to “piggyback” the provenance pattern. This means that the provenance
role and provenance parameter of the provenance pattern would be added to the roles
defined by the patterns of the Event-Model-F. One would need to extend the current
axiomatization of the Event-Model-F patterns and allow to include the roles of the
provenance pattern. To this end, the closure axioms of the ontology patterns need to
be modified like the closure axiom of the causality pattern in line (2). Another option
to provide support for provenance in the Event-Model-F is to associate the provenance
information to the Situation concept of the patterns. For example, the provenance role
and provenance parameter would be associated with the EventCausalitySituation
concept to express provenance information with the causality pattern.

It is a principal design decision which option for adding provenance information is
chosen and is beyond the scope of the Event-Model-F. However, the discussion shows
that the amount of axiomatization is dependent on how much one wants to exactly
define and restrict the pattern’s context of use and how open it shall be for future
extensions. For the Event-Model-F, we have decided to provide a high amount of ax-
iomatization in order to prevent the ontology design patterns from being wrongly
applied. The axiomatization also helps us in designing and providing an application
programming interface for the ontology, which is described next.

7 Programming Interface for the Event-Model-F

We have developed an application programming interface (API) for the Event-Model-
F in order to integrate and use it for the development of concrete applications that
make use of events. The API is based on the formal specification of the ontology and
provides full functionality of the Event-Model-F through easy to use Java interfaces. It
implements the desired behavior of the ontology and its axiomatization and provides a
usefull abstraction of the Event-Model-F to the application developer. To this end, the
API hides the actual design and axiomatization of the ontology from the application
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developer in order that they can concentrate on the actual application development
tasks. The application developers can directly use the Event-Model-F without knowing
the internal details of the ontology or having knowledge in ontology design at all.

Due to the pattern-based design of the Event-Model-F, it is not straightforward to
develop an API for it. One of the biggest challenges when implementing an API for a
pattern-based ontology is to cope with the nature and complexity of ontology design
patterns. Today’s tools for ontology API generationlo such as Elmo!! and Owl2Java'?
typically map all concepts and properties of the ontology to the API. However, they
do not provide explicit support for ontology design patterns. Providing support for
pattern-based ontologies raises a couple of challenges to the design and implementation
of the API.

The patterns of the Event-Model-F for participation, composition, correlation,
causality, documentation, and interpretation base on DnS. In general, the DnS pattern
foresees a Description that defines Concepts (see Section 5). The Concepts classify
some Entity, i.e., Events or Objects. The entities have the property hasSetting that
is located in a Situation. A loop is established in the DnS pattern by a satisfies-
property from the Situation to the initial Description concept. An API for such
DnS-based ontologies like the Event-Model-F has to guarantee the consistency of the
pattern instantiations for creation, read, update, and delete operations. Without ex-
plicit support for ontology design patterns in the API, the consistency of the data
cannot be ensured. For example, for the causality pattern the API has to ensure that
the individuals for the EventCausalityDescription and EventCausalitySituation
concepts are provided. It has to ensure that there is exactly one individual of type
Cause and one individual of type Effect and so on (see axiomatization of the causality
pattern in Section 6). It is important to note that a reasoner would not fail when one
of the individuals above is missing. A reasoner would—according to the open world
assumption—just assume that it does not know the individual and has no information
about it. However, such a behavior is not desired at the API-side when implementing
a concrete application using the ontology. When creating an instance of a pattern like
the causality pattern it should be ensured that all mandatory information is provided.

In addition, APIs for ontologies using patterns like DnS do not need to provide
all concepts of the ontology through distinct classes in the API to the application
developer. Not all concepts in the patterns of the Event-Model-F are of importance
for the application developer. For example, the Description and Situation concepts
can be automatically generated by the API in the background and thus hidden from
the application developers. As a consequence, not all concepts of the ontology design
patterns should be visible to the application developers by the API as they are with
today’s tool support for API generation.

In order to provide an effective and efficient access to the Event-Model-F, we have
manually designed and implemented the API in Java. For designing the Event-Model-F
API, we have developed and implemented a set of best practices. These best practices
are based on the experiences gained with the development of APIs for other core
ontologies like COMM [2] and X-COSIMO [18]. The fundamental design decision for
the Event-Model-F API is to follow a layer oriented design approach as depicted in

10 A good overview provides the following website: http://semanticweb.org/wiki/
Tripresso [Last retrieved: August 04, 2010]

I http://www.openrdf .org/doc/elmo/1.3/ [Last retrieved: August 04, 2010]

12 nttp://www.incunabulum.de/projects/it/owl2java [Last retrieved: August 04, 2010]
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Your Application
Event-Model-F APl Extended Layer
Event-Model-F API Core Layer
RDF Storage (Sesame 2)

Fig. 5 The Layered Architecture of the Event-Model-F API

Figure 5. It consists of three layers, the triplestore layer, core layer, and extended
layer. On top of the extended layer is the application layer representing the concrete
application using the Event-Model-F.

