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Executive Summary 

This deliverable reports the work done under the WP6 as part of the development of the 

STORM Content Management and Knowledge Representation Models. Specifically, the work 

on the STORM Content Management and Knowledge Representation Models as well as the 

STORM Ontology is focused on Task 6.1 - Knowledge models definition that provides 

machine interpretable models of knowledge and standard specifications for representing real 

events in computing machines. Once information has been extracted at the sensors layer, it 

has to be represented as events in computing systems representing what happened in the real 

world. In this context, the harmonisation of human and machine generated data is very 

important. Models of knowledge will lead the information representation starting from the 

information extraction by sensors, through the event processing that provides the event 

information growing until the situation building that represents the critical situation in 

progress. Models of knowledge will also define the standard for representing events by means 

of simple language. Events will refer to real entities (e.g., persons, artworks, monuments, 

dangerous objects) and adverse circumstances for cultural heritage (e.g., bad weather 

conditions, flooding, infrastructure or material decay and damages). The defined Event Model 

will allow the knowledge to be interpreted by software, to be stored in a database, or to be 

processed in order to provide information growing. The process of locating the artworks in 

need of protection will be faced in STORM project in order to simplify the coordination of the 

emergency actions. In this view, STORM project will provide models of knowledge that will 

allow representing the positions of artworks or monuments in a precise point, even if they are 

located inside buildings, with high accuracy. Task 6.1 aims to support the design and 

implement of dedicated repositories to store all the knowledge extracted or processed by the 

STORM system and focuses on modelling the event-based representation in the form of 

metadata including events, entities, attributes, relations, and rules. The result of the work 

performed under this task leads to the development of the STORM Ontology, which will form 

the backbone of the STORM system, leveraging the innovation from knowledge modelling to 

enhance the data representation in cultural heritage domain. Moreover, this deliverable 

describes the rationale behind the ontological engineering process towards implementation of 

the STORM Knowledge Representation Models that will facilitate storing, modelling, 

classification and retrieval of cultural heritage data.  

The scope of this document is to introduce models for content management, representing 

events and situations in the cultural hetitage context. Specifically, it provides a general 

overview of the work performed on the knowledge representation and definition, including 

the field study introduction, the specification of the current version of the STORM knowledge 

models, brief outline of the defined knowledge models, and analysis of supporting tools 

exploited for their development. Moreover, it reports on the STORM knowledge modelling 

process with focus on the implementation of taxonomies, spatio-temporal paradigm and 

ontology attributes.  

The STORM Content Management and Knowledge Representation Models have been 

designed based on system specifications and requirements derived from WP3 - Use Cases, 

Requirements and Architecture, and supported by an extensive study of the existing 

methodologies, technologies and tools for ontology engineering. The corresponding work has 

been achieved under T6.1 during the period between M1 and M9.  

This deliverable is organised as follows. A brief introduction on knowledge models and an 

extensive study of methods and approaches in ontology development is given in section 1. 

This section gives insights into ontological engineering for extracting semantics and using 

knowledge modelling techniques to represent semantics. The section delves into the 
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psychological design procedure that has been developed for over two decades towards 

ontological engineering. Specifically, the distinction derived between the classes/concepts and 

properties are highlighted, in order to achieve a theoretically sound design for the STORM 

Knowledge Representation Models. Moreover, section 1 presents a study of the latest 

ontology reasoning approaches and discusses constraints of the ontology evaluation and 

verification process. The STORM Knowledge Representation Models, designed to store 

different and heterogeneous information, are presented in Section 2. This section gives a brief 

overview of the current ontologies used in cultural heritage domain. Section 3 describes work 

performed on the STORM Ontology definition, describing STORM core ontology and the 

supporting ontologies. Moreover, it also gives and overview of the taxonomies defined for the 

knowledge representation. Sections 4, 5, 6 and 7 describe in detail the defined Content 

Management Models. In particular, STORM Event Model, STORM Audio Model, STORM 

Sensor Model and STORM Situation Model are presented. The industrial standards, 

technologies and tools supporting the STORM Knowledge Representation Models are 

outlined in Section 8 and the document closes with conclusions in Section 9. 
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1 Introduction on knowledge models 

The term knowledge level modelling (from this point on, knowledge modelling) denotes a 

representation of a system to a level that mainly focuses on implementation jurisdiction. This 

system is not necessarily a software artifact but it can be an organization, a human being, an 

artificial agent; In fact methods and techniques to acquire, represent, share and maintaining it, 

exist. Moreover, knowledge modelling activities can address a variety of domains in multiple 

contexts and with different aims.  

For example, CommonKADS (Schreiber et al. 2000) is a modern methodology used for 

system development and based on knowledge. It aims at the development of abstract problem 

solving and domain models, before their implementation. From a knowledge management 

perspective, a knowledge modelling approach can be performed to develop a model of 

competences of an organization (Speel et al. 1999; Domingue and Motta 2000 26-32), which 

can be the basis for the development of different decision-making scenarios. Researchers on 

knowledge sharing and reuse (Neches et al 1991; Runkel et al 1992; Motta 1999; Motta et al 

1999; Schreiber et al. 2000) consider that abstractions (e.g., knowledge models) could be 

useful for the selection and configuration of components that can be reused for a specific 

application. 

The recent events such the development of the knowledge society and the spread of Internet 

need new methods and formalisms to acquire, represent, share and maintain knowledge. The 

knowledge modelling technologies (e.g., ontologies, problem solving methods, domain 

models), are evolving and became more and more ubiquitous. 

1.1 The Knowledge Modelling Paradigm 

The knowledge modelling is a process that constructs conceptual models of knowledge-

intensive activities. A different and more strinct interpretation can be given to this term, and 

in that sense knowledge modelling refers to a research paradigm (existing in the field of 

knowledge engineering) in contrast to the mining view of knowledge acquisition (Davis 1979, 

121-158; Kidd 1987), which was spread in the field of expert systems during their early days 

and in actual expert system research. To sum up, the mining view focuses on the concept that 

distinct ‘gems of expertise’ can be deduced from an expert domain, encoded in a system. This 

approach is typically supported by rule-based shells, such as Emycin (van Melle, Shortliffe 

and Bunchanan 1984), which provide a generic inference engine and rule editing facilities, to 

support the codification and operationalization of knowledge expressed as inference rules. 

Moreover, the mining approach is based on the assumption that expertise mainly is made up 

of a set of rules. The cognitive basis for such an assumption can be traced back to Newell and 

Simon (1972), who proposed production systems as a general computational paradigm for 

describing intelligent behavior (Motta 2000). Table 1 summarizes the main tenets of the 

mining approach, as applied to rule-base system development. 

Table 1. Characterization of the mining approach to rule-based system development 

Knowledge Categories Facts and heuristic problem solving rules 

KA Methodology 
Acquisition process is driven by the computational model underlying the 

chosen implementation shel(typically a rule-base one) 

Levels of Descriptions Only one, in terms of the rule-based representation 
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KA Paradigm Transfer of expertise 

Cognitive Paradigm 
Production systems as general problem solving architectures fro 

intelligence 

Reusable Components Inference engine 

The knowledge acquisition bottleneck represents apractical problem in expert system 

development (Feigenbaum 1977). The expression refers to the problem that results from the 

fact that ontologies are curated by Domain Experts in any given science field and those that 

simultaneously master the ontological engineering knowledge that is traditionally in need are 

very few worldwide. This problem is caused by the approach chosen. The ‘knowledge 

acquisition as mining’ development scenario is characterized by some main concepts: 

i. system development is an incremental rule acquisition and  

ii. knowledge acquisition (KA) is an interactive transfer of expertise from expert to 

system. In this case, Buchanan and Shortliffe (Buchanan and Shortliffe 1984) refer to 

this process as knowledge programming. Therefore, in this context, the expert is not 

just one of the players involved in a subset of the system development life-cycle but 

the central person for the whole process — i.e., the main bottleneck. 

According to the arguments put forward by researchers (Winograd and Flores 1986), they 

argue that expertise is by its nature tacit (i.e., not all human expertise is amenable to 

verbalization and formalization) and situated (human knowledge is context-dependent and 

this context cannot necessarily be shared with a computer program). A paradigm shift was 

therefore needed, in order to address these problems. Clancey’s analysis of first generation 

rule base systems (Clancey 1985 289-350, 1983 215-251) provided the research breakthrough 

which eventually led to the formulation of the modelling paradigm in knowledge engineering.  

1.1.1 Abstract models of problem solving 

The mining approach is described by Mycin (Buchanan and Shortliffe 1984), as a uniform 

approach that can be exemplified considering expert knowledge and rule-based representation 

as a system which diagnoses pulmonary infections. In this sense, knowledge acquisition is an 

interactive transfer of if-then associations. This approach to representation was criticised by 

Clancey (1983, 215-251), who showed that, at least in the case of the Mycin’s knowledge 

base, it doen't consider some important conceptual distinctions in the acquired knowledge. 

The competence of the Mycin system can be considered only in terms of the kowledge types 

and conceptual tasks it uses, but not from its rule-based behaviour. In particular, Clancey 

pointed out that Mycin’s problem solving behaviour could be characterized in terms of a 

generic heuristic classification model, shown in Figure 1. This model consists of three 

problem solving inferences which i) produce abstractions from the given data; ii) match these 

data abstractions to possible solution types (e.g., classes of diseases) and then iii) refine and 

review these to obtain one or more solutions (e.g., a specific diagnosis). Clancey (1985, 289-

350) analysed the behaviour of a dozen rule-based systems tackling problems in various 

domains and found that in all cases their problem solving behaviour could be characterized in 

terms of the heuristic classification model. Hence, Clancey showed not only that it was 

possible to uncover from Mycin-like systems their knowledge-level (and implicit in the 

design) problem solving structures, but also that these structures were common to different 

systems, i.e., generic. 
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Figure 1. Clancey’s heuristic classification model 

Clancey’s analysis of rule-based systems provided an important milestone in knowledge 

engineering. He showed that a knowledge-level analysis (Speel et al. 1999) makes it possible 

to focus on what a system actually does, rather than how it does it. From this perspective, the 

enphasis has been moved from a symbol level (Mycin is a rule-based system that reasons by 

means of backward-chaining) to a knowledge level (Mycin carries out medical diagnosis 

using a heuristic classification approach). 

1.1.2 Knowledge acquisition as modelling 

Wielinga and Breuker (Wielinga and Breuker 1984, 1986) applied to knowledge acquisition 

the lessons learned from Clancey. In particular, they considered that the cause of the 

bottleneck was that “the mapping between the verbal data on expertise and the 

implementation formalisms is not a simple, one to one correspondence”. Therefore, in 

developing the KADS methodology (Neches et al. 1991), they proposed an approach in which 

expertise modelling and design are clearly separated. First, “in an analysis stage, the 

knowledge engineer develops an abstract model of the expertise from the data ... this model is 

(then) transformed into an architecture for the KBS” (Breuker and Wielinga 1989). Thus, 

they made the case for the development of conceptual modelling frameworks, addressing the 

issue of characterizing expertise at a level independent from implementation. A similar 

approach was also taken by on the KEATS project (Motta, Rajan and Eisenstadt 1989), in 

which it distinguished between modelling “overt behaviour” (i.e., understanding problem 

solving behaviour) and “internal representation” which was concerned with the realization of 

this behaviour on a computer system. 

Other researchers (McDermott 1988; Musen et al. 1987, 105-121) focus on the development 

of application-independent problem solving models.  

The different researchers follow various approaches but all the approaches focus on a 

common paradigm, which considers knowledge acquisition and engineering as a modelling 

activity. Below, the main features of the modelling paradigm are listed. 

 Knowledge engineering is not about cognitive modelling (i.e., ‘reproducing’expert 

reasoning) but about developing systems which perform knowledge-based problem 

solving and which can be judged on task-oriented 
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 Generic models of problem solving can be developed. 

 Knowledge acquisition is a model-building process, where application-specific 

knowledge is developedaccording to the available problem solving technology. In the 

words of Ford et al. (1990, 71-72), “The mining analogy notwithstanding, expertise is 

not like a natural resource which can be harvested, transferred, or captured, but rather 

it is constructed by the expert and reconstructed by the knowledge engineer” 

 It is useful to describe such a model of problem solving behaviour at a level which 

abstracts from implementation considerations (the knowledge level). This approach 

has the advantage of separating problem solving from implementation-related issues. 

 Given that i) knowledge acquisition is about model construction and that ii) models 

can be application-generic, it follows that these generic models can be used to provide 

the interpretation context for the knowledge acquisition process (i.e. the knowledge 

acquisition process can be model-based). In this scenario, much of the knowledge 

acquisition task can be reduced to acquiring the domain knowledge required to 

instantiate generic problem solving roles (Marcus 1988). 

Table 2 characterizes the modelling approach according to the same template used to describe 

the mining approach. In particular, knowledge acquisition shift from an implementation-

oriented to a knowledge-oriented view is shown in the Table 2. The main goal is to acquire 

the knowled required for a general problem solving concept and not to emulate an expert by 

means of some kind of ‘expertise mapping’.Thus, the knowledge acquisition process becomes 

less amenable to the cognitively-motivated criticisms aimed at the mining approach. 

Researchers subscribing to the modelling approach no longer make claims of building rule-

based cognitive models of experts and acquiring expertise by ‘direct transfer’. The cognitive 

paradigm underlying the modelling approach can be characterized as a pragmatic one, which 

is based on a functional view of knowledge. 

Knowledge is functionally described as whatever an observer attributes to an agent to explain 

its problem solving behaviour (Speel et al. 1999). A knowledge-level description mainly 

enables a knowledge-based system to manage complex situations.Such knowledge can be 

represented in different ways - e.g., as plain text, in some logical formalism, as a set of rules, 

but the representation should not be confused with the knowledge itself (i.e., the competence 

expressed by a knowledge model of problem solving is not a function of the chosen 

representation). The advantage of this approach is that it makes it possible to characterize 

knowledge modelling as a distinct technology, which focuses on knowledge-based behaviour 

per se, independently of cognitive or machine-centred biases.  

Table 2. Characterization of the modelling approach 

Knowledge Categories Differentiation is driven by generic knowledge roles 

KA Methodology 
Acquisition is driven by a knowledge-level model of problem solving, 

which is independent of the chosen computational platform 

Levels of Descriptions Multiple (e.g., knowledge vs. symbol level) 

KA Paradigm Model construction 

Cognitive Paradigm Functional view of knowledge 

Reusable Components Generic task, generic problem solving model, generic domain model 
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The adoption of a knowledge modelling paradigm introduces a number of important research 

avenues. 

 The emphasis on knowledge-level modelling and the separation between knowledge-

level and symbol-level analysis opens the way to structured development processes in 

knowledge engineering, characterized by distinct analysis and design phases, each 

supported by different languages, tools and guidelines. In the next section it will show 

how these ideas have shaped the CommonKADS methodology, which relies on 

multiple models to break down the complexity of a knowledge management or 

engineering project. 

 It has seen that Clancey’s analysis uncovered the existence of generic, knowledge-

level models of problem solving. This raises interesting issues with respect to both the 

theory and practice of knowledge engineering. From a theoretical point of view, 

interesting questions concern the space of these reusable models, “What are the main 

classes of reusable models?”, “Is it feasible to hypothesise that future knowledge 

engineering handbooks will provide comprehensive lists of reusable models?”. To 

answer these questions it has to devise sound typologies of reusable problem solving 

models, based on clear theoretical foundations. The engineering questions concern the 

use of these models in a specific project: “What tools do we need to support model-

based knowledge acquisition?”, “Is it feasible to imagine automatic configuration of 

these reusable models for specific domains?” 