We briefly describe the design of the Event-Model-F API along its layers from
bottom to top: The task of the triplestore layer is to provide an efficient and effective
persistence support for the Event-Model-F. The triplestore layer is implemented using
the Sesame 2 triplestorel3.

The core layer of the API provides a direct mapping of the Event-Model-F ontology
to Java objects. It provides a single Java class for each pattern in the ontology such as
EventCausalityPattern. java for the causality pattern. These pattern classes provide
an attribute for all concepts defined in the pattern. For example, attributes for the
concepts Cause and Effect are provided as well as for EventCausalityDescription
and EventCausalitySituation. Thus, the design of the core layer of the Event-Model-
F is very close to the actual design of the ontology itself. The core layer of the Event-
Model-F API is not designed to be used by the application developers directly. Its
purpose is to help dealing with the complexity of the pattern-based ontology and
providing an initial API implementation for it. The core layer ensures consistency of
the data stored with the API, i.e., ensures that the instantiations of the ontology
patterns of the Event-Model-F are consistent with respect to their specification in
Sections 5.1 to 5.6.

Finally, the extended layer of the Event-Model-F API provides a specialization of
the core layer. The purpose of this layer is to abstract from the concrete design of
the pattern-based core ontology and to provide the Java interfaces and classes the
actual application developer has to deal with. Thus, the goal of the extended layer is
to hide the complexity of the ontology and to provide the application developer the
functionality he needs to create, modify, and delete event representations and event
relations. To this end, the Java classes implementing the distinct ontology pattern on
the core layer are specialized on the extended layer to provide more natural and easy
use. The extended layer hides concepts from the application developer he does not
need to deal with such as Description and Situation. In addition, the extended layer
provides a set of generic but often required convenience methods. The extended layer
is aimed to be specialized to domain-specific requirements of the application.

Our experience in using pattern-based ontologies in concrete applications and de-
signing APIs for such ontologies is that they should not have a fixed programming
interface. Although we can assume that the design of a core ontology is very stable
with respect to its use in different domains, the API should be redesigned based on
the requirements of the concrete domain in which it is used. By this, one can enable

13 nttp://www.openrdf.org/ [Last retrieved: August 04, 2010]
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a much more efficient access to the knowledge modeled and represented with the core
ontology. Thus, the extended layer should be adapted to the concrete requirements
of the application domain. Consequently, methods and tool support are required to
provide a rapid design and development of domain-specific APIs for ontologies.

A detailed description of the design and implementation of the Event-Model-F API
and the best practices extracted from developing the API have been summarized in [53].
The source code of the Event-Model-F API is released under open source license and
is available from https://launchpad.net/eventmodelf.

8 Application of the Event-Model-F in the SemaPlorer+-+4 Application

We have introduced the SemaPlorer++ application for creating and sharing event de-
scriptions and associated media data in the context of emergency response in Section 3.
The SemaPlorer++ application makes use of the Event-Model-F APT introduced above.
To this end, the API has been specialized towards the domain-specific requirements
of emergency response. For describing events in SemaPlorer++-, the different patterns
defined in the Event-Model-F are combined, each providing a specific part of the event
description. As described in Section 3, the SemaPlorer++ application provides an
event-manager plugin designed to deal with events. The communication between the
SemaPlorer++ application and the event-manager plugin is handled via the messag-
ing bus of the K-Space Annotation Tool. When dragging and dropping an emergency
incident concept from the ontology browser on the map, a message object is send to
the event-manager plugin. The message contains an object called table and provides
all information required by the event-manager plugin. First, the event-manager plugin
checks whether the message is an event. If it is a subclass of DUL:Event, the latitude
and longitude of the event is retrieved from the table object. Otherwise the message
is ignored. If the concept is of type DUL:Event, an instantiation of the participation
pattern of the Event-Model-F is created and stored in the Sesame triplestore through
the Event-Model-F API. The participation pattern comprises the time and location of
the event and a default object participating in the event. The pattern is filled with
latitude and longitude information extracted from the table object and stored in an
instance of the class GeoLocatedEvent. The class GeoLocatedEvent is part of the ex-
tended layer of the Event-Model-F API that has been specialized for SemaPlorer++.
The GeoLocatedEvent stores also further information such as the date and time when
the event happened, a title, location name, description, and images documenting the
event.