Thus, the knowledge modelling paradigm adoption represents an important step for the 

construction of a practical theory of knowledge engineering where new research issues can be 

addressed as robust knowledge engineering.  

The domain is intelligent problem solving, the approach is knowledge-level analysis. In the 

next section it will show how these ideas have been used to devise a comprehensive 

methodology for knowledge engineering and management. 

1.2 Ontological knowledge representation 

One of the key concepts in ontology design is Conceptualization defined “as a set of objects 

which an observer thinks exist in the world of interest and relations between them” 

(Genesereth 1987), definition that comes from the artificial intelligence (AI) community. 

Conceptualization is considered the backbone of the conceptual structure of the world of 

interest and this is related to the definition of ontology modelling. In fact, from AI point of 

view, ontology is defined as “explicit specification of conceptualization” which is widely 

accepted in AI community where “Conceptualization” should be interpreted as “intentional” 

rather than “extensional” operation. Ontologies can also be seen as an agreement about shared 

conceptualizations. Shared conceptualizations include conceptual frameworks for modelling 

domain knowledge; content-specific protocols for communication among inter-operating 

agents; and agreements about the representation of particular domain theories. In the 

knowledge-sharing context, ontologies are specified in the form of definitions of 

representational vocabulary. A very simple case would be a type hierarchy, specifying classes 

and their sub-sumption relationships. Relational database schema could be also exploited as 

ontologies by specifying the relations that can exist in some shared database and the integrity 

constraints that must hold for them (Gruber 1994). From this perspective, it is possible to 

define an ontology as a group of concepts, hierarchical (is-a) organization of them, relations 

among them (in addition to is-a and part-of), axioms to formalize the definitions and relations. 

Other definitions of what ontology modelling/engineering is can be summarised as follows:  
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1) In philosophy, ontology means theory of existence, so ontology modelling is the 

process used to explain what a being is and how we can introduce a system of critical 

categories to account things and their intrinsic relations within the world.  

2) From knowledge-based systems point of view, ontology is defined as “a theory 

(system) of concepts/ vocabulary used as building blocks for information processing 

system”. In a context of problem solving, ontology modelling is divided into two 

types: task modelling for problem solving process and domain modelling for the 

domain where the task is performed.  

Ontology is a formal explicit specification of a shared conceptualization where, 

conceptualization is considere as an abstract, and simple view of the world, with the 

description ofobjects, concepts and other entities, existing in a domain along with their 

relationships. Moreover, an ontology has theability to providea higher level distinction of 

concepts which help understand systematically and consistently the lower level details with 

domain concepts which is hard to obtain without ontological ways of thinking (Jovanović and 

Chiong 2014). Ontology modelling is a kind of design activity, which necessarily has some 

design rationale that largely influences the resulting ontology. In other words, any ontology 

cannot be free from some assumption and/or designers standpoint. One of the difficulties in 

understanding ontology research is the definition of each concept. A dictionary consists of 

definitions of terms people use for human consumption and basically tries to cover as many 

terms as possible. According to (Jovanović and Chiong 2014) ontology research in 

ontological engineering is mainly concerned with something such as the following meta-

questions:  

 Definition 1: intrinsic property  

The intrinsic property of a thing is a property, which is essential to the thing, and it 

loses its identity when the property changes  

 Definition 2: the ontological definition of a class  

A thing which is a conceptualization of a set X can be a class if and only if each 

element x of X belongs to the class X if and only if the “intrinsic property” of x 

satisfies the condition of X.  

 Definition 3: is-a relation 

This definition holds only between classes. <Class A is-a class B> holds if and only if 

the instance set of A is a subset of the instance set of B. These definitions show that is-

a relation used in object-oriented languages is very different from this ontological one, 

which does not allow people to build a model. The skeleton of ontology is an is-a 

hierarchy. Its appropriateness is critical in the success of ontology building.  

 <physical object is-a amount of matter>  

It is true that any physical object is made from matter. However, identity criteria of 

these are different. Matter of some amount is still the same matter after it is divided 

into half, while most of physical objects loose their identity by such division. 

Therefore, physical object cannot be a subclass of amount of matter, since it 

contradicts with the principle of identity criterion preservation in an is-a hierarchy.  

 <association is-a group (of persons)>  

The reason is the same as the above. An association can still be the same after some 

members are changed, while a group is not, since the identity of a group (of persons) 

is totally based on its members.  

 <human is-a physical object> and <human is-a living thing>  

This is an example of multiple inheritances, which causes a trouble when considering 

instance extinction. A human loses his/her existence and hence he/she cannot be an 

instance of human when he/she dies, while his/her body still exists as a physical 
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object. The system needs a special managing function of extinction of an instance for 

such a case together with a mechanism for representing necessary information on 

identity inheritance. To avoid such a difficulty, ontology is required to have a class 

human body under the physical object separately from human, which has human body 

as its part, under living thing.  

OntoClean (Guarino 2000ac; Welty 2001, 51-74) is a theory and a methodology that makes 

anontological taxonomy, ontologically clean. In particular, OntoClean can clean up a 

taxonomic structure. It carefully analyses the sub-sumption (is-a) relation in taxonomies in 

ontology and comes up with four meta-properties such as rigidity, identity, unity, dependency. 

By using these metaproperties, OntoClean has some constraints among the values to eliminate 

invalid combination of these properties in the sub-sumption hierarchy.  

In OntoClean, a term “property” is used to mean a predicate to characterize a thing. Examples 

of property include Person, Student, Hard, Red, etc. A property is said to be rigid if and only 

if it is essential to all its instances. For example, being a person is rigid and this is caused by 

its intrinsic nature that is his/her existence in the real world. Rigid property corresponds to the 

intrinsic property discussed above. A property is said to be anti-rigid if and only if it is non-

essential to all its instances. Being a student is anti-rigid because there is no one whose 

essential property is being a student. A property is said to be non-rigid if and only if it is 

essential to some instances and not to others. Because being hard is essential to a hammer, but 

not to a sponge, “Being hard” is non-rigid. Identity plays a critical role in organizing a proper 

taxonomy. For example, time duration and time interval are different. Two-time intervals of 

9:00-10:00 of December 14 and 13:00-14:00 of the same day are different, though these two 

are the same as time duration.  

Identity criterion (IC) is a condition which provides a necessary condition for identifying a 

thing. Meta-property concerning identity is defined as whether a property carries IC or not 

and whether a property supplies IC or not. For example, Person carries and supplies IC, while 

Student only carries IC. In a similar way, it defines unity condition and dependency to obtain 

a new meta-property.  

1.2.1 Instances of data, information and knowledge representation 

There are many competing definitions of data, information and knowledge, in different 

aspects of computer science and engineering and in other disciplines such as psychology, 

management sciences, epistemology (theory of knowledge). The use of the three terms is not 

consistent, and often conflicting. For instance, in computing, data and information are often 

used in an interchangeable manner (e.g., data processing and information processing; data 

management and information management). From a system perspective, data is referred to as 

bits and bytes stored on or communicated via, a digital medium. Thus, any computerized 

representations, including knowledge representations are types of data. On the other hand, 

from the perspective of knowledge-based systems, data is a simpler form of knowledge (Chen 

2009). 

Data, information and knowledge are Roles played by a representation (proposition). The 

following is an explanation to this hypothesis.  

 Data: a representation as an operand of “to process”  

A representation becomes data when it is or is supposed to be an operand of a verb 

“process”. A person name is a bare representation when it is not an operand of “to 

process” but it is a data when it is processed or it is supposed to be processed.  

 Information: a representation as an operand of “to inform” 
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Although it becomes a data when it is processed, there is an exceptional processing, 

that is, to inform. A representation becomes information when it is or is supposed to 

be an operand of a verb “inform”. In short, a piece of information is an informed 

representation. This definition implies that information, as a role is person-dependent, 

while data is person-independent. That is, data is data regardless of if a person is 

interested in it or not, if a person knows it or not, etc. Data as a role can be considered 

as objective in this sense. On the other hand, information is different. It is necessarily 

related to a person who informed it or a person who is informed of it. A 

representation becomes information when it is supposed to be informed and is 

independent of its usefulness; e.g., “I have very important information” which 

apparently assumes to inform someone of it, “the information was useless”, etc.  

 Knowledge: a representation as an operand of “to know” 

A representation becomes knowledge when it is or is supposed to be known by a 

person. Possible counterarguments against this definition might be: “No, knowledge 

is nothing if it is not used by the person who possesses it. It is something that is 

effectively used to solve a problem. Such properties of “knowledge” are not 

possessed by the thing itself but imposed by “to know”. 

1.2.2 Logical representation 

Knowledge-representation is the field of artificial intelligence that focuses on designing 

computer representations that capture information about the world that can be used to solve 

complex problems. The justification for knowledge representation is that conventional 

procedural code is not the best formalism to use to solve complex problems. Knowledge 

representation makes complex software easier to define and maintain than procedural code 

and can be used in expert systems. Knowledge representation goes hand in hand with 

automated reasoning because one of the main purposes of explicitly representing knowledge 

is to be able to reason about that knowledge, to make inferences, assert new knowledge, etc. 

Virtually all knowledge representation languages have a reasoning or inference engine as part 

of the system. A key trade-off in the design of knowledge representation formalism is that 

between expressivity and practicality (Markman 2013). 

In mathematical logic, propositional logic is the logic whose formulae are made of atomic 

propositions like A, B, having always one of the values true or false, and logical connectives 

like negation (¬A), and (A∧B), or (A∨B) and implication (A→B). Propositional logic is 

sound (only deriving correct results), complete (able to derive any logically valid formula) 

and decidable (the algorithms for deciding whether a formula is valid end in finite time). 

Predicate logic is the logic which adds predicates (like P(x, y)) which represent relations, i.e. 

produce true or false for a combination of values of the terms x and y; quantifiers: existential 

∃ ("there exists") and universal ∀ ("for all"); and terms made of variables and functions, like 

f(x), g(y, z). Thus predicate logic can form formulas like ∀x∃ y (P(x) →Q (f(y))). First order 

predicate logic is the logic where the quantifiers can range only over elements of sets. In 

higher order logics, quantifiers can range over sets, functions and other objects. So, for 

example, the sentence that "every set of real numbers has a minimum" cannot be expressed in 

first order logic, because the quantification ranges over sets, not set elements. First order 

predicate logic is sound and complete, however it is not decidable. It is semi decidable, valid 

formulas can be proven, but non-valid formulas may need infinite time to construct a counter-

example of infinite size. There are known algorithms that can prove valid theorems in first 

order predicate logic, namely the tableaux algorithm, however if the theorem is not valid, the 

algorithm may not end in finite time. The ultimate knowledge representation formalism in 

terms of expressive power and compactness is First Order Logic (FOL). There is no more 
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powerful formalism than that used by mathematicians to define general propositions about the 

world. However, FOL has two drawbacks as knowledge representation formalism: ease of use 

and practicality of implementation. First order logic can be intimidating even for many 

software developers. Languages which do not have the complete formal power of FOL can 

still provide close to the same expressive power with a user interface that is more practical for 

the average developer to understand. The issue of practicality of implementation is that FOL 

in some ways is too expressive. With FOL it is possible to create statements (e.g. 

quantification over infinite sets) that would cause a system to never terminate if it attempted 

to verify them. Thus, a subset of FOL can be both easier to use and more practical to 

implement. This was a driving motivation behind rule-based expert systems. IF-THEN rules 

provide a subset of FOL but a very useful one that is also very intuitive. The history of most 

of the early artificial intelligence knowledge representation formalisms; from databases to 

semantic nets to production systems can be viewed as various design decisions on whether to 

emphasize expressive power or computability and efficiency (Smullyan 1995). 

1.3 Ontological reasoning 

Generally, researches in the field of knowledge representation and reasoning try to provide 

general descriptions of the world that can be used to build intelligent applications. In this 

context, “intelligent” refers to the ability of a system to find implicit results of its explicitly 

represented knowledge. These systems are, from this perspective, similar to theknowledge-

based systems. The realization of knowledge systems involves two main features. The first 

one consists in providing a characterization of a knowledge base, that is the provision of the 

type of knowledge to be specified to the system, comprising the definition of the reasoning 

services the system needs to provide the kind of questions that the system should be able to 

answer. The second aspect consists in providing a rich development environment so that the 

user has a more interactive role because he can benefit from different services.  

Description Logic (DL) refers to a subset of the first-order predication logic, i.e. a family of 

knowledge representation formalism that represents the knowledge of an application domain 

(the “world”) by first defining the relevant concepts of the domain (its terminology), and then 

using these concepts to specify properties of objects and individuals occurring in the domain 

(the world description). In this sense, concepts, roles and individuals, and their relationships 

can be modelled. Concept is a collection of objects and role is a relationship between objects. 

As the Description logic‘s name indicates, one of the characteristics of these languages is that 

it is endowed with a formal logic-based semantics. Thus, it is designed to mainly represent the 

knowledge.  

Another point is the central role given to the reasoning, considered as a central service: 

reasoning allows us to infer implicitly represented knowledge from the one that is explicitly 

contained in the knowledge base. Description Logic give a support to inference patterns that 

occur in many applications of intelligent information processing systems and which are also 

used by humans to structure and understand the world, like the classification of concepts and 

individuals (Baader and Nutt 2003).  

Classification of concepts involves hierarchical relationships (called subsumption 

relationships in DL) between the concepts of a given terminology, thus allowing structuring 

the terminology in the form of a subsumption hierarchy. This hierarchy provides helpful 

information for the connection between different concepts.  

- Classification of individuals (or objects) determines whether a given individual is always an 

instance of a certain concept (i.e., whether this instance relationship is implied by the 
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description of the individual and the definition of the concept). In this way, useful information 

on the properties of an individual are given. Moreover, instance relationships may trigger the 

application of rules that insert additional facts into the knowledge base.  

Two components, called TBox and ABox constitute a knowledge base expressed in a DL 

(Figure 2) 

 

Figure 2. Knowledge base schema in Description Logic 

A Description Logic (DL) is then characterised by four aspects:  

 The set of constructs used in concept and role expressions  

 The kind of assertions allowed in TBox  

 The kind of assertions allowed in ABox  

 The inference mechanisms to reason on both the TBox and the ABox  

The TBox contains intentional knowledge in the form of a terminology (hence the term 

“TBox”, but “taxonomy” could be used as well) and it is built storing a set of universal 

quantified assertions that state general properties of concepts and roles.  

The ABox contains assertional knowledge (hence the term “ABox”), that is specific to the 

individuals of the domain of discourse. A typical assertion in ABox is when one states that an 

individual is an instance of a certain concept.  

This type of knowledge base involves several reasoning tasks. The basic form of reasoning 

involves computing the subsumption relation between two concept expressions, i.e. verifying 

whether one expression always denotes a subset of another object denoted by another 

expression. A more complex reasoning task consists in checking whether a certain assertion is 

logically implied by a knowledge base.  

Although they find a wide range of applications, they are perhaps best known for providing 

the basis for the most widely used ontology languages such as Ontology Interchange 

Language (OIL), DARPA Agent Markup Language (DAML)+OIL, it is an ontology language 

specifically designed for use on the Web that is designed to describe the structure of a domain 

(Horrocks 2001), and OWL. A key motivation for basing ontology languages on Description 

Logic is that DL systems can then be used to provide computational services for ontology 

tools and applications. 
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1.3.1 The TBox  

Operations used to construct the terminology represent one mainelement of a DL knowledge 

base. These operations are directly connectedto the forms and the meaning of the declarations 

allowed in the TBox.  

The basic form of declaration in a TBox is a concept definition, that is, the definition of a new 

concept in terms of other previously defined concepts. For example, a woman can be defined 

as a female person by writing this declaration: 

Woman   Person   Female 

This type of declaration represents a sufficient and necessary condition to identify a person as 

a woman. This form of definition is stronger because it represents not only a necessary 

condition. This is a feature of DL knowledge bases. In DL knowledge bases, therefore, a 

terminology is constituted by a set of concept definitions as the equivalence shown above. 

However, there are some important common assumptions usually made about DL 

terminologies:  

 Only one definition for a concept name is allowed;  

 Definitions are acyclic in the sense that concepts are neither defined in terms of 

themselves nor in terms of other concepts that indirectly refer to them.  

This kind of restriction is common to many DL knowledge bases and implies that every 

defined concept can be expanded in a unique way into a complex expression with simple and 

atomic concepts. This can be achieved by replacing every defined concept with the right- 

hand side of its definition.  

In this way, the computational complexity of inferences can be studied by abstracting from 

the terminology and by considering all given concepts as fully expanded expressions. 

Therefore, much of the study of reasoning methods in Description Logics has been focused on 

concept expressions and, more specifically, on subsumption, which can be considered the 

basic reasoning service for the TBox. In particular, the construction of a terminology 

comprires a main task that is classification, which amounts to placing a new concept 

expression in the proper place in a taxonomic hierarchy of concepts. Classification can be 

accomplished by verifying the sub-sumption relation between each defined concept in the 

hierarchy and the new concept expression. The concept can be placed between the most 

specific concepts on the basis of the new oneand the most general concepts that the new 

concept subsumes. Notice that a concept definition can be expressed by two general 

inclusions. As a result of several theoretical studies concerning both the decidability and 

implementation techniques for cyclic TBoxes, the most recent DL systems admit rather 

powerful constructs for defining concepts. The basic deduction service for such TBoxes can 

be viewed as logical implication and it amounts to verifying whether a generic relationship 

(for example a subsumption relationship between two concept expressions) is a logical 

consequence of the declarations in the TBox.  

1.3.2 The ABox  

The ABox contains extensional knowledge about the domain of interest, that is, assertions 

about individuals, usually called membership assertions. For example, Female   

Person(‘Anna’) States that the individual ‘Anna’ is a female person. From the basic definition 

of woman, the conclusion that‘Anna’ is an instance of the concept Woman is a direct 

consequence. Similarly, hasChild(‘Anna’, ‘Julie’) specifies that ‘Anna’ has ‘Julie’ as a child. 
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Assertions of the first kind are also called concept assertions, while assertions of the second 

kind are also called role assertions.  

In the ABox one can usually specify knowledge in the form of concept assertions and role 

assertions. In concept assertions general concepts expressions are typically allowed, while 

role assertions, where the role is not a primitive role but a role expression, are typically not 

allowed.  

Instance checking represent the basic reasoning task in an ABox, which checks ifa given 

individual is an instance of (belongs to) a specified concept. All the other reasoning services, 

that can be considered and employed, are defined in terms of instance checking. One of them 

is knowledge base consistency, which checks whether concepts in the knowledge base admits 

at least one individual; realization, which finds the most specific concepts an individual object 

is an instance of; and retrieval, which finds the individuals in the knowledge base that are 

instances of a given concept.  

The presence of individuals in a knowledge base makes reasoning more complex extensions 

of some TBox reasoning techniques. 

1.3.3 Reasoning  

The basic inference on concept expressions in Description Logics is the subsumption, 

typically written as C D. Determining subsumption is the problem of checking whether the 

concept denoted by D (the subsumer) is considered more general than one denoted by C (the 

subsumee). In other words, subsumption checks whether the first concept always denotes a 

subset of the set denoted by the second one.  

Another inference type on concept expressions is concept satisfiability, which focuses on 

verifying whether a concept expression does not necessarily denote the empty concept. In 

fact, concept satisfiability is a special case of subsumption, with the subsumer being the 

empty concept, meaning that a concept is not satisfiable. Logical semantics have the role to 

explain the meaning of concepts. Semantic networks (concepts are nodes and roles are links 

in a network) influence the design of inference procedures in Description Logics. 

Subsumption between concept expressions was recognized as the key inference and the basic 

principle of the first subsumption algorithms was to transform two input concepts into graphs 

with labels and verify whether one could be embedded into the other; the embedded graph 

would correspond to the more general concept. This is a structural comparison approach and 

the relation between concepts is a structural subsumption.  

Complete subsumption algorithms often are mandatory because in knowledge representation 

systems it is often necessary to verifythat the system has not failed in checking subsumption. 

Consequently, new algorithms for computing subsumption have been devised that are no 

longer based on a network representation, and these can be proven to be complete. Such 

algorithms have been developed by specializing classical settings for deductive reasoning to 

the DL subsets of first-order logics.  

In the literature some experts argue that there is a trade-off between the expressiveness of a 

representation language and the difficulty of reasoning over the representations built using 

that language (Pan 2007). In other words, the more expressive the language, the harder the 

reasoning. This trade-off comes out analyzing the language Frame Language, which included 

intersection of concepts, value restrictions and a simple form of existential quantification. 

They showed that for such a language the subsumption problem could be solved in 

polynomial time, while adding a construct called role restriction to the language makes 

subsumption a coNP-hard problem (the extended language was called FL).  
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This introduced at least two new ideas (Brachman and Levesque 1984):  

 “efficiency of reasoning” over knowledge structures can be studied using the tools of 

computational complexity theory;  

 different combinations of constructs can give rise to languages with different 

computational properties.  

The result of these ideas and the previous observations is that the trade-off between the 

computational complexity of reasoning and the expressiveness of the language can be 

analyzedformally and methodically. 
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2 STORM Knowledge Representation Models 

STORM project evolves in cultural heritage domain defined, conceptually, as: “ultimately a 

cultural practice, involved in the construction and regulation of a range of values and 

understandings” (Russell and Winkworth 2009) corresponding therefore to a “Constructed 

history that is intentionally biased toward a particular group or issue” (Matero 2003). In 

terms of presentation, heritage may be described as “Tangible and intangible entities of 

significance to present and future generations” (AIC 2014), or as “Assets which people 

identify and value as a reflection and expression of their evolving knowledge, beliefs and 

traditions, and of their understanding of the beliefs and traditions of others” (English 

Heritage 2008). 

In reality, cultural heritage is not only a unique domain but comprises a large spectrum of 

functions about the study and preservation of physical evidence of the past of all sorts of 

human activities (Doerr 2003). The cultural heritage can be view as the things preserved by 

the memory institutions, i.e. museums, sites and monuments records (“SMR”), archives and 

libraries. In contrast, most cultural heritage objects acquire relevance from understanding the 

context of their origin and history. Cultural heritage sector splits into a set of disciplines with 

highly specialized fields (Doerr 2009). Due to the resulting diversity, one can hardly speak 

about a “domain” in the sense of “domain ontologies” (Guarino 1998).  

Interoperability between various information systems is needed because CH domain is 

characterized by different and specialized information systems. Cultural heritage information 

is distributed and the result is the lackness of a unique reference. One of the major challenges 

of cultural heritage information management is the interoperability of the different systems 

and integration of information. Another problem is related to schema integration of 

associating complementary information from various dedicated systems, which can be 

efficiently addressed by formal ontologies (Guarino 1998; Gruber 1995, 907-928; Calvanese 

et al. 1998). Ontologies could improve information management in the cultural heritage 

sector. Semantic web ontologies are an excellent choice for representing knowledge about 

cultural heritage resources, because of several reasons. First of all, ontologies model 

incomplete and heterogeneous knowledge in the cultural heritage domain. Second, ontologies 

help facing poor terminology standardization in the cultural heritage domain, even if domain 

experts use own terminology for representing same concepts, bacause the terms can be 

identified using ontological mapping. Third, semantic web ontologies can be published in the 

form of Open Linked Data, fostering exploitation and retrieval by search engines, improving 

the quality, accuracy and relevance of search results (Blasko et al. 2012). 

In STORM, the goal is to develop a comprehensive knowledge representation framework, 

integrating different and heterogeneous information using an ontological approach. This 

fundamental framework forms the knowledge repository for STORM facilitating modelling, 

indexing, classification and retrieval of cultural heritage data. The scalability of the event-

based communication paradigm makes it suitable for knowledge modelling and reasoning 

about events and entities involved. 

2.1 Ontologies for cultural heritage domain 

Ontologies are strongly involved in the definition of entities and relationships that deal with 

cultural heritage. Some general ontologies have also been proposed, in order to uniform 

information with a unique shared model (Table 3).  
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Table 3. Ontologies for cultural heritage domain 

Ontology URL 

CIDOC-CRM http://www.cidoc-crm.org 

Enlangen CRM/OWL Ontology http://erlangen-crm.org/160714 

Monument Damage Ontology 
http://kbss.felk.cvut.cz/ontologies/2011/monument-damage-

core.owl 

DOLCE http://www.loa.istc.cnr.it/old/DOLCE.html 

In the cultural heritage domain, CIDOC CRM ontology, now ISO21127, is currently the most 

elaborated ontology for the integration of cultural heritage information. 

The CIDOC Conceptual Reference Model (CRM) provides definitions and a formal structure 

for describing the implicit and explicit concepts and relationships used in cultural heritage 

documentation. The CIDOC CRM is intended to promote a shared understanding of cultural 

heritage information by providing a common and extensible semantic framework that any 

cultural heritage information can be mapped to. It is intended to be a common language to 

formulate requirements for information systems and to serve as a guide for good practice of 

conceptual modelling. In this way, it can provide the "semantic glue" needed to mediate 

between different sources of cultural heritage information, such as that published by 

museums, libraries and archives. Since 9/12/2006 it is official standard ISO 21127:2006 

(cidoc-crm 2017). The CIDOC CRM is a formal ontology (Crofts et al. 2005) intended to 

facilitate the integration, mediation and interchange of heterogeneous cultural heritage 

information. It was developed by interdisciplinary teams of experts, coming from fields such 

as computer science, archaeology, museum documentation, history of arts, natural history, 

library science, physics and philosophy, under the aegis of the International Committee for 

Documentation (CIDOC) of the International Council of Museums (ICOM). Its development 

started bottom up, by reengineering and integrating the semantic contents of more and more 

database schemata and documentation structures from all kinds of museum disciplines, 

archives and recently libraries. The present model contains 89 classes and 151 unique 

properties, representing the semantics of may be hundreds of schemata. The primary role of 

the CRM is to enable information exchange and integration between heterogeneous sources of 

cultural heritage information. It aims at providing the semantic definitions and clarifications 

needed to transform disparate, localised information sources into a coherent global resource, 

be it within a larger institution, in intranets or on the Internet. Its perspective is supra-

institutional and abstracted from any specific local context. This goal determines the 

constructs and level of detail of the CRM. More specifically, it defines and is restricted to the 

underlying semantics of database schemata and document structures used in cultural heritage 

and museum documentation in terms of a formal ontology. It does not define any of the 

terminology appearing typically as data in the respective data structures; however it foresees 

the characteristic relationships for its use. It does not aim at proposing what cultural 

institutions should document. Rather it explains the logic of what they actually currently 

document, and thereby enables semantic interoperability.  

Deliberately, the CIDOC CRM ontology is presented in a textual form to demonstrate 

independence from particular knowledge representation formats. The CRM distinguishes 

individual classes from properties (binary relationships). Properties are directed and 

bidirectional, with distinct labels for each direction. It employs strict multiple inheritance 

(without exceptions) for both classes and properties. It foresees multiple instantiation, i.e. one 

particular item can accidentally be instance of more than one class. Domain and range of 

properties are associated with the quantifiers zero, one or many. The CRM is an ontology in 

the sense used in computer science. It has been expressed as an object-oriented semantic 

http://www.cidoc-crm.org/
http://erlangen-crm.org/160714
http://kbss.felk.cvut.cz/ontologies/2011/monument-damage-core.owl
http://kbss.felk.cvut.cz/ontologies/2011/monument-damage-core.owl
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model, in the hope that this formulation will be comprehensible to both documentation 

experts and information scientists alike, while at the same time being readily converted to 

machine-readable formats such as Resource Description Framework Schema (RDF Schema), 

Knowledge Interchange Format (KIF), DARPA Agent Markup Language (DAML), Ontology 

Inference Layer or Ontology Interchange Language (OIL), DAML+OIL is a successor 

language to DAML and OIL that combines features of both, Web Ontology Language (OWL), 

the Standard for the Exchange of Product model data (STEP), etc. It can be implemented in 

any Relational or object-oriented schema. CRM instances can also be encoded in RDF, XML, 

DAML+OIL, OWL and others (Doerr 2009; Le Boeuf et al. 2015).  

The following concepts are central to the CRM (see Figure 3): 

 

Figure 3. Top-level entities of the CIDOC CRM 

 The CIDOC CRM is event based. At the core of this event model are Temporal 

Entities (E2) - things that have happened in the past. 

 Only Temporal Entities can be linked to time and have Time Spans (E52). Objects 

Conceptual (E28) and Physical (E18), Actors/People (E39), and Places (E53) cannot 

be directly linked to time. Therefore they must be linked to an event – a Temporal 

Entity (E2).  

 A Place (E53) could be a geographical location on earth, but equally it could be a 

location defined as the front of a ship or the inside of a ring. These are places 

geometrically defined.  

 Actors (E39) are entities with legal responsibility and an actor could be an individual 

or a group, for example, a school of artists or a company, and so on. Actors interact 

with things – both Physical Things (E18) and Conceptual Things (E28).  

 Physical Things (E18) are destroyed when they cease to be functional in the sense of 

our domain of documentation and therefore destruction is not necessarily linked to 

physically disappearing. A thing could be physically destroyed and transformed 

(created) into something else preserving parts of it. That new thing then becomes part 

of our domain of interest.  
 Conceptual Objects (E28) cannot be destroyed unless all carriers of it are destroyed. A 

carrier could be a book, a computer disk, a painting, etc., but it could also be the 

human mind. So destroying a conceptual object requires destroying all of its carriers, 

including people.  
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 It is very common to apply names to things and this is an Appellation (E41). An object 

title and inventory number are forms of appellation. The CRM allows us to name 

anything. Things can have multiple names and these names can change over time as a 

result of an event. This means that the use and application of names can be studied 

over periods of time. A thing and its name are separate entities.  
 Different organisations have different classification systems. In the CRM 

classifications are called Types (E55). Again, any number of types can be applied as 

many times as we like. Because a type is also a Conceptual Object (E28) we can also 

discuss the classification of things over time and the history of definition and 

redefinition of types.  