Figure 6 shows how a fictive industrial fire event that happened in a bakery
in Sheffield is captured using the participation pattern. The pattern comprises the
individuals for the situation, description, and roles of the participation pattern.
The fire event is represented with the individual fire-event-1 of incident type
Major_Industrial Fire Event (MIFEvent). The time and date of the event is modeled
using ISO8061. Thus, the TimeParameter parametrizes the abstract IS08061DateTime
that has a property xsd:dateTime with the concrete values of the date and time
of the fire event, namely 2009-11-01 08:46:00,00-532. The spatial information of
the fire event is added to the participating object using the LocationParameter. It
parametrizes the abstract WGS84SpaceRegion that allows modeling the location along
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the WGS84 vocabulary14. The WGS84 vocabulary defines two properties for latitude
and longitude. In the concrete example of the fire event, the geo:1lat is 53,389 and
geo:long is -1,453.

|epd-1: EventParticipati )escription} defines

satisfies

isParameterFor

tp-1: TimeParameler}%'de-l: DescribedEvem| |p-1 : Participant — or loc-1: LocationParameter

parameterizes classifieg| classifiei‘/
ltq-l B Qualityl |fire»even!»1 : MIFEvent| l 0-1: Object hasQualit
sg-1: Quality
hasRegion hasQuality hasParticipant
dt-1: 1S08061DateTime s-1: WGSB4SpaceRegion ize:
xsd:dateTime
[ 2009-11-01 08:46:00,00-532"xsd:dateTime| lgeoilong

isEventincludedin
|eps-1 : EventParticipationSituation '\§ — 53,389"""xsd:double
isObjectincludedin 1,453 7 xsd-double

Fig. 6 Instantiation of the Participation Pattern Representing an Industrial Fire Event that
happened at a Bakery in Sheffield

In addition, the fire event is documented with a title, written location name, and de-
scription. This is represented using a specialization of the documentation pattern shown
in Figure 7. It defines the properties hasEventNameValue, hasEventDescriptionValue,
and hasEventLocationValue of the DocumentingEntity. The connection to the fire
that happened in Sheffield and its representation in the participation pattern as shown
in Figure 6 is established by using the same individual fire-event-1 in both patterns.

edd-1: EventDocumen!atiunDescription} defines

hasEventLocationValue @
d:
I" 1: Docl 'I=l||| |d-1 : Di | = \‘,[“Bakery Fire“r~xsd:string

satisfies classifies classifies

hasEventDescriptionValue
|fire-evem-1 : Evem| |doc-enl-1 : DocumentingEntity %(“Iarge bakery fire, caused by a short—circuit‘”‘"xsd:sm’ng‘

isEventincludedin hasSetting
| eds-1: EventDocumentationSituation

Fig. 7 Instantiation of a Specialized Documentation Pattern for Emergency Response Rep-
resenting the Location, Name, and Description of the Industrial Fire Event

Finally, images documenting the fire event can be associated to the fire-event-1
by using another specialization of the documentation pattern as shown in Figure 8. This
specialization introduces a PhotoEntity as Documenter and allows to annotate events
with a photo URL using the hasPhotoURL property and a title describing the image
with the hasPhotoTitleValue property. In the example of the fire event in Sheffield,
an image from Flickr is used to document the event.

4 nttp://wuw.uw3.org/2003/01/geo/ [Last retrieved: August 04, 2010]
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edd-2 : EventD ionDe: rriptionl ines

satisfies classifies classifies

asPhotoURL
http://www.flickr.com/photos/30888055@N04/4134027830/

hi itleVal -
|doc»ev»2: DucumemedEvem| |d—2: D | hasPhotoTitlevalue >||“Week 53“Mxsd:string
h

Iﬁre»evenl-l : Evenll Iphom-l : PhotoEntity

’J isEventincludedin hasSetting
[eds-2: EventD ionsituati

Fig. 8 Instantiation of a Specialized Documentation Pattern Representing the Annotation of
the Industrial Fire Event with an Image from Flickr

The Event-Model-F is well suited for implementing the SemaPlorer++ application.
By the modular design, i.e., splitting up the functional features of the Event-Model-F
into different ontology design patterns, the engineers can easily choose the parts of the
ontology, i.e., the patterns they need for their application and can conveniently special-
ize them towards domain-specific requirements. The formal nature of the Event-Model-
F supports this specialization process by reducing the risk to introduce ambiguities (cf.
discussion in Section 6). In addition, the Event-Model-F allows to incorporate existing
domain knowledge such as the emergency incidents ontology from Sheffield.

Besides the examples above, we have developed further examples demonstrating the
use of the Event-Model-F for representing emergency response events. These examples
show among others the application of the mereology pattern, causality pattern, and
interpretation pattern. They can be downloaded from our website at http://west.
uni-koblenz.de/eventmodel and are described in detail in [52, 53]. In an extended
version of the SemaPlorer++ application, the features for mereology and causality will
be available to the end users. In addition, different points of view onto the events will
be supported by leveraging the interpretation pattern.