This is essentially the CIDOC CRM (Oldman and CRM Labs 2014). The CIDOC CRM 

creates a framework for data harmonisation. If heterogeneous data sources from different 

types of cultural heritage organisations can be integrated using a consistent knowledge 

representation framework, then large scale automated reasoning (the ability to formally 

manipulate the data using logical rules in order to generate new information) can be 

applied, creating a highly significant research resource. Effectively, the CIDOC CRM 

transforms cultural heritage data from internal institutional inventories or catalogues into a 

highly valuable community resource because data accrues greater relevance and 

significance when harmonised to create densities of information, and also because the 

process of mapping data (the translation of source model to a target model) to the CRM 

returns both the meaning and context to the things represented in the data, essential for 

understanding. The term conceptual model refers to the actual instantiation and constructs 

dictated more by the representation formalism than the intended meaning. Categorical 

knowledge may come from the analysis of data structures, hidden constants or 

terminology used in the data. We have the vision of a global semantic network model, a 

fusion of relevant knowledge from all museum sources, abstracted from their context of 

creation and units of documentation under a common conceptual model. The network 

should, however, not replace the qualities of good scholarly text. Rather it should maintain 

links to related primary textual sources to enable their discovery under relevant criteria. 

 

Figure 4. An information integration architecture 

Figure 4 shows a possible architecture integrating a property-centric top ontology (here the 

CIDOC CRM), which provides the semantics for properties of subordinate terminological 

systems and an integrated factual knowledge layer constructed from source data, metadata and 

background knowledge. The CIDOC CRM plays the role of an “enterprise model” (Calvanese 

et al. 1998), in the following called “common model”. We assume for all sources the 
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existence of a conceptual model (“source model”), and that source data can be expressed 

without loss of meaning in terms of a source model, which is based on the same formalism as 

the enterprise model. The source model may be restricted to the semantics falling within the 

scope of the common model. As a formalism of representation, the TELOS data model 

(Mylopoulos et al. 1990, 325-362; Analyti, Spyratos and Constantopoulos 1998, 109-144) 

without its assertional language has been selected.  

The CRM is increasingly used in real integrated information environments for cultural 

heritage systems. Due to the characteristic focus of the empirical base of the CRM, i.e. data 

structures used for collection descriptions, it is relatively poor in describing family relations, 

rights, and intellectual processes, etc. From this perspective, harmonization works are also 

carried out between CIDOC CRM and other ontologies such as ABC Model (Lagoze and 

Hunter 2001, 2001-11), MPEG-7 (Hunter 2002), Functional Requirements for Bibliographic 

Records (Bekiari et al. 2008; Doerr and LeBoeuf 2007, 114) and Dublin Core (Kakali et al. 

2007). Harmonization is defined as a process of modifying two ontologies, preserving their 

intended functionality but integrating them into a coherent wider model (Doerr, Hunter and 

Lagoze 2003, 169). The harmonization projects are summarized as shown in Table 4. All 

these projects aim to create a single ontology that represents the conceptualization of reality in 

the domain area (Syerina, Nor and Suriyati 2010). 

Table 4. Summary of CIDOC CRM harmonization projects 

 ABC MPEG-7 FRBR Dublin Core 

Domain Area Digital library Multimedia in 

museum 

collection 

Intellectual 

creation process, 

performing arts, 

recording and 

publication work, 

bibliographic 

practice 

Digital library 

Purpose Provide a common 

conceptual model to 

facilitate 

interoperability 

between metadata 

vocabularies from 

different domains 

Provide a single 

ontology for 

describing 

managing 

multimedia in 

museum 

Capture & 

represent 

underlying 

semantics of 

bibliographic 

information 

Preserve the 

semantics of the 

DC records that 

correspond to 

different 

material types 

Source of 

data 

Museum metadata 

records with 

associated 

multimedia digital 

objects 

Museum 

multimedia 

content 

Museum and 

bibliographic 

information 

Metadata 

schemas of 

digital libraries 

Methods for 

ontology 

mapping 

Metadata model 

with temporal 

semantics for the 

class of descriptions 

(Manual) 

Merge both 

models and 

extend it through 

MPEG-7 specific 

sub-class and sub-

properties 

(Manual) 

Merge both 

models by mappig 

the semantic of 

bibliographic 

records (manual) 

Map DCMI 

Type vocabulary 

to CIDOC CRM 

(Manual) 
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The Enlangen CRM/OWL Ontology is the depiction of CIDOC CRM. The Erlangen CRM / 

OWL is an OWL-DL 1.0 implementation of the CIDOC Conceptual Reference Model 

(CIDOC CRM). It has been originally created by Bernhard Schiemann, Martin Oischinger 

and Günther Görz at the Friedrich-Alexander-University of Erlangen-Nuremberg, Department 

of Computer Science, Chair of Computer Science 8 (Artificial Intelligence) in cooperation 

with the Department of Museum Informatics at the Germanisches Nationalmuseum 

Nuremberg and the Department of Biodiversity Informatics at the Zoologisches 

Forschungsmuseum Alexander Koenig Bonn. It is currently maintained by Martin Scholz, 

Georg Hohmann and Mark Fichtner. The Erlangen CRM / OWL is an interpretation of the 

CIDOC CRM in a logical framework attempting to be as close as possible to the text of the 

specification (ENLANGEN 2012). 

An enhancement of CIDOC-CRM is the Monument Damage Information System (MONDIS) 

(Blaško et al., 2012; Cacciotti et al., 2013), the ontology developed for specializing the 

CIDOC CRM in the field of preservation, restoration and intervention (Cerruti, Noardo and 

Spanò 2015, 121-128). Capturing knowledge about damages and failures of culture heritage 

objects is a complex task because of term ambiguity, knowledge incompleteness and variety. 

This semantic web ontology aims at modeling monument damage knowledge, coordinating an 

automated reasoning behind the documentation of damages to built heritage, their diagnosis 

and possible interventions, with significant contextual information, including monument 

identification, damage identification, risk assessment, damage diagnosis and remedial 

measures. The developed ontology is being tested in the MONDIS project as background 

knowledge for custom software tools for management of damage failure knowledge. OWL 2-

based Monument Damage Ontology consists of two parts: (i) the core ontology represents 

consensual knowledge for immovable cultural heritage failures domain, while (ii) specific 

taxonomies provide particular vocabularies for the documentation and analysis of damages.  

Monument Damage Ontology is required to:  

1) describe heterogeneous information ranging from case studies to general knowledge 

and  

2) estimate the magnitude of measurable factors (e.g., damage, risk, loads), by providing 

qualitative and quantitative assessments. 

In addition, the ontology should consider events which might force changes to the state of the 

object. Threatening events like structural evolution, use change, past interventions and 

damages, change of location characteristics and occurrence of natural disasters need to be 

recorded to understand the damage cause. Finally, the ontology should adopt a diagnostic 

approach able to discern the root cause of damage.  

The core ontology can be broken into several loosely coupled parts:  

1) events describing the cultural heritage object,  

2) description of constructions and components,  

3) damage diagnosis and intervention  

4) risk assessment.  

The approach consists in applying an ontological representation to the field of heritage 

conservation in order to establish an appropriate processing of data. The Monument Damage 

Ontology (Blaško et Al., 2012) aims at producing a conceptual model in which the factors 

relevant to cultural heritage domain and their interrelations are formalised. Figure 5 shows the 

resulting graphical representation of the ontological model.  
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Figure 5. MONDIS Ontological Model 

The main concepts involved (referred to as classes) can be grouped, by colour coding, into 

thematic clusters.  

The component and construction description section (in green) allows assigning the cultural 

heritage object with physical and functional characteristics. It refers to object and component 

identification allowing the documentation of general information such as construction type 

(e.g., tower, house, and fountain), structural type (e.g., vertical cantilever, frame, load-bearing 

walls), functional type (e.g., barn, museum, church), use and style as well as the identification 

of component type (wall, floor, roof) and its related material(s). 

 The events cluster (in yellow) individuates those occurrences which can influence the 

conditions of the object (specified by a temporal reference). Event class is 

characterised by a temporal reference (either precise date or time range of occurrence) 

and includes location characteristics change (hydrogeological, geomorphological, 

weather) natural disasters (earthquake, flood), functional changes (object formally 

used as church is reused as restaurant), structural changes (component addition, 
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removal or replacement), manifestation of damage (crack, deformation, collapse) and 

intervention (strengthening, cleaning, rehabilitating). 

 Events strongly relate to the damage diagnosis and intervention section of the model 

(in orange). The diagnostic phase is in fact represented by the interplay between 

events, mechanisms, agents and manifestation of damage. It concerns damage 

description, diagnosis and intervention, including the identification of the typology of 

the damage detected on the object, referred to as Manifestation of Damage class, (e.g., 

component or material damages), the determination of the causing mechanism (e.g., 

bending, capillary rise, expansion) and of the carrying factor, the agent, which 

performs the mechanism (e.g., force, water, temperature). Manifestation of damage, 

mechanism and agent classes are connected to the intervention class, which 

encompasses all those actions aimed at repairing the MoD, stopping the mechanism 

and removing the agent.  

 Risk assessment cluster (in pink) represents the interaction between hazard at a 

location, component vulnerability and component value. This section of the ontology 

provides useful insights on possible actions which could help mitigating the risk (such 

as preventive interventions) and, more importantly, on whether the situation is risky 

enough to require interventions or not. 

 In order to provide the possibility to assess the magnitude of some of the factors of the 

model, an independent measurement assessment cluster (in light blue) is proposed. 

This part of the ontology allows documenting qualitatively and/or quantitatively 

measurable entities: data concerning surveyed components (e.g., height or thickness of 

a wall), reported damages (e.g., width of a crack), measured agents (e.g., stresses in a 

pillar, moisture content in masonry) and risks (e.g., high risk of slender structures to 

earthquake).  

 The other topics cluster includes those classes necessary for the functioning of the 

model which are usually integrated from already existing ontologies (e.g., temporal 

entity, spatial thing). It should be underlined that each class introduced in the model 

presents an internal structure called taxonomy. Taxonomies involve a hierarchical 

ordering of terms that enhances an appropriate categorisation of concepts based on the 

selection of a governing parameter (e.g., taxonomy of walls based on their structural 

characteristic). Taxonomies can be extracted directly from relevant literature such as 

for example damage catalogues (Blasko et al. 2012; Cerruti, Noardo and Spanò 2015, 

121-128; Cacciotti et al. 2013a, 2013b, 943-947). 

Another interesting core ontology is DOLCE. It is product of careful reengineering of the core 

concepts of WordNet, a linguistic resource derived from dictionaries, enriched with theory-

based foundational relationships such as participation, part-whole, constitution, etc. It is 

rigorously formulated in logic, making it rather difficult for domain experts to comprehend 

and use it. In contrast to the CRM, space and time are regarded as dependent properties of 

things, and not as things existing in a potentially empty space-time – the only, but deep 

incompatibility between both ontologies. Otherwise, many concepts exist in both ontologies. 

Some concepts in DOLCE are characteristic for other kinds of discourse than that found in 

data structures for heritage documentation. Interesting enough, museums are not much 

interested to analyze iconographic representations by discrete schema elements. With the aim 

of digital archive interoperability in mind, D’Andrea et al. took the CIDOC CRM common 

reference model for cultural heritage and enriched it with the DOLCE D&S foundational 

ontology to better describe and subsequently analyze iconographic representations, from, in 

this particular work, scenes and reliefs from the meroitic time in Egypt (Doerr 2009; 

D’Andrea and Ferrandino 2007; Masolo et al. 2003).  
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2.2 Terminology in cultural heritage  

The CIDOC CRM makes a practical distinction between core classes and classes appearing as 

terminology motivated by the fact that they appear typically as data in data structures, in order 

to make fine distinctions between the kinds of the referred items. Even though knowledge 

representation does not distinguish between the two, it is an empirical fact that the sector uses 

to organize terminology differently, in vocabularies and thesauri, which may more and more 

be developed into formal ontologies in the proper sense. Cultural heritage terminology 

pertains mostly to classes detailing kinds of material things, which is quite similar and or even 

overlapping with product classification (Schulten et al. 2001, 86–c3). 

The MONDIS ontology is enriched by the use of taxonomies, which consist into structured 

classifications of each of the concepts formalised into the model. Such taxonomies can be 

derived from relevant literature or can also be integrated or extended by the input of the 

community of users of the system. An example of the first case might be the classification of 

stone degradation, prepared by ICOMOS in a glossary form, which has been easily integrated 

into the Manifestation of Damage class of MONDIS ontology (Cacciotti et al. 2013a, 2013b, 

943-947). The proposed taxonomies classify existing vocabularies within the core ontology.  

The diversity and number of small ontologies, in the order of a hundred to a thousand terms 

each, puts interesting challenges to ontology matching and alignment. All terminological 

systems contain very general terms not considering all the specializations of their hierarchies. 

These could cause unnecessary inconsistency between the ontologies, because the purpose of 

these ontologies is not to solve the philosophical questions these general terms are associated 

with (Doerr 2003). In the cultural heritage sector terminology is less used as a means of 

agreement between experts than as an intellectual tool for hypothesis building based on 

discriminating phenomena. Consequently, automated classification is a long established 

discipline of archaeology, but few terminological systems are widely accepted. They are built 

ad-hoc for specific research questions. There is a continuous demand for specialized 

reasoning systems (Doerr and Sarris 2012).  

2.2.1 Major Terminological Systems 

It is not easy for cultural heritage experts to appreciate the need for shared search terms 

(Greengrass 2006). Cultural heritage terminology could be separated into an upper, stable 

level suitable for search, and a lower volatile level supporting hypothesis building. This is 

motivated from ISO21127 and various information systems. Different major terminological 

systems exist in Cultural Heritage domain. 

 The Art & Architecture Thesaurus (AAT) is a stable thesaurus, (Petersen 1994), with 

more than 30,000 concepts, comes actually from a library background. The AAT 

considers under visual works material and immaterial things (such as paintings and 

electronic images). The AAT is a thesaurus, compatible with ISO2788. The ATT 

covers archaeological and ethnological materials as well as any kinds of object that 

may be subject of art.  

 Heritage (EH) is a thesaurus of terms for mobile and immobile objects for the United 

Kingdom, as the French MERIMEE thesaurus.  

 The multilingual thesaurus attached to the European HEREIN project (Herein 2017) 

offers a terminological standard for national policies about architectural and 

archaeological heritage.  

 SHIC (SHIC 1993) is a classification system of human activities, for the description of 

museum objects by several British museums.  
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 ICONCLASS (http://www.iconclass.nl/) was developed by the Netherlands Institute 

for Art History (Rijksbureau voor Kunsthistorische Documentatie or RKD) and Henri 

Van der Waal with the publication of mounted and annotated photographs of Dutch 

works of art, the so-called DIAL (Decimal Index of the Art of the Low Countries). In 

the RKD images database, a great number of Dutch works of art are contained and 

made accessible with the help of ICONCLASS notations. The ICONCLASS System 

represents a widespread system for iconographic classification.  

 CAMEO is an information center developed by the Museum of Fine Arts, Boston 

(CAMEO 2016).  

 The MATERIALS database contains chemical, physical, visual, and analytical 

information on a broad range of historic and contemporary materials for the 

production and conservation of artistic, architectural, archaeological, and 

anthropological materials. It offers only search by keywords and alphabetic order.  