The Event-Model-F can also be applied to arbitrary other domains that need to
represent events as occurrences in which humans participate. Thus, in addition to the
application of the Event-Model-F for emergency response, the website above provides
examples in the domains of tourism and soccer. The tourism example models a two-day
weekend trip. It is like the emergency response scenario motivated by the WeKnowlIt
project. Three people are participating in this trip. On the first day, there is a sub-event
of a dinner. On the second day are two sub-events, a visit to a museum and a travel
to a sight. The tourism example applies different patterns of the Event-Model-F such
as participation and composition. The soccer example models an entire game, i.e., the
first halftime and second halftime. Different events happen during the game such as a
foul and goal. The soccer example makes full use of all patterns of the Event-Model-F,
namely participation, causality, correlation, composition, and interpretation. It further
shows how a domain specific ontology can be embedded and used to describe the events
happening during a soccer game.

9 Related Work
The discussion of related work is twofold. In Section 9.1, we analyze the existing event-

based systems and event models and compare them with the Event-Model-F. We also
consider models for situation awareness and situation theory, which have a close relation
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to events. In Section 9.2, we review commercial and open source command-and-control
systems for managing emergency incidents and elaborate on the advantages using the
Event-Model-F to enable interoperability between these systems.

9.1 Discussion of Existing Event Models

For designing the Event-Model-F, we have analyzed existing event-based systems and
event models. We have also analyzed related models for situation awareness and sit-
uation theory that have a close relation to events and provide event-like structures.
The existing models and systems have been systematically studied with respect to the
functional requirements in Section 4. The event-based system and event models are
motivated from different domains such as the Eventory [67] system for journalism, the
Event Ontology [43] as part of a music ontology framework, the ISO-standard of the In-
ternational Committee for Documentation on a Conceptual Reference Model (CIDOC
CRM) [14, 56] for cultural heritage, the event markup language EventML [22] for news,
the event calculus [33, 11] for knowledge representation, the Semantic-syntactic Video
Model (SsVM) [15] and (VERL) [17, 36] for video data, and the event model E [51, 70]
for event-based multimedia applications. With respect to situation awareness and situ-
ation theory, we find the Standard Ontology for Ubiquituous and Pervasive Computing
(SOUPA) [12], which is the core of the Context Broker Architecture (CoBrA) [13], the
Context Ontology (CONON) [68] for modeling context in pervasive computing environ-
ments, the Situation Ontology [72] for an hierarchical modeling and sharing of situation
knowledge, the Situation Awareness Assistant (SAWA) application [32, 30, 31, 29], the
Situation Theory Ontology (STO) [24], and the situation calculus [26, 25] for repre-
senting changes in the real world. An overview of the analysis results and comparison
to the features of our Event-Model-F along the functional requirements is shown in
Figure 9.

. . Relations |§ |4
-2,5 Time Space 8o & égggeg
T G T 3 so=les|s
o afRel. Abs|Rel. Abs|S 2 O O8Q S8
Eventory Yes|Yes| Yes| Yes| Yes|Lim,|Lim.[No |Yes|No
Event Ontology Yes |Yes|Yes|No |Yes|Lim.|Lim.[No [No |No
SsVM Yes| Yes| Yes| Yes| Yes| Yes|Lim.[|No |Yes|No
VERL Yes| Yes| Yes| Yes| Yes| Lim.| Lim.| No |Yes|No
CIDOC CRM Yes| Yes| Yes| Yes| Yes| Lim.|Lim.|No |Yes|No
EventML Yes|No |Yes|No | Yes|Yes|No |No |Yes|Lim.
Event Calculus No |Yes|Yes|No |No |Yes|Yes|Yes|No [No
Event Model E Yes| Yes| Yes| Yes| Yes| Lim.| Lim.| No |Yes|Lim.
SOUPA Yes| Yes| Yes| Yes| Yes| Lim.| Lim.| No |Yes|No
CONON Yes|No | Yes|Lim|Yes|No [No [No |Yes|No
Situation Ontology| Lim.| Yes| Yes| No | Yes|Lim.|No [No |No [No
SAWA Yes|No |Yes|Yes|No |Yes|Lim|No [No | No
STO Yes|No |Yes|Yes| Yes|Lim.|No |No [No | No
Situation Calculus | Yes|No | Yes| Yes|No |Lim.|Yes|No [No | No
Event Model F Yes|Yes| Yes| Yes| Yes| Yes| Yes| Yes| Yes| Yes