 The European funded Project CRISATEL developed a system and an ontology with a 

great generalization for art conservation that includes materials, techniques and 

methods of investigation and intervention for paintings, but the system has not been 

taken up by the community yet (Doerr 2004, 200-214). 

However, all these approaches could lack the dimension linked to the details of events and 

their application context. This is also the case of STORM. The study of the current state of the 

art of ontologies revealed that a specific ad-hoc ontology is needed in order to cover all the 

use case scenarios and for integrating the heterogeneous information extracted by all the 

available information sources. 

The choice not to adopt any state-of-the-art ontology was made after a weighted evaluation of 

all the information sources and the case’s complexity that STORM has to face. STORM 

supports prevention, intervention and improvement of policies and processes in cultural 

heritage domain through the integration of multiple types of information sources and analysis 

modules. The variety that has to be managed does not allow the current cultural heritage 

ontologies to be reused in this context, because of their lack of definitions in the field of 

information source. Since STORM is strongly based on analysis on various type of 

information sources, the creation of an appropriate ontology was a natural choice. However, 

the previous ontologies present at the state of the art, have been a helpful reference in the 

definition of the current STORM ontological model. In the CIDOC CRM, we have learned 

the importance of a framework for data harmonisation, the standard ISO 21127 assures the 

interoperability with other ontologies or systems that could make use of CIDOC CRM and as 

a way to facilitate the technological transference. STORM project aims to develop a common 

structure for all the data collected at each DRR phase, having in mind, as a principle, the 

importance of standardisation in itself for the future evolution of the project and for its 

extension.  
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3 STORM Ontology 

STORM ontology consists of a number of modular sub-ontologies, rather than a single, 

monolithic ontology. STORM Ontology is composed of a core ontology and supporting 

ontologies. In Figure 6 is shown the proposed core ontology designed for STORM while the 

supporting ontologies are described in paragraph 3.2. 

Table 5. STORM ontologies URL 

Ontology URL 

Core  http://demo-storm.eng.it/ontologies/storm_core_ontology.owl 

FOAF  http://xmlns.com/foaf/spec/  

GEO https://www.w3.org/2003/01/geo/ 

SEM http://semanticweb.cs.vu.nl/2009/11/sem/ 

Event http://demo-storm.eng.it/ontologies/storm_event_ontology.owl 

Audio 

Signal 

https://consert.puas.gr/research/results/consert-in-c-computing/ontologies/as-

storm.owl 

Sensor https://storm.inov.pt/ontologies/storm_sensors_ontology.owl 

The study carried out on the different classifications has been a starting point for the process 

of modeling reference ontology to respectively taxonomy. These ontologies make up the 

support ontologies to the STORM core and are shown in Table 6. 

Table 6. STORM support ontologies URL 

Taxonomy URL 

Hazard http://demo-storm.eng.it/ontologies/storm_hazard_taxonomy.owl 

Material http://demo-

storm.eng.it/ontologies/storm_material_taxonomy.owl 

Process http://demo-storm.eng.it/ontologies/storm_process_taxonomy.owl 

Actor http://demo-storm.eng.it/ontologies/storm_actor_taxonomy.owl 

AudioSource https://consert.puas.gr/research/results/consert-in-c-

computing/ontologies/as-storm.owl 

Sensor  https://storm.inov.pt/ontologies/storm_sensors_taxonomy.owl 
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3.1 STORM Core Ontology 

STORM architecture is service oriented and consists of several service components that 

distribute useful information to the stakeholders. These services use as knowledge extractor 

Complex Event Processing (CEP), which has as input events generated by the combination of 

data from multiple heterogeneous sources. As a result, STORM in order to face the 

heterogeneous nature of sensor and media data, overcome interoperability issues, and 

recognize hazardous events it takes advantage of the Semantic Web Technologies. Resource 

Description Framework (RDF), as well as Web Ontology Language (OWL), are the basic 

tools used to explain the data or services coming from devices and physical agents. What is 

more, the vision of the W3C is, as it is expressed by Tim Berners-Lee, as follows: “I have a 

dream for the Web [in which computers] become capable of analyzing all the data on the Web 

– the content, links, and transactions between people and computers. A "Semantic Web", 

which makes this possible, has yet to emerge, but when it does, the day-to-day mechanisms of 

trade, bureaucracy and our daily lives will be handled by machines talking to machines. The 

"intelligent agents" people have touted for ages will finally materialize.”  

Another feature derived from the Semantic Web is that of Linked Data, that describes a 

method of publishing data corresponding to URIs and RDF schemas of existing ontologies 

capable of being interlinked with each other through the use of semantic queries. As a result 

Linked Data, also called Web of Data, achieve large scale integration of data on the Web that 

enable developers to create cognitive applications. Advanced STORM applications in order to 

be context-aware and make decisions need the expressive power of these links and the 

deductive reasoning of semantic rules. In this section, the core STORM ontology is 

introduced. The schema (see Fig. 6) represents the object relationships of our ontology and 

the links with the other STORM ontologies (Sensor STORM ontology, AudioSignal ontology, 

and Event ontology), FOAF, and Geo. 



D6.1: STORM Models for the Content Management 
 

 

H2020 – DRS11 - 700191 39 

 

 

Figure 6. STORM Core Ontology linked with the other STORM supporting ontologies 

Particularly, the HeritageAsset class represents the monuments and has as subclasses the 

MovableHeritageAsset and the ImmovableHeritageAsset entities. The isMadeOf property 

links the monuments with the MaterialAsset class, while the location property denotes the 

place the geographical point (SpatialThing or Place) of their location. SpatialThing is the 

main class of the Geo RDF vocabulary that provides the Semantic Web community with a 

namespace for representing latitude, longitude, altitude and other information about spatially-

located things. The Event class is considered to be the most important class of our model, 

since it triggers the Quick Damage assessment services and select the best actions to deal with 

the emergency considering the known risks.  

Moreover, events may be linked with each other based on casual, temporal or spatial 

relationships. Events are initiated by the Data that the STORM platform collects. Data 

(SensorData, AudioData, Image, Text, and Video) are produced by a Source (SensorNetwork, 

SocialNetwork, DeviceApp or WebDataSource) that is ownedBy an Agent (i.e., an 

Organization, a Person, or a Group). The Agent class and its subclasses are entities of FOAF, 

which is a vocabulary used to link people and information using the Web. In addition to this, 

an Event has a Severity and may originate a Situation. If the Situation is hazardous it 

requiresProcess some Process, which is basedOn the MaterialAsset and needs an Action. An 

Action is takenBy an Actor that may belong to an Organization. 

It should be noted that the Action, the Event, the Situation and the Source class have a Status 

for identifying specific intrinsic conditions. Figure 7 presents the datatype properties of the 

Event class.  
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Figure 7. The datatype properties of the Event class 

Every Event has a particular description and id. The timestamp an Event started and ended is 

given by the startTime and endTime properties respectively, while its duration is depicted by 

the duration property. Moreover, the extent of an Event is given by the radius property and 

the SpatialThing it takesPlace by the lat(itude), the long(itude) and the alt(itude)properties. 

Finally, the timestamp its Status is updated by the updateTime property and the active 

property describes if an Event is Idle or Active. 

Figure 8 presents the relationships between the individuals (ABox) of the STORM 

HeritageAssets (see D3.1 - Use case scenarios and requirements definition) with respect to 

the MaterialAssets they are made of. An ABox is a set of facts (instances), while a TBox is 

the knowledge base. The BathsOfDiocletian monument is located in Rome, Italy. STORM 

project has selected two use cases located in BathsOfDiocletian, RomanHall and 

MichelangeloCloister. The first one isMadeOf: concrete, mortars, stone, bricks, and cement, 

while the second isMadeOf: bricks, mortars, cement and wood. For the RomanRuinsOfTroia 

monument, which is placed in Troia of Portugal, the selected use cases are a) the Well 

(workshop 23) that isMadeOf: mortars, stone, bricks, b) the Basilica that isMadeOf: stone, 

mortar, plaster, rubble, and c) the SouthCornerWalls that have as material assets: stone and 

mortars. The Greek Heritage Assets, are in the HistoricalCentreOfRethymno. In particular, 

two walls (St.Paul and St.Lucas) in Fortezza consist of: stone, mortars, and plaster, while the 

SoapFactory isMadeOf: wood, plaster and bricks. The GreatTheatre in Ephesus that is 

located in Izmir of Turkey has as MaterialAssets: mortars, stone, marble, and rubble. What is 

more, the OldVicarage and the ShawCairn of the Mellor Site, are made of earthenware, glass, 

lead and bricks, bone, glass respectively. Finally, stone, wood, plaster and bricks are the 

MaterialAssets that were used to build the Mill of the MellorSite, in Manchester.  
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Figure 8. The ABox of the STORM Core Ontology 

3.2 STORM supporting ontologies 

To support STORM Core during the knowledge representation, further supporting ontologies 

and classifications of possible hazards, processes and actors involved, have been defined. 

Sensor ontology, AudioSignal ontology, and event ontology have been introduced along with 

the existing ones, FOAF and GEO. 
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3.2.1 FOAF ontology 

FOAF ontology is focalised on linking people and their information over the web, in order to 

realize a stable and dense interconnection among people.  

FOAF integrates three kinds of network: social networks of human collaboration, friendship 

and association; representational networks that describe a simplified view of a cartoon 

universe in factual terms, and information networks that use Web-based linking to share 

independently published descriptions of this inter-connected world.  

FOAF does not compete with socially-oriented Web sites; rather it provides an approach in 

which different sites can tell different parts of the larger story, and by which users can retain 

some control over their information in a non-proprietary format.  

FOAF describes the world using simple ideas inspired by the Web. In FOAF descriptions, 

there are only various kinds of things and links, which are called properties. The types of the 

things in FOAF are called classes. FOAF is therefore defined as a dictionary of terms, each of 

which is either a class or a property. Other projects alongside FOAF provide other sets of 

classes and properties, many of which are linked with those defined in FOAF. FOAF 

descriptions are themselves published as linked documents in the Web (eg. using RDF/XML 

or RDFa syntax). The result of the FOAF project is a network of documents describing a 

network of people (and other stuff). Each FOAF document is itself an encoding of a 

descriptive network structure. Although these documents do not always agree or tell the truth, 

they have the useful characteristic that they can be easily merged, allowing partial and 

decentralised descriptions to be combined in interesting ways.  

FOAF collects a variety of terms; some describe people, some groups, and some documents. 

Main FOAF terms, grouped in broad categories: 

 Core. These classes and properties form the core of FOAF. They describe 

characteristics of people and social groups that are independent of time and 

technology; as such they can be used to describe basic information about people in 

present day, historical, cultural heritage and digital library contexts. In addition to 

various characteristics of people, FOAF defines classes for Project, Organization and 

Group as other kinds of agent. 

 Social Web is used as an addition to the Core category, involving properties about 

Internet and social accounts.  

 Linked Data utilities, that consist of all the terms used in the context of the integration 

of FOAF into the Semantic Web (Brickley and Miller 2014). 

3.2.2 Basic Geo (WGS84 lat/long) Vocabulary 

Basic Geo (WGS84 lat/long) Vocabulary begins an exploration of the possibilities of 

representing mapping/location data in RDF, and does not attempt to address many of the 

issues covered in the professional GIS world, notably by the Open Geospatial Consortium 

(OGC). Instead, it provides just a few basic terms that can be used in RDF (e.g., RSS 1.0 or 

FOAF documents) when there is a need to describe latitudes and longitudes. This Vocabulary 

can describe not only maps, but the entities that are positioned on the map, using any relevant 

RDF vocabularies to do so, without the need for expensive pre-coordination, or for changes to 

a centrally maintained schema. This is a basic RDF vocabulary that provides the Semantic 

Web community with a namespace for representing lat(itude), long(itude) and other 

information about spatially-located things, using WGS84 as a reference datum (Brickley 

2004). 
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3.2.3 STORM Event Ontology 

The Event Model Ontology (Raimond and Abdallah 2007) (Figure 9) defines an entity, the 

Event, which is related to some information, such as location, time, active agents, factors and 

products. This ontology can be used as a starting point for the development of more complex 

and detailed ontologies on events. 

 

Figure 9. The Event Model Ontology 

An Eventis usually characterized by:  

 An Agent, which is a person, a group or an organization that is the main and active 

actor of the event; this entity can be modeled by the foaf:Agent term;  

 A TemporalEntity, because an Event always happens in a specific time; this entity is 

important because it allows events that happen at the same time to be related;  

 A SpatialThing that is the place in which the Event happens; analogously to the 

TemporalEntity, SpatialThing also permits to relate different events that happen at the 

same place.  

 A Thing that represents the Factor of the Event, that is a thing with which the Event is 

realized; the factor can be a tool, an instrument, an abstract cause, and so on;  

 A Thing that represents the Product of the Event; this entity is related to something 

produced during the event---a sound, a text, a material thing;  

 Other sub-events that are related to a main event; since an Event can incorporate other 

micro-events, a complex event can be splitted into simpler ones, without losing the 

view of the whole event.  

The Simple Event Model Ontology (SEM) (van Hage et al. 2009) is an ontology that models 

various aspects of an event, such as time, place, people, actions and objects, and is also 

focalised on the relationships that exist between entities (Figure 10). Because of its design 

SEM is capable of handling different viewpoints:  

1. event bounded roles; 

2. time bounded validity of facts (e.g., time dependent type or role); 

3. attribution of the authoritative source of a statement. 
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Figure 10. Simple Event Model Ontology Overview 

An Event is characterized by one or more Actors that participate in the event, a Place in which 

the event happens and a Time during which the event occurs. Each entity has properties that 

provide additional information about it.  

SEM’s classes are divided in three types: core classes, types, and constraints. The four core 

classes are sem:Event (that explains what happens), sem:Actor (that is the person or the group 

that participated in the event), sem:Place (that is the place of the event), sem:Time (that is the 

time at which the event happens).  

SEM’s properties are divided in three kinds: sem:eventProperty, that is related to the whole 

event, sem:type properties that are used for the core classes and a few other properties like 

sem:accordingTo and sem:hasTimeStamp’s subproperties, that can also represent some 

metadata of the event.  

Property constraints can be applied to any property. They constrain the validity of the 

property by treating property as entity or by adding attributes to the property and turning it 

into an n-ary relation. There are three kinds of constraints: role, temporary and view. Roles 

are properties with a subspecified function or position indicated by a RoleType in the scope of 

an EventTemporaries defines the temporal boundary within which a property holds. View is 

used to record points of view and opinions, are properties that only hold acconding to a 

certain Authority that is an entity that states SEM properties and can symbolize people, 

organizations and other sources of information.  

SEM provides also some kind of flexibility by supporting the integration of other existing 

ontologies, such as Cyc, Sumo, Dcterms, Foaf, Time.  

The crucial property of SEM is that it uses a graph representation of events as opposed to a 

table representation. This allows:  

 to duplicate any property (e.g., to have more than one actor or event type);  

 to omit a property;  

 to interlink any part of the event with external information;  

 to use subclass hierarchies wherever needed.  
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This flexibility gives the opportunity to postpone many experimental design decisions from 

the moment of data acquisition to the moment at which the question has to be turned into a 

formal query. 

A model that integrates geospatial information about events is Geospatial Event Model 

(GEM), presented by Worboys and Hornsby (2004) and shown in Figure 11. The main 

concepts regard the distinction of continuants (entities that remain immutable in time) and 

occurrents (that happen at specific time) and the introduction of the setting, which is the 

information of where/when an entity is situated and that can be temporal, spatial or both 

spatial/temporal. 

 

Figure 11. The GEM Model 

Settings can be interrelated, as the entities, and an entity is linked to a setting via a relation of 

“situation” type. GEM provides a view of these relations distinguishing the entities in 

geospatial objects (continuants with geospatial setting) and geospatial events (occurrents with 

geospatial setting). The model is also based on the fact that objects and events are closely 

bound up with each other. Without the occurrence of events (e.g., object creation), objects 

will not exist. Conversely, without objects events will be empty. These relationships are 

characterized as participation and involvement relationships. So objects participate in events 

and events involve objects. Event-event relationships represent the inclusion of an event into 

another major event. Object-object relationships are included for completeness. Other 

ontologies providing classes and properties for modeling events and their relationships have 

been proposed (Table 7). 

Table 7. Ontologies for modeling events 

Ontology URL 

CIDOC CRM 
http://www.cidoc-crm.org/sites/default/files/cidoc_crm_v6.2-draft-

2015August.rdfs.xml 

ABC http://dcpapers.dublincore.org/pubs/article/viewFile/655/651 

EventsML-G2 

https://www.oxygenxml.com/samples/xml-schema-

documentation/EventsML-G2/1.1/specification/XML-Schema-

Doc-Core/ConceptItem.html 

http://linkedevents.org/ontology/#term-Event
http://linkedevents.org/ontology/#term-atPlace
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DOLCE+DnS 

Ultralite 
http://www.ontologydesignpatterns.org/ont/dul/DUL.owl 

F 
http://events.semantic-

multimedia.org/ontology/2008/12/15/model.owl 

OpenCYC Ontology 
http://www.cyc.com/downloads/opencyc-owl/opencyc-

latest.owl.gz 

Though all of the ontologies provide classes and properties suitable for representing events, 

they were created to serve different purposes.  

The CIDOC CRM and ABC ontologies aim at enabling interoperability among metadata 

standards for describing complex multimedia objects held by museums and libraries. The 

events they intend to describe include both historical events in the broad sense (e.g., wars, or 

births) as well as events in the histories of the objects being described (e.g., changes of 

ownership, or restoration). 

EventsML-G2 has been developed by the Inter-national Press Telecommunications Council 

(IPTC) for exchanging structured nformation about events among news providers and their 

partners. It describes planned, past or breaking events as reported in the news.  

DOLCE+DnS Ultralite (DUL) is a lightweight “upper” ontology for ground-ing domain-

specific ontologies in a set of well-analyzed basic concepts. It is a combination and 

simplification of the DOLCE foundational ontology and the Constructive Descriptions and 

Situations pattern for representing aspects of social reality.  

The F Event Model is a formal model of events built on top of DUL. It provides additional 

properties and classes for modeling participation in events, as well as parthood relations, 

causal relations, and correlations between events. F also provides the ability to assert that 

multiple models represent views upon or interpretations of the same event.  

OpenCYC is also an “upper” ontology, but at the other end of the spectrum from DUL: rather 

than being a lightweight set of core concepts it provides hundreds of thousands of concepts 

intended to model “all of human consensus reality”. 

However, the previous ontologies present at the state of the art, have been a helpful reference 

in the definition of the current STORM ontological model. The starting point to define the 

Event Model Ontology of the STORM project is the Linked Opend Description Events Model 

(LODE) (Shaw 2010), shown in the Table 8, as a minimal model that encapsulates the most 

useful properties of the models reviewed. The goal of LODE is to enable interoperable 

modeling of the “factual” aspects of events, where these can be characterized in terms of the 

four “W”s. What happened, Where did it happen, When did it happen, and Who was involved. 

“Factual” relations within and among events are intended to represent intersubjective 

“consensus reality” and thus are not necessarily associated with a particular perspective or 

interpretation.  

This model thus allows to express characteristics about which a stable consensus has been 

reached, whether these are considered to be empirically given or rhetorically produced will 

depend on one’s epistemological stance. It excludes properties for categorizing events or for 

relating them to other events through parthood or causal relations since these aspects belong 

to an interpretive dimension best handled through the DnS approach of the F event model.  

 

http://linkedevents.org/ontology/#term-illustrate
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Table 8. LODE Classes and Properties 

Term Name Type Description 

Event class 
“Something that happened," as might be reported in a news article 

or explained by a historian. 

atPlace property 
a named or relatively specified place that is where an event 

happened. 

atTime property 
an abstract instant or interval of time that is when an event 

happened. 

circa property 
an interval of time that can be precisely described using calendar 

dates and clock times. 

illustrate property an event illustrated by some thing (typically a media object) 

inSpace property 
an abstract region of space (e.g., a geospatial point or region) that is 

where an event happened. 

involved property a (physical, social, or mental) object involved in an event. 

involvedAgent property an agent involved in an event. 

Table 9 shows the main class and proprieties of LODE, aligned with approximately 

equivalent properties from the models discussed above 

Table 9. Mapping among Class and proprieties of Lode and other ontologies 

LODE 
Event 

Ontology 
DUL CIDOC ABC 

Event event Event 
Subclass of 

E2_Temporal_Entity 
 

atPlace - hasLocation - inPlace 

atTime time isObservableAt P4.has-time-span atTime 

inSpace place hasRegion P7.took-place-at  

involved factor hasParticipant 
P12.occurred-in-the-

presence-of 
involves 

involvedAgent agent involvesAgent P11.had-participant hasPresence 

The STORM Event Ontology Model can be descrided by means of a special descriptor defined 

by a set of extensible metadata based on the information that the various analyzers are able to 

extrapolate from the analyzed resources. In fact, the Event consists of some temporal and 

spatial boundaries subjectively imposed on the flux of reality or imagination that we wish to 

treat as an entity for the purposes of making statements about it. The goal of the STORM 

Event Ontology Model is to enable interoperable modeling of the “factual” aspects of events, 

where these can be characterized in terms of the temporal and spatial feature, data and 

information, status, categorization, through hazard of the STORM domain, heritage asset and 

http://linkedevents.org/ontology/#term-Event
http://linkedevents.org/ontology/#term-atPlace
http://linkedevents.org/ontology/#term-atTime
http://linkedevents.org/ontology/#term-circa
http://linkedevents.org/ontology/#term-illustrate
http://linkedevents.org/ontology/#term-inSpace
http://linkedevents.org/ontology/#term-involved
http://linkedevents.org/ontology/#term-involvedAgent
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casual, temporal and spatial relationship. This STORM Event Ontology Model defines five 

classes and 11 properties (Table 10). 

Table 10. The STORM Event Ontology Model Classes and Properties 

Term Name Type Description 

Event Class 
"Something that happened", as might be reported in a news 

article or explained by a historian. 

EventStatus  Class the status of the event  

Data Class 
an event illustrated by data of different types (text, video, 

image, audio, sensor data, etc.) 

Category Class the category or hazard the describe the event happened 

Relationship Class 
the relationships between events happened (casual, temporal, 

spatial). 

time Property an abstract instant of time that is when an event happened 

tRange Property an interval of time that is when an event happened  

description Property a short description that describes the event that happened 

latitude property 
the latitude of the abstract region of space (e.g., a geospatial 

point or region) that is where an event happened. 

longitude property 
the longitude of the abstract region of space (e.g., a geospatial 

point or region) that is where an event happened. 

radius property 
the radiusof the abstract region of space (e.g., a geospatial 

point or region) that is where an event happened. 

street property a street where an event happened. 

streetNumber property a streetNumber that is where an event happened. 

city property a city where an event happened. 

country property a country where an event happened. 

severity property describes the severity of the event 

3.2.4 STORM Audio Signal Ontology 

STORM Audio Signal Ontology (SAS-Ont) describes the properties of an audio signal that are 

useful for the audio identification of hazardous events regarding the protection of cultural 

heritage. Such events can be related to humans (e.g., vandalism), machines (e.g., sound 

pollution), environmental phenomena (e.g., sea waves) or animals (e.g., snakes hatching). 

After the preprocessing and the feature extraction phase the features are fed to a classification 

http://linkedevents.org/ontology/#term-Event
http://linkedevents.org/ontology/#term-circa
http://linkedevents.org/ontology/#term-illustrate
http://linkedevents.org/ontology/#term-inSpace
http://linkedevents.org/ontology/#term-involved
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algorithms that outputs the source of the audio signal (e.g., thunder). Ontologies are an 

appropriate way of representing the extracted knowledge and via SPARQL queries and 

semantic rules more information can be inferred. For example, human voices recorded near a 

site during the day may not trigger an alert, but if they were recorded when the monument is 

closed for the visitors it may be interpreted as a hazardous situation taking place near the site. 

 

Figure 12. A high-level representation of the STORM Audio Signal Ontology 

Since the existing audio ontologies mainly focus on representing the audio features 

(Sourceforge 2017; Wilmering, Fazekas and Sandler 2013) and those that focus on audio 

sources are used for a different domain (e.g., detect situations of distress in a patient’s room 

based on sound analysis (Nguyen, Pham and Castelli 2006, 845-855) we designed SAS-Ont 

from scratch, based only on the taxonomy presented in (Salamon, Jacoby and Bello 2014).  

Figure 12 presents the main classes of SAS-Ont (STORM 2017). The AudioSignal denotes the 

audio file that has been recorded and segmented. The startTime and endTime datatype 

properties identify the starting and the ending time respectively, while its duration is given by 

the duration datatype property. What is more, id is the audio signal’s identifier, maxAmplitude 

describes the intensity of the signal, numberOfChannels the channels of the signal and its 

Fidelity is given by a set of fidelityFeatures. The Fidelity class may equal to Low, High or 

Medium. Based on the Format class, AudioSignal is further classified into 

CompressedAudioSignal, which means that the isCompressed property has value true and 

UncompressedAudioSignal, each one having each one properties. The hasEncoder object 

property links the CompressedAudioSignal with an Encoder (AAC, MP3, M4A, Ogg, or 

WMA). Finally, the taxonomy presented in Section 4 is mapped to the AudioSource class and 

its subclasses. AudioSource points to AudioSignal via the isSourceOf property, while it should 

be noted that the audio signals has been assigned to a source after been classified using a 

machine learning classification algorithm. The AudioSource Taxonomy is presented in detail 

in Figure 13. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. STORM AudioSource Taxonomy 
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3.2.5 Sensor Ontology 

STORM Sensor Ontology (StormSenOnt) describes the properties of several and diversified 

sensors, used in the STORM project, which generate warnings and alarms that are useful for 

the preservation, conservation and protection regarding the cultural heritage. These alarms are 

related to nature (natural disasters), humans, environmental phenomena or biological events. 

After the acquisition, the sensors data extracted features are fed to possible algorithms which 

will generate alarms based on scientific knowledge of the nature of the phenomena. For 

example a suddenly down change of the atmospheric pressure, associated with an increase of 

wind, in a site near the sea, may indicate a storm.  

The sensor ontologies will be focused on representing the features of many differentiated 

sensors, on different sources and used in different domains. Because of that the sensor 

ontologies will be designed from scratch based on ontologies developed for each different 

sensor or group of sensors. As an example, the following pictures present the taxonomy of the 

Induced Fluorescence Sensor (Figure 14) and for a group of weather sensors (Figure 15). 

Figure 16 presents all the classes of the StormSenOnt. There are two basic classes the 

SensorData and the SensorSource. The SensorData represents the data that is produced by a 

sensor, which can be a file, with a complex structure or simply a value of temperature, 

produced by a thermometer. The SensorSource abstract class, represent the sensors with its 

identification, like the sensor name, sensor type and the status of the sensor. These two classes 

are owned by an instance of the abstract class Source (a generic class belonging to the 

STORM ontology), the class SensorNodeSource. The sensor SensorNodeSource class can be 

viewed, in the STORM context, as place where one or several sensors are together 

communicating the sensor data as an all. As an example of an instance of this class is a 

meteorological station, where can be found several sensors dedicated to the reading of 

weather variables. This kind of station has an ID and a physical interface used to send 

meteorological data, acquired by the sensors, to a larger system. The classes like 

SourceStatus, Place and GeoPoint are generic classes used and defined by other ontologies 

within the STORM project, which are also called by the StormSenOnt in order to give geo 

and status information about the SensorNodeSource.  

The Semantic Sensor Network Ontology (https://www.w3.org/2005/Incubator/ssn/ssnx/ssn) 

developed by the W3C Semantic Sensor Networks Incubator Group (SSN-XG) is a good 

source of inspiration for the development of ontologies based on sensors. 
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Figure 14. STORM Taxonomy Induced Fluorescence Sensor (IFsensor) 
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Figure 15. STORM Taxonomy for weather sensors 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. A high-level representation of the STORM Sensor Ontology 
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3.2.6 Hazard Classification 

The ‘STORM Classification of Hazards and Climate Change-related Events’ has been 

developed based upon the existing literature, international frameworks, and previous EU-

projects in the area of disaster management (e.g., UNISDR and FEMA), climate change 

adaptation (e.g., UNFCCC and IPCC), and heritage conservation (e.g., UNESCO and 

ICCROM). Furthermore, particular hazards and threats affecting the STORM’s pilot sites 

have been identified and are incorporated into the hazard inventory. The classification 

comprises the following factors:  

 Natural hazards and climate change-related events leading to sudden-onset and slow-onset 

disasters, which are the main focus of the STORM project;  

 Anthropogenic hazards and threats leading to sudden-onset and slow-onset disasters, 

which are considered as additional risk factors in increasing vulnerability of cultural 

heritage to natural hazards; and  

 Management and conservation-related factors, which may contribute to reducing response 

capacity to natural hazards.  

Applicability of the hazard inventory to the field of heritage conservation and the specific 

requirements of the STORM’s pilot sites has been particularly taken into account.  

There are several basic types of hazards with which is possible classify an event that takes 

place. For example, we could have:  

 Natural hazards and threats
1
, which are the main focus of the STORM project;  

 Anthropogenic hazards and threats
2
, which are considered as additional risk factors in 

increasing vulnerability of cultural heritage to natural hazards. 

Starting from this model, through the study carried out from the state of the art, domain 

experts have conducted their work by the defining of macro areas and, at the same time, 

specializing them, in order to cover every possible use case.  