Abbreviations: Rel.=relative, Abs.=absolute, Lim.=Limited

Fig. 9 Comparison of Existing Models for Events Towards Functional Requirements
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Our analysis shows that the existing systems and models almost fully support the
participative, temporal and spatial aspects. Many of the existing solutions also support
the documentary aspect. However, existing models substantially lack in supporting the
structural aspect, i.e., mereological, causal, and correlation relationships, and represen-
tation of different interpretations of the same event. Here, we find different variations
of limitations or even no support by the existing models. With respect to mereological
event relationships, the existing models typically provide support for simple part-of
relationships such as with the sub_event property of the Event Ontology, an informal
description of a mereological relationship in Eventory, and hierarchical part-whole re-
lationships in CIDOC CRM [56]. However, no further axiomatizations are provided for
refining the mereological relationship by different criteria such as temporal and spatial
constraints. Only SsVM allows for describing more complex mereological relationships
and the situation-awareness model of SAWA supports spatio-temporal composition [5].
Similar, also the support for causal relationships is limited in most of the existing mod-
els. It is typically defined as a cause-effect relationship like the factor and product
properties of the Event Ontology or the “resulted in” property in CIDOC CRM. The
same holds true for SSVM and E. Also no further axiomatization of causality is provided
by these models such as that causes and effects are events and only events, cardinality
between causes and effects, and support for modeling a justification of a causal rela-
tionship (see Section 5.3). Only the event calculus and the situation calculus provide
well formed support for causality. However, the latter defines causality not between
events but on fluents, which are functions on situations. The correlation relationship is
only supported by a specific extension of the event calculus [11]. None of the existing
models provides for different interpretations of the same event. Only E introduces a
similar concept called constellations but it remains as future work. Considering the
functional requirements, we can state that the Event-Model-F supports all of them.

With respect to the non-functional requirements, one can say that the existing
event models are developed “ad hoc”, i.e., they do not follow a systematic develop-
ment approach and mostly do not define a formal semantics. Consequently, they are
semantically ambiguous (cf. [59]). For example, the model used in the Eventory [67]
system is only verbally described. Ambiguities in E [70] with respect to naming conven-
tions and ontological relationships of key concepts have been removed [51]. However,
the principal problem of being an informally defined event model that is developed
in an ad-hoc manner remains. For the SAWA model, the axiomatization is conducted
only on its domain-specific extensions using rules. The core model itself is not formal-
ized and has some modeling flaws such as introducing a concept for physical objects
as specialization of the object concept without introducing a concept for non-physical
objects [5]. In the Situation Ontology the concept of situation is ambiguously defined
and can be either an object or a property [5]. A formal basis can be provided by using a
foundational ontology such as DOLCE [21, 28] or SUMO [41]. Foundational ontologies
come with formal definitions of fundamental concepts of the world, i.e., any concepts
that are of metaphysical interest such as events and objects, and provide axioms that
can be used and extended. However, they do not provide a fully fledged event model as
our goal is in this work. Thus, they are a solid modeling basis for core ontologies such
as our Event-Model-F and are good design practise. None of the existing event models
leverage a foundational ontology like DOLCE for event modeling. Thus, they do not
benefit from the formal semantics already defined in such ontologies. They also do not
follow a pattern-oriented approach that would allow them to structure the complex
problem of an event model into smaller, reusable units. This is very unfortunate as,
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e.g., DOLCE has already proven to provide a good design basis and modeling approach
for different core ontologies such as [45, 2, 18, 38, 39]. Extensibility and separation of
concern are typically not in the scope of the existing event models. For example, in
SAWA it is difficult to associate the core model with existing domain ontologies [57].
This hinders (re-)use of the SAWA model as it cannot be assumed that for each domain
a specific SAWA-aligned ontology will be created. Finally, we should mention that the
Event Ontology reuses existing ontologies for modeling the participative, temporal, and
spatial aspects. Other ontologies such as SOUPA provide a well elaborated represen-
tation of temporal relations and space [5]. However, existing ontologies are not reused.
Reuse of existing ontologies is a feature that is also supported by our Event-Model-F.

For designing the Event-Model-F, we have aligned it carefully with the founda-
tional ontology DUL. This choice of DUL as modeling basis specifically reflects all the
non-functional requirements as described in Section 4. Foundational ontologies pro-
vide a high-level, abstract vocabulary of concepts and relations that are likely to be
used in current and future application domains. Thus, a precise alignment of concepts
defined in the Event-Model-F with the high-level concepts of a foundational ontology
provides a solid basis for future extensions. This alignment also includes the adoption
and specialization of the formal semantics of the foundational ontology in our Event-
Model-F. Thus, it supports for validating the more specific semantics of the concepts
and relations defined in the Event-Model-F. For designing the Event-Model-F, we built
upon the foundational ontology DOLCE that supports a pattern-oriented design ap-
proach [38]. We have designed the Event-Model-F as a set of patterns that structure the
domain into smaller and better manageable ontology modules. The individual events
and objects are reified by the different patterns of our ontology. Splitting up the descrip-
tion of events and objects into different parts allows for reusing them among different
applications where only parts of the descriptions might be needed and combined with
domain-specific knowledge. Finally, the separation of concerns is supported by defining
the structural knowledge of events and objects in the Event-Model-F and leaving all
domain-specific aspects out of it. By this, the Event-Model-F is independent of any
concrete domain that makes use of events and objects.

9.2 Command-and-Control Systems for Emergency Response

The SemaPlorer++ application relates to so-called command-and-control systems for
managing emergency incidents and coordinating the emergency response. We find dif-
ferent existing solutions and applications for emergency response such as the com-
mercial Atlas Incident Management System (AIMS) [62] by Ultra Electronics. AIMS
provides among others a task management system to allocate, coordinate, and record
tasks and logs all incoming and outgoing messages. The Command Support System [66]
by VectorCommand is a collaborative platform that aims at creating and sharing a
common understanding of an emergency situation through features like messaging,
electronic whiteboard, and automatic incident log recording.