The concepts of the hazards classification have been defined in order to represent the kind of 

information related to an event. Table 11 shows Hazards classification: 

Table 11. Hazards classification 

Class SubClass 

Natural hazards and 

threats 

Geological Hazards 

Earthquakes 

Mass movements 

Landslides  

Land subsidence/ liquefaction 

                                                 

 
1
 Since the term ‘hazard’ in disaster management refers mainly to the catastrophic events, the term ‘threat’ is applied here to 

include a wide range of environmental threats which may affect cultural heritage. 
2
 In the STORM project, ‘Anthropogenic hazards and threats’ are not considered as primary hazards, but as additional risk 

2
 In the STORM project, ‘Anthropogenic hazards and threats’ are not considered as primary hazards, but as additional risk 

factors which may increase vulnerability of cultural heritage to natural hazards or may cause additional risks during or after 

natural disasters. 
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Rockslides 

Avalanches 

Volcanic eruption (including lava flows, ash falls, and gas 

emissions) 

Soil creep  

Erosion (e.g., river bank and coast line) 

Hydro-meteorological Hazards 

Storms 

Cyclones/ typhoons/ hurricanes 

Thunderstorms/ Lightning 

Hailstorms/ Ice storms/ dust storms 

Tornadoes 

Strong winds 

High waves 

Flooding 

Flash floods 

River/ lake floods 

Coastal floods 

Mass movement dam-induced floods 

Storm surges 

Wildfires 

Tsunamis 

Extreme temperature 

Sea-level rises  

Heat waves / cold waves 

Frost/ freeze/ snow loading  

Thermal shock  

Salinization (e.g., Salt-water intrusion) 

Change in freeze-thaw events 

Droughts 

Precipitation 

Intense rainfall 

Surface runoff 

Altered water table 

Changes in soil chemistry 

Humidity cycle changes/ relative humidity shocks 

Prolonged wet periods/ prolonged dry periods 

Deforestation and desertification 
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Wind 

Wind  

Wind driven rain 

Wind driven particulates (e.g., wind transported salts 

(saline spray), wind driven sand) 

Pollution and climate 

SO2, NO3, and O3 air concentration 

pH precipitation 

Ocean acidification 

Tides (tide currents and sea waves) 

Solar radiation 

Biological Hazards 

Animal stampede 

Biological infestation (including insect, pest, fungal, and 

vegetation infestation) 

Biological decomposition 

Proliferation of invasive species 

Spread of existing and new species of insects (e.g., 

termites) 

Increase in mould growth 

Decline of original plant materials 

Anthropogenic hazards 

and threats 

Industrial/ Technological Hazards 

Critical infrastructure failure 

Transportation system failure (e.g., train/aircraft crash 

and major road accident) 

Telecommunication system failures  

Cyber incidents 

Lifeline failures (e.g., electricity and gas lines) 

Dam/levee failures 

Explosion and pollution 

Factory explosions 

Fires/ urban conflagrations 

Hazardous materials spill (including chemical, 

radiological, and biological) 

Industrial pollution 

Urban/ traffic pollution 

Ground/ surface water pollution  

Toxic wastes 

Nuclear radiation 
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Waste mass movement 

Violence and conflict 

War/ armed conflict/ civil unrest 

Terrorism 

Explosive/ radiological attack 

Fires and explosion (intentionally) 

Looting and illegal activities (e.g., illicit trafficking of 

objects) 

Vandalism 

Inappropriate uses of heritage (including social, cultural, and economic 

uses) 

Tourism-related threats (e.g., sudden change in 

temperature/humidity and increased footfall from rising 

tourist numbers) 

Increase in recognition/ prominence 

Ritual/ spiritual/ religious and associative uses 

Fires and explosion (accidental) 

Occasional uses-related threats (e.g., concert vibration) 

Development pressure 

Land use change 

Constructions and infrastructure expansion (e.g., traffic and 

construction vibrations) 

Renewable/ non-renewable energy facilities  

Major visitor accommodation and associated infrastructure  

Interpretative and visitation facilities  

Large-scale/ improper archaeological excavation 

Encroachment/ illegal development 

Mining activities 

3.2.7 Material classification 

Materials classification contributes to the assessment of the risks to which the constituent 

materials of cultural heritage are exposed. The classification of the constituent materials, 

carried out starting from the current classification and adding additional classes in order to 

group the largest possible number of materials which constitute cultural heritage assets. The 

proposed subdivision includes six macro-classes reported below and some sub-classes (Table 

12): 

A. Artificial Stones 

B. Natural Stones 

C. Organic materials 

D. Wood 

E. Glass 
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F. Metals 

Table 12. Materials Classification 

Class SubClass 

Artificial Stones Mortars 

Plasters and renders 

Mortar-based decorations 

Ceramic objects 

Ceramic building materials 

Natural Stones Igneous Stones 

Metamorfic Stones 

Sedimentary Stones 

Organic Materials Animal origin materials 

Other vegetal origin materials 

Wood  

Glass  

Metals  

3.2.8 Disaster Risk Reduction Processes classification 

DRR terminology seems to still be missing exact globally-agreed definitions for the different 

stages of a disaster cycle (Baird and Malcolm 2010). In most of the consulted sources, four to 

five phases are generally cited as integrating the emergency or disaster cycle, with definitions 

varying slightly depending on the agency; in the European Union, however, only four phases 

seem to be generally mentioned: prevention – preparedness – response – recovery (EC 2009, 

2010, 2013), with the Directorate-General for European Civil Protection and Humanitarian 

Aid Operations (DG ECHO) mostly following the UNISDR 2009 terminology (EC 2013; 

UNISDR 2009). 

Within STORM, the EU phase-designation was essentially kept. Nevertheless, and taking into 

account the Sendai Priorities for Action, and particularly Priority 1: Understanding Disaster 

Risk (UN 2015), and its recommendation for a disaster risk management approach – where 

DRR is extended to encompass a Risk Assessment phase – dictated the need for considering 

five DRR phases: Risk Assessment – Prevention & Mitigation – Preparedness – Response – 

Recovery. These phases are borrowed from different sources, and they centre the disaster 

management cycle on cultural heritage assets. Moreover, each one of the phases will 

encompass several activities (the most common actions and processes associated with each 

phase in the specific context of cultural heritage emergency management). Table 13 shows 

Disaster Risk Reduction Processes classification: 
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Table 13. Disaster Risk Reduction Processes classification 

Class SubClass 

Risk Assessment Defining context and goals 

Outlining of the scope and goals of the assessment 

including what is covered (by the assessment) and, if 

pertinent, what is not covered 

Defining the context of application, including space and 

time frames 

Establishing the risk criteria against which the obtained 

risk levels will be judged 

Identifying risks to the heritage asset 

Step 1. Analysing hazards and threats 

Identifying and analysing natural hazards, climate 

change-related events, potential secondary hazards and 

human-induced threats 

Profiling the hazards of interest in the region and 

consider which ones are priorities based on their 

probability of occurrence, potential magnitude, and past 

impacts on the heritage site (FEMA 2004: 2-1) 

Step 2. Analysing exposure and vulnerability 

Identifying and listing heritage assets and their 

associated values; write statements of significance, 

authenticity and integrity (UNESCO-WHC et al. 2010: 

23) 

Analysing structural sensitivity of the heritage attributes 

to the hazards and threats; 

Evaluating the coping/adaptive capacity of the heritage 

property. This includes the performance evaluation of 

existing management systems and risk preparedness 

plan (UNESCO-WHC et al. 2010: 25) 

Identifying and analysing the underlying risk factors, 

including poor restoration done in the past, threats in 

surrounding environment, existing damage and 

deterioration patterns, and present irreversible 

interventions, activities or physical planning (UNESCO-

WHC et al. 2010: 25). 

Step 3. Identifying potential impacts/losses 

Compiling sufficient and reliable data on the heritage 

assets at risk (Romão, Paupério, and Pereira 2016: 697) 

Establishing cause-effect relationships and developing a 

scenario dynamics of potential emergencies (EMA 

2010: 24) to identify potential impacts of the hazards 

and threats on particular assets/components of the 

heritage sites; 

Developing a risk map by overlapping hazard, heritage 

and vulnerability maps. 
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Analysing the risks 

Assessing the probability of a particular disaster 

scenario impacting the heritage assets; 

Assessing the severity of the multidimensional 

consequences of the disaster scenario on the heritage 

assets;  

Assigning each identified risk (potential impacts) a 

rating in accordance with the agreed risk criteria (e.g., 

pre-defined probability and consequence acceptability 

levels) (EMA 2010: 31) 

Evaluating the risks 

Risk Control Phase 1: Prevention & Mitigation 

Reducing risks at source (Stovel 1998: 26); hazard 

source control and area protection 

Reinforcing the ability of a property to resist or contain 

the consequences of a crisis (Stovel 1998: 26) 

Undertaking preventive conservation measures, to 

prevent/reduce the occurrence of persistent hazards 

Raising awareness and appreciation of the values of 

cultural heritage among community members and the 

officials involved (Stovel 1998: 29) 

Developing, within the community, a good 

understanding of significant hazards and the related 

vulnerability of cultural heritage (fostering community 

vigilance and security). (Stovel 1998: 29) 

Procuring funding for preventive conservation measures 

Cooperation with stakeholders responsible for territorial 

planning and environment to implement preventive or 

mitigation actions/measures 

Phase 2: Preparedness 

Providing adequate warning of impending emergency 

(Stovel 1998: 26)  

Developing emergency-response plans and ensuring 

their availability during the emergency (Stovel 1998: 

26)  

Conduct simulations, training and drills using realistic 

emergency scenarios (Stovel 1998: 26) 

Engage emergency control organizations/task forces via 

periodic meetings (Stovel 1998: 37) 

Secure emergency funding  

Ensuring the availability of the required material and 

human resources during the emergency 

Phase 3: Response 

Step 1. Situation Analysis 

Nature of the critical event and its causes 
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Heritage-specific SWOT analysis 

Context and legal framework 

Obtaining access 

Actors and local capacities 

Preparation for deployment 

Step 2. On-site Survey 

Initial damage assessment 

Priorities for intervention 

Risk assessment 

Security and stabilization planning 

Community consultation & consensus building 

Step 3. Security & Stabilization Actions 

Security 

Triage & in-situ stabilization (immovable heritage) 

Evacuation 

Salvage, triage & stabilization (movable heritage) 

Full damage assessment & recovery needs 

Temporary storage  

Preparing for recovery 

Phase 4: Recovery 

Conservation and restoration; 

Returning salvaged assets (movable heritage); 

Lessons learned and build back better efforts to reinstate 

and enhance preparedness and mitigation measures, 

including the improvement of contingency policies, 

plans and programmes; 

Informing the public and raising awareness;  

Disaster memorialization. 

3.2.9 Actors classification 

In the heritage conservation field, the development and implementation of sector instruments, 

etc. relies on a wide array of relevant actors, whose roles may be described at an institutional 

or at a professional level. The classification takes into account the actors and their relevant 

roles (actual or potential) within heritage DRR, starting with the responsibilities of 

institutions, and followed by the contribution that different professional profiles may bring to 

the different DRR phases. 

There are several basic types of actors with which is possible classify stakeholders. In 

particular each typology of actors can play different role. For example, we could have:  

 Institutions: the roles that different institutional organizations can play within DRR 

initiatives specifically dedicated to the safeguarding of heritage assets. The grouping 

of institutions below is artificial – for instance, ‘Emergency services’ are evidently 
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(also) ‘Government bodies’ –, as it tried to emphasise the more prominent roles that 

some institutions are charged with. 

 Professionals: there are many different experts that may contribute within the scope of 

heritage DRR, depending not only on the type of process in question, but also on the 

type of heritage object under consideration.  

Table 14 shows Disaster Risk Reduction Actors classification: 

Table 14. Disaster Risk Reduction Actors classification 

Class SubClass 

Institutions Government bodies (sp. Policymakers) 

National/Central 

Ministries of Finance 

Interior 

Planning 

Regional 

Local  

Heritage Authorities 

Emergency Services 

Civil Protection  

Firefighting Corps 

Civil Society 

Heritage Community  

Private Sector  

Media  

Scientific Community/Academia  

(heritage dedicated) NGOs and Volunteers 

Site Managers 

Public Sector 

Private Sector  

Intergovernmental Institutions 

European Union 

ICCROM 

ICOMOS 

UNESCO 

UNISDR 

Professionals Anthropologists and Ethnologists  

Archaeologists and Archivists 

Architects 

Art historians and Historians 
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Conservator-restorers 

Conservation-scientists 

Physicists 

Chemists 

Material Scientists 

Geoarchaeologists 

Seismologists 

Firefighters 

Structural/Civil engineers 

Topographers/Photographers 
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4 Description of the STORM Event Model 

Figure 17 below shows the class diagram of the Event model, highlighting the relationships 

among STORM Core Ontology and supporting ontologies: Geo Ontology, Foaf Ontology, 

LODE Ontology, STORM Sensor Ontology, STORM Audio Signal Ontology and STORM 

Event Ontology.  

Moreover, Figure 17 shows the class diagram of the Event model highlighting the correlations 

(Relationship), causal (CausalRelationship), spatial (SpatialRelationship) and temporal 

(TimeRelationship) relationships.  

The contents (Data) analyzed by the system, whatever their type (SensorDataPackage, Text, 

Image, Video, Audio), are extrapolated from a set of information sources (Source) of different 

types (web, social media, device, sensor networks, etc.), and selected by means of the pre-

filtering processes that take place in a continuous way over time. The events may involve in 

various ways a set of Heritage Assets. The type of Heritage involved are: Immovable, and 

Movable Heritage Assets. 

Classes represent the basic information of the model, while the arches, oriented and not, 

represent the relationships between the different entities of the model. Any information is an 

instance of one of the model classes and will be enhanced (partially or completely) through its 

attributes. 

4.1 Attributes of the Entity 

The classes of the Models for the Content Management will be described through an attributes 

table. 

Column Description 

Attribute the name of the attribute 

Data Type the type of Data of the attribute 

Required specifies if the attribute is required 

4.2 Data Types 

The table allows defining the type of data which will be used for each attribute of the Class. 

Data Type Description 

String used for string of character 

Date used for date representation 

Double used for numerical representation 

Boolean used for boolean representation 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. STORM Event Model 
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4.3 Class Description 

This section describes the fundamental entitys of the Model for the Content Management. 

4.3.1 Event 

Event is something that happens or is regarded as happening and that is identified through 

multimodal techniques about what occurs in a certain place during a particular interval of 

time. 

Attribute Data Type Required Description 

time Date Yes the time the event started 

range Date Yes the interval of time the event is 

active  

description String No the description of the event 

latitude String Yes GPS latitude of the event’s location 

longitude String Yes GPS longitude of the event’s 

location 

radius String Yes the extent of the event 

street String No Identifies the street where the event 

occurs 

streetNumber String No Identifies the street number where 

the event occurs  

city String No Identifies the city where the event 

occurs 

country String No Identifies the country where the 

event occurs 

severity String Yes Identifies the severity assigned to 

the event 

4.3.2 Relationship 

This class specifies the type of relationship between two Events. 

Attribute Data Type Required Description 

type String Yes Identifies the type of the 

relationship between two events 
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4.3.2.1 Relationship Specialization 

Name Description Source 

TimeRelationship Specifies the temporal relationship between two 

events 

Relationship 

SpaceRelationship Specifies the space relationship between two events Relationship 

CasualRelationship Specifies the casual relationship between two events Relationship 

4.3.3 Category 

This class describes all possible categories connected with the Hazard with the HeritageAsset 

domain 

Attribute Data Type Required Description 

name String Yes the name of category 

4.3.4 Hazard 

This class identifies all possible hazard related to the HeritageAsset affected by the Event. 

Attribute Data Type Required Description 

uri String Yes the uri of the ontological concept of 

the hazard 

description String No the description of the hazard 

4.3.5 Data 

This class defines Sensors, Textual and Multimedia Content that describe the Data 

(sensorDataPackage, text, image, audio, video). 