Ushahidi [65] is an open-source emergency response system that has initially been
developed for reporting violence incidents in Kenya after the post-election fallout in
2008. Since then, it has been used to manage the emergency response in several in-
cidents such as tracking the post-earthquake effort in Haiti and Chile. Goal of the
Ushahidi system is to develop an early warning system and visualization of data for
emergency response. Another open source emergency response management system
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is the web-based collaboration platform Sahana [47] for coordinating different emer-
gency response tasks. It provides features such as finding missing people, managing
aid and volunteers, and communicating between the professional emergency response
organizations and victims.

The 911 program [64] is a national effort of the United States that aims at establish-
ing the Internet as a commonly accepted infrastructure for emergency response [60]. To
this end, the traditional emergency hotline system based on wired phones is extended
by new channels such as calls from cell phones, text messaging, and the Internet. The
focus of the 911 program lies on the network aspects of an Internet-enabled emergency
response system such as routing and prioritization protocols [60]. However, it is also
concerned with determing the responsible entities in a concrete incident, acquiring and
determing the location of the caller, and establishing security controls for system ac-
cess. Within this context, the 911 Community Response Grid [63, 71] is developed by
the University of Maryland. It allows citizens to online receive and submit information
about emergency incidents and security problems. The information in the Community
Response Grid is not only shared with community officials but also with other citizens.

The existing systems and solutions for managing emergency incidents provide dif-
ferent features such as information sharing and task management to improve the situ-
ational awareness in emergency response. Ultra Electronics as well as VectorCommand
require installation of their software on all computers of all emergency response entities.
Thus, all emergency response entities have to agree on a common software solution.
This may be enforceable to some extend. However, it can be assumed that there will be
emergency response organizations or civil organizations that use different systems and
thus are not integrated. For example, the emergency response entities in rural areas
may not have the support to upgrade their systems to the latest technology [64]. Like
the commercial systems, Ushahidi and Sahana require that all emergency response en-
tities as well as citizens are using the same platform. In addition, they are vulnerable
with respect to the accessibility and performance of the single server that runs the
platform. An exchange of information between the applications and platforms of the
different commercial and open-source solutions is not possible.

The 911 program defines the Internet as a common infrastructure to enable interop-
erability of the different emergency response systems and emergency response services.
However, it focuses on the network aspects and does yet not tackle the interoperabil-
ity of domain data. The Emergency Data Exchange Language (EDXL) is an effort of
the OASIS'® emergency management technical committee to gain interoperability and
transparency of domain data in emergency response. It defines the EDXL Distribu-
tion Element (EDXL-DE) to share event-like information between emergency response
entities [69]. However, the EDXL-DE remains very simplistic and only supports in-
formation like the time, location, and type of incident. In addition, the specification
is semantically ambiguous as it does not provide a formal semantics like the Event-
Model-F. For example, it is unclear if the time and date provided with the distribution
element refer to the actual time of when the incident happened or when the distributin
element has been shared. However, this distinction is very important in emergency
response. In addition, the recipients of a distribution element can be specififed, e.g., by
keywords taken from a list. For specifying the address of the recipient an email can be

15 Organization for the Advancement of Structured Information Standards, http://www.
oasis-open.org/ [Last retrieved: August 06, 2010]
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provided, but it remains unclear if other channels like instant messaging and SMS can
also be used.

To enable the exchange of complex, structured event-based information between
the heterogeneous computer systems and applications used by the emergency response
entities, we have developed the Event-Model-F. The formal nature of the Event-Model-
F provides an unambiguous semantics to the structured event-based information. By
this, it facilitates interoperability between different event-based applications such as
emergency incident management systems. We allow for integrating heterogeneous client
applications and systems in a systematic and formally precise way. To prove the appli-
cability of the Event-Model-F, we have implemented a Java-based API (see Section 7).
We have specialized the API towards domain-specific requirements for emergency re-
sponse and have integrated it with the SemaPlorer++ application by using it in the
event-manager plugin (see Sections 3 and 8). As such, the SemaPlorer++ application
and the event-manager plugin serve as role model how to integrate the Event-Model-
F and leverage it for representing complex event-based knowledge in the domain of
emergency response. The API of the Event-Model-F and the event-manager plugin of
the SemaPlorer++ application can serve as basis for future extensions of emergency
response management applications such as Ushahidi and Sahana to enable interoper-
ability between the different applications.

10 Conclusions

A sophisticated model of events is needed to capture and represent occurrences in the
real world for semantic ambient media applications. To fill this need, we have designed
the Event-Model-F based on the foundational ontology DOLCE+DnS Ultralite (DUL)
and have axiomatized it in Description Logics using OWL. For the functional require-
ments, we have introduced specific ontology design patterns based on the Descriptions
and Situations pattern of DUL. By this, we can represent arbitrary occurrences in the
real world and formally model the different relations and interpretations of events.
The full support for the structural aspect as well as different event interpretations dis-
tinguishes the Event-Model-F very much from existing event models. Separating the
model into smaller patterns allows for better managing the complexity of events. By
the use of this ontology and following a pattern-oriented design approach, we are able
to fulfill the non-functional requirements stated in Section 4. Due to its formal na-
ture, the Event-Model-F allows for integrating different event-based components and
event-based systems. We have developed an API for using the Event-Model-F in Java-
based applications and have demonstrated the use of the API at the example of the
SemaPlorer+-+ application in the domain of emergency response. The Event-Model-F
and its API are available online at: http://isweb.uni-koblenz.de/eventmodel.

In a future work, we plan to develop pattern-based core ontologies for further
aspects of situation awareness. These core ontologies include the aspects of user context,
rules, devices, and others.
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Appendix

A Axiomatization of the Event-Model-F in Description Logic

In the following, we describe the axiomatization of our Event-Model-F in Description Log-
ics [4] along the different patterns for participation, composition, causality, correlation, and
interpretation. A discussion on the axiomatization of ontology design patterns in general is
conducted at the example of the causality pattern in Section 6.

A.1 Participation Pattern

The participation pattern is discussed in Section 5.1. It describes the set of objects that
participate in an event and are relevant in a given context. The participation pattern defines
that for one event there has to be at least one participant. This means that there are no events
without a participating object. We formalize this with the following set of axioms:

FEventParticipationDescription C Description
EventParticipationDescription C Vde fines.(Participant U Described Event)
EventParticipationDescription C> 1(defines.Participant)
EventParticipationDescription C= 1(defines.Described Event)
EventParticipationDescription C= 1(satis fied By. Event ParticipationSituation)
EventParticipationSituation C Situation
EventParticipationSituation C Vincludes Event.(
JisClassi fied By. Described Event)
EventParticipationSituation C VincludesObject.(
JisClassi fied By. Participant)
EventParticipationSituation C= 1(satis fies. Event Participation Description)
DescribedEvent C EventType
DescribedEvent C Vclassifies.(JisEventIncludedIn.
EventParticipationSituation)
DescribedEvent C= 1(isDe finedIn.EventParticipation Description)
Participant C Role
Participant C Vclassifies.(JisObjectIncludedIn.
EventParticipationSituation)

Participant C= 1(isDefinedIn.Event ParticipationDescription)

A.2 Mereology Pattern

The composition pattern defines how events are composed, i.e., it basically describes a part-
whole relationship between events that is valid in a certain context and is possibly subject to
a set of constraints (cf. Section 5.2). We require exactly one composite event, i.e., the whole,
and at least one component, i.e., the part. The specification of constraints is optional.
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EventCompositionDescription T Description
EventCompositionDescription C Vde fines.(Composite LI Component
U EventCompositionConstraint)
EventCompositionDescription C= 1(defines.Composite)
EventCompositionDescription > 1(defines.Component)
EventCompositionDescription C= 1(satis fied By. EventCompositionSituation)
EventCompositionSituation C Situation
EventCompositionSituation T Vincludes Event.(JisClassified By.
(Composite LI Component))
EventCompositionSituation C VincludesSpace.(JisParametrized By.SpatialConstraint)
EventCompositionSituation C VincludesTime.(JisParametrized By. TemporalConstraint)
FEventCompositionSituation C VincludesSpaceTime.
(JisParametrized By.SpatioT emporalConstraint)
EventCompositionSituation C= 1(satis fies. EventComposition Description)
Composite C EventType
Composite C Vclassifies.(FisEventIncludedIn.
EventCompositionSituation)
Composite C= 1(isDefinedIn.EventCompositionDescription)
Component C EventType
Component C Vclassi fies.(JisEventIncludedIn.
EventCompositionSituation)
Component C= 1(isDefinedIn.EventCompositionDescription)
EventCompositionConstraint & Parameter
EventCompositionConstraint C= 1(isDe finedIn.EventComposition)
EventCompositionConstraint C Vparametrizes.(3hasSetting.
EventCompositionSituation)
SpatialConstraint C EventCompositionConstraint
SpatialConstraint C Vparametrizes.Space Region
TemporalConstraint C EventCompositionConstraint
TemporalConstraint C Vparametrizes. TimeRegion
SpatioTemporalConstraint C EventCompositionConstraint

SpatioTemporalConstraint C Vparametrizes.SpatioT emporal Region

A.3 Causality Pattern

The causality pattern defines a causal relationship by exactly one cause, exactly one effect,
and exactly one justification. The pattern is described in Section 5.3. A formal axiomatization
is provided below.
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EventCausalityDescription C Description
EventCausalityDescription C Vde fines.(Cause U E f fect U Justi fication)
EventCausality Description C= 1(defines.Cause)
EventCausalityDescription C= 1(defines.Ef fect)
EventCausalityDescription C= 1(defines.Justification)
EventCausality Description C= 1(satis fied By. EventCausalitySituation)
EventCausalitySituation C Situation
EventCausalitySituation C= 1(includesEvent.(JisClassifiedBy.Cause))
EventCausalitySituation C= 1(includesEvent.(3isClassifiedBy.E f fect))
EventCausalitySituation C= 1(includesObject.(isClassified By.Justification))
EventCausalitySituation C= 1(satis fies. EventCausality Description)
Cause C EventType
Cause C Vclassifies.(JisEventIncludedIn.
EventCausalitySituation)
Cause C= 1(isDefinedIn.EventCausality Description)
Effect C EventType
Ef fect C Vclassifies.(JisEventIncludedIn.
EventCausalitySituation)
Ef fect C= 1(isDefinedIn.EventCausality Description)
Justification C Role
Justification C Velassifies.(Description M JisObjectIncludedIn.
(EventCausalitySituationl
EventCorrelationSituation)
Justi fication C= 1(isDefinedIn.(EventCausality Descriptionl]

EventCorrelationDescription))

A.4 Correlation Pattern

The correlation pattern describes the correlation of a set of events, as discussed in Section
5.4. It only makes sense to specify a correlation between two or more events. Further, the
correlation description also refers to the justification defined for the causality pattern.
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FEventCorrelationDescription C Description
EventCorrelationDescription C Vde fines.(Correlate U Justi fication)
EventCorrelationDescription C> 2(de fines.Correlate)
EventCorrelationDescription C= 1(de fines.Justi fication)
EventCorrelationDescription C= 1(satisfied By. EventCorrelationSituation)
FEventCorrelationSituation C Situation
EventCorrelationSituation C> 2(includes Event.(JisClassi fied By.Correlate))
EventCorrelationSituation C= 1(includesObject.(JisClassi fied By.Justification))
EventCorrelationSituation C= 1(satis fies. EventCausality Description)
Correlate C EventType
Correlate C Vclassi fies.(Jis EventIncludedIn.
EventCorrelationSituation)

Correlate C= 1(isDefinedIn.EventCorrelation Description)

A.5 Documentation Pattern

The documentation pattern provides the documentation of an event by arbitrary sensory data
such as images, video, and audio as well as other events. Thus, it allows to specify for an event
by which objects and events it is documented. The pattern has been discussed in Section 5.5.
A formal axiomatization is provided below.

FEventDocumentationDescription T Description

EventDocumentationDescription C Vde fines.(Documented Event LI Documenter)
EventDocumentationDescription C= 1(defines. Documented Event)
EventDocumentationDescription C> 1(defines.Documenter)
EventDocumentationDescription C= 1(satis fiedBy.Event DocumentationSituation)

FEventDocumentationSituation C Situation

EventDocumentationSituation C= 1(includes Event.(JisClassi fied By. Documented Event))

EventDocumentationSituation > 1(hasSetting.(JisClassified By.Documenter))
EventDocumentationSituation C= 1(satis fies. Event DocumentationDescription)
DocumentedEvent = EventType
DocumentedEvent C Vclassifies.(JisEventIncludedIn.
Event DocumentationSituation)
DocumentedEvent C= 1(isDefinedIn.Event DocumentationDescription)
Documenter = Concept
Documenter C Vclassi fies.(3hasSetting.
EventDocumentationSituation)

Documenter C= 1(isDefinedIn.Event DocumentationDescription)

A.6 Interpretation Pattern

The interpretation pattern defines an interpretation of exactly one event. Therefore, it provides
the means to specify all those patterns for an event that are relevant for the interpretation.
We have discussed the pattern in Section 5.6 and provide the formal axiomatization below.
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FEventInterpretationDescription = Description
EventInterpretationDescription C Vde fines.(Interpretant U RelevantSituation)
EventInterpretationDescription C= 1(de fines.Interpretant)
EventInterpretationDescription C> 1(defines. RelevantSituation)
EventInterpretationDescription C= 1(satis fied By. EventInterpretationSituation)
FEventInterpretationSituation C Situation
EventInterpretationSituation C= 1(includesEvent.(3isClassified By.Interpretant))
EventInterpretationSituation C> 1(includesObject.(Situation M3
isClassified By.RelevantSituation))
EventInterpretationSituation C= 1(satis fies. EventInterpretationDescription)
Interpretant C EventType
Interpretant C Vclassifies.(JisEventIncludedIn.
EventInterpretationSituation)
Interpretant C= 1(isDefinedIn.EventInterpretation Description)
RelevantSituation C Role
RelevantSituation C Vclassifies.(Situationl
JisObjectIncludedIn. EventInterpretationSituation)

RelevantSituation C= 1(isDefinedIn. EventInterpretationDescription)