Attribute Data Type Required Description 

url String Yes the url which identifies the data on 

the WEB 

description String No the description of the data 

sourceName String Yes Specifies the name of the source 

where they are produced 

createDate Date Yes Specifies the date the data were 

created 

4.3.5.1 Data Specialization 

Name Description Source 
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SensorDataPackage sensor data  Data 

Text text data  Data 

Image image data Data 

Video video data Data 

Audio audio data Data 

4.3.6 SensorDataPackage 

This class is a specialization of the Data Class and it identifies sensor networks 

Attribute Data Type Required Description 

sensorModelNumber String Yes Specifies the model number of 

sensor of which the data is 

extracted  

sensorName String Yes Identifies the name of the sensor 

4.3.7 SensorData 

This class defines the measurement of the sensor data  

Attribute Data Type Required Description 

name String Yes Identifies the name of the 

measurement derived 

value String Yes Identifies the value of the 

measurement derived 

unitMeasurement String Yes Identifies the unit of 

measurement  

rawData FloatArray No Identifies the rawData  

4.3.8 Text 

This class is a specialization of the Data Class and it identifies textual Data. 

Attribute Data Type Required Description 

textName String Yes Identifies the title of the text 

content String Yes Identifies the content of the text 

rawData CharArray No Identifies the rawData  
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4.3.9 Image 

This class is a specialization of the Data Class and it identifies image Data. 

Attribute Data Type Required Description 

imageName String Yes Identifies the title of the image 

content String Yes Identifies the content of the 

image 

rawData ByteArray No Identifies the rawData  

4.3.10 Video 

This class is a specialization of the Data Class and it identifies video Data. 

Attribute Data Type Required Description 

videoName String Yes Identifies the title of the video 

content String Yes Identifies the content of the video 

rawData ImageArray No Identifies the rawData  

4.3.11 Audio 

This class is a specialization of the Data Class and it identifies audio Data. 

Attribute Data Type Required Description 

audioName String Yes Identifies the title of the audio 

content String Yes Identifies the content of the audio 

rawData FloatArray No Identifies the rawData  

4.3.12 Source 

This paragraph defines the information source from which are obtained the data for the Event 

Attribute Data Type Required Description 

name String Yes Identifies the name of the 

information source 

description String No Identifies the description of the 

information source 

4.3.12.1 Source Specialization 

Name Description Source 
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WebDataSource Identifies the web or social media Source Data 

SocialHumanSource Identifies the social media account of the users Data 

HumanSource Identifies the device of the user  Data 

SensorNodeSource Identifies the sensor networks  Data 

4.3.13 WebDataSource 

This class identifies Web Data and Social Media Sources 

Attribute Data Type Required Description 

url String Yes Identifies the url of the web or 

social media source 

type String Yes Specifies the type of the 

source(web or social) 

4.3.14 SocialHumanSource 

This class identifies the account Social Media of the Human Source 

Attribute Data Type Required Description 

username String Yes Specifies the username of the 

social media account 

firstName String No  Identifies the first name of the 

user 

lastName String No Identifies the last name of the 

user 

accountUrl String Yes Identifies the account url of the 

social media source 

4.3.15 HumanSource 

This class identifies the Human Source 

Attribute Data Type Required Description 

firstName String Yes Identifies the first name of the user 

lastName String Yes Identifies the last name of the user 

email String Yes Specifies the email of the user 

role String No Specifies the role assigned to the 

user  
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4.3.16 DeviceApp 

This class identifies the device app related to Human Source 

Attribute Data Type Required Description 

registrationId String Yes Identifies the registration ID related 

to the installation of the app in the 

device 

description String Yes Identifies the description of the app 

4.3.17 SensorNodeSource 

This class identifies an information source characterized by one or more sensors that provide 

contextual information related to the area where the sensors have been installed. 

Attribute Data Type Required Description 

sensorID String Yes Identifies the sensor ID  

url String Yes Identifies the url of the sensor 

source 

4.3.18 SensorSource 

This class describes the feature of the sensor. 

Attribute Data Type Required Description 

sensorType String Yes Identifies the type of the sensor  

sensorName String Yes Identifies the name of the sensor 

sensorEPC String Yes 

Identifies the EPC code of the 

sensor (see http://www.epc-

rfid.info/) 

capability String Yes Identifies the capability of 

thesensor 

samplingRate Double Yes Specifies the sampling rate of the 

sensor 

thresholdMax Double Yes Specifies the max threshold of the 

sensor 

thresholdMin Double Yes Specifies the min threshold of the 

sensor 

status Boolean Yes Specifies the status of the sensor 
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4.3.19 HeritageAsset 

This class describes the Heritage Assets monitored in the STORM Project. 

Attribute Data Type Required Description 

name String Yes Identifies the type of the sensor  

description String Yes Identifies the name of the sensor 

serialNumber String Yes Identifies the model number of the 

sensor 

4.3.19.1 HeritageAsset Specialization 

Name Description Source 

Immovable Heritage Asset Identifies the immovable heritage asset HeritageAsset 

Movable Heritage Asset Identifies the movable heritage asset  HeritageAsset 

4.3.20 Immovable Heritage Asset 

This class describes the Immovable Heritage Assets monitored in the STORM Project. 

Attribute Data Type Required Description 

type String Yes Identifies the type of the 

Immovable Heritage Asset 

shapeRegion String Yes Identifies the name of the 

Immovable Heritage Asset’s shape 

region (point, line and polygon) 

4.3.21 Movable HeritageAsset 

This class describes the Movable Heritage Assets monitored in the STORM Project. 

Attribute Data Type Required Description 

type String Yes Identifies the type of the Movable 

Heritage Asset 

width String Yes Identifies the width of the Movable 

Heritage Asset 

height String Yes Identifies the height of the Movable 

Heritage Asset 

depth String Yes Identifies the depth of the Movable 

Heritage Asset 

extent String Yes Identifies the extent of the Movable 
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Heritage Asset 

4.3.22 Place 

This class describes the Place indoor monitored in the STORM Project. 

Attribute Data Type Required Description 

room String Yes Identifies the room  

floor String Yes Identifies the floor 

building String Yes Identifies the building 

4.3.23 GeoPoint 

This class describes a position in the space. 

Attribute Data Type Required Description 

latitude String Yes Identifies the latitude in the space 

longitude String Yes Identifies the longitude in the space 

altitude String Yes Identifies the altitude in the space 

4.3.24 MaterialAsset 

This class describes the Material Assets classification. 

Attribute Data Type Required Description 

type String Yes Identifies the material of the asset  

feature String Yes Identifies the feature of the material 

asset with which it is manufactured  

4.3.25 Risk 

This class describes the risk classification monitored in the STORM Project. 

Attribute Data Type Required Description 

name String Yes Identifies the name of the risk  

description String No  Identifies the description of the risk  

impactLevel String Yes Identifies the impact level of the 

risk  

4.3.26 Situation 

This class describes the situation when two o plus relevant event are happened. 
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Attribute Data Type Required Description 

name String Yes Identifies the name of the situation  

description String No  Identifies the description of the 

situation 

riskLevel String Yes Identifies the risk level of the 

situation 

createDate Date Yes Specifies the creation date of the 

situation 

lastUpdate Date Yes Specifies the last update of the 

situation 

4.3.27 Process 

This class describes the process which is applied in critical situation. 

Attribute Data Type Required Description 

processNumber String Yes Identifies the number of the process 

description String No  Identifies the description of the process 

processType String Yes Identifies the type of the process 

processAuthority String Yes Specifies the authority which supervised 

the process 

country String Yes Specifies the country where the process 

is applied 

createDate Date Yes Specifies the creation date of the 

process 

lastUpdate Date Yes Specifies the last update of the process 

4.3.28 Action 

This class describes the action which is applied in the process. 

Attribute Data Type Required Description 

name String Yes Identifies the number of the action 

description String No  Identifies the description of the action 

createDate Date Yes Specifies the creation date of the action 

lastUpdate Date Yes Specifies the last update of the action 
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status String Yes Specifies the status of the action 

4.3.29 Actor 

This class describes the actor which is applied in the process. 

Attribute Data Type Required Description 

organization String Yes Identifies the name of the organization 

of the actor 

role String No  Identifies the role of the actor 
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5 Description of the STORM Audio Model 

Figure 18 presents the class diagram of the STORM Audio Model. The AudioSignal class is 

the main class of our model. It contains several attributes that are mainly associated with the 

time domain and some properties that are used to extract several features from the raw data 

(e.g., spectral features). The other classes of our model are: the Format of the recorded 

AudioSignal, its Fidelity, the AudioSource and the Encoder. Based on the Format it is 

recorded an AudioSignal has two subclasses, Compressed and Uncompressed. 

UncompressedAudioSignals are usually stored in a .wav file, while CompressedAudioSignals 

use an Encoder, such as MP3 or AAC. The Fidelity of an AudioSignal is used as a metric 

value to represent its quality. Finally, the AudioSource is the class that denotes the source that 

produced that sound. Unlike the relationships it holds with the other classes, an AudioSignal 

may have more than one AudioSource. The subclasses of the AudioSource are: Geophony, 

Biophony and Anthropogenic.  

 

Figure 18. STORM Audio Model 

The STORM AudioSource Taxonomy is based on (Salamon, Jacoby and Bello 2014) which 

presents a dataset and an urban sound taxonomy. According to the authors, an urban sound 

taxonomy should satisfy the following three requirements: (1) it should factor in previous 

research and proposed taxonomies, (2) it should aim to be as detailed as possible, going down 

to low-level sound sources, (3) it should, focus on sounds that are of specific relevance to 

urban sound research, such as sounds that contribute to urban noise pollution. However, 

STORM project emphasizes on hazard classification for the protection of Cultural Heritage. 

Thus, STORM taxonomy is a subset of (Salamon, Jacoby and Bello 2014) (i.e., does not 

include the Music class and its subclasses), and separates the Nature sounds class in two main 

classes, Biophony and Geophony.  
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Biophony includes all the sounds that are produced by animals, which in some use cases may 

be damaging for the monuments. For example, in the Roman Ruins of Troia monument 

snakes are frequently seen amongst the structured walls destroying their interior mortars 

(D3.1 - STORM use cases and scenarios). Geophony only includes environmental 

phenomena, such as storm, which may cause serious damages to the sites. As a result, the 

early detection of these phenomena is crucial. Finally, the identification of Anthropogenic 

factors that could affect the conditions and status of cultural heritage monuments is classified 

in detail. Particularly, the subclasses of Anthropogenic class are: Voice, Movement, and 

Mechanical. One of the main objectives of STORM is to minimize the intentional (e.g., 

vandalism) and unintentional (e.g., noise pollution from huge tracks or construction) 

monument destruction from human factors, and thus a detailed classification on the 

Anthropogenic sound is mandatory. For example, the Mellor Site in Manchester is prune to 

vandalism. If the Audio Sensors record a signal late in the night that is classified as an 

anthropogenic sound (e.g., voices and footsteps), then this could create an Event related to 

vandalism and alert the stakeholders of the site. 

It should be noted that the rounded rectangles represent classes (e.g., Movement), while the 

tree leaves are rectangles with sharp edges and denote the instances (e.g., Footsteps). 

5.1 Class Description 

This paragraph presents the fundamental entities of the Audio Model for the Content 

Management. 

5.1.1 AudioSignal 

It is the representation of a sound recording over a specific time interval.  

Attribute Data Type Required Description 

startTime Date Yes The starting time of a recorded 

audio signal. 

endTime Date Yes The ending time of a recorded 

audio signal. 

rawData Float Array Yes The time domain data of a recorded 

audio signal. 

duration Float Yes The duration time of a recorded 

audio signal (secs). 

id String Yes The id of a recorded audio signal. 

channels Int Yes The number of channels of a 

recorded audio signal. 

amplitude Int Yes The sound intensity (db) of a 

recorded audio signal. 

The properties of an AudioSignal are feature extraction methods that are used to enhance the 

accuracy of the the audio classification algorithm results.  
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Property Returns Required Examples 

temporalShape() Float  No attack-time, temporal 

increase/decrease, duration  

 

shape() Float Array No autocorrelation, zero crossing rate 

(ZCR) 

energy() Float Array No global, harmonic, noise 

spectralShape() Float Array No centroid, spread, kurtosis, 

skewness, slope, roll-off 

frequency, MFCC 

perceptual() Float Array No loudness, sharpness, roughness, 

spread  

entropicInformation() Float Array No Shannon entropy, Tsallis entropy, 

Fisher information, Permutation 

Entropy 

5.1.1.1 CompressedAudioSignal 

This class identifies the compressed audio signals. 

Attribute Data Type Required Description 

bitRate Int Yes Defines the number of bits that are 

conveyed or processed per unit of 

time (kbps). 

5.1.1.2 UncompressedAudioSignal 

This class identifies the uncompressed audio signals. 

Attribute Data Type Required Description 

bitPerSample Int Yes Presents the number of bits of 

information in each sample, 

corresponding to the resolution of 

each sample. 

samplingRate Int Yes Defines how many samples of a 

sound are taken per second (Hz). 

5.1.2 Format 

This class represents the format of an AudioSignal. 

Attribute Data Type Required Description 
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type String Yes Compressed or uncompressed 

audio file. 

5.1.3 Fidelity 

It denotes the quality of an AudioSignal. 

Attribute Data Type Required Description 

type String No High, low, or medium. 

signalNoiseRatio Float No Signal-to-noise ratio (SNR) 

compares the level of a desired 

signal to the level of background 

noise. 

frequencyResponse Float No Uses an FFT-based algorithm to 

calculate the Z-transform 

frequency response of a digital 

filter. 

dynamicRange Float No Dynamic Range (DR) is the ratio 

between the largest and smallest 

values that a certain audio signal 

assumes. 

harmonicDistortion Float No Denotes the ratio of the sum of the 

powers of all harmonic 

components to the power of the 

fundamental frequency. 

5.1.4 Encoder 

It presents the type of the encoder that was used to compress an AudioSignal. 

Attribute Data Type Required Description 

encoder String Yes The type of the encoder (e.g., Ogg, 

MP3, etc.) 

5.1.5 AudioSource 

The AudioSource class describes the source(s) that produced an AudioSignal. 

Attribute Data Type Required Description 

type String Yes Describes the type of the source 

(e.g., anthropogenic). 

name String Yes Describes the name of the source 

(e.g., laughter). 
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5.1.5.1 Biophony 

This class identifies the audio signals produced by animals or plants. 

Attribute Data Type Required Description 

biophony String Yes Defines the animal or the plant 

(e.g., dog). 

5.1.5.2 Geophony 

This class identifies the audio signals produced by environmental phenomena. 

Attribute Data Type Required Description 

geophony String Yes Defines the environmental 

phenomenon (e.g., rain). 

5.1.5.3 Anthropogenic 

This class identifies the audio signals produced by human beings or machines. 

Attribute Data Type Required Description 

anthropogenic String Yes Defines the type of the machine or 

human sound (e.g., air conditioner 

or speech). 
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6 Description of the STORM Sensor Model  

The presented model is aligned with the STORM Event Model (section 4) and the classes 

which were object to changes and adaptations were namely SensorNodeSource, 

SensorSource, SensorDataPackage and SensorData. The Figure 19 below shows in detail the 

class diagram of the Sensor Model. 

There are two basic classes, in the Sensor Model, the SensorData and the SensorSource. The 

SensorData represents the data that is produced by a sensor. These two classes are owned by 

an instance of the abstract class Source, the class SensorNodeSource. Classes like 

SourceStatus, Place and GeoPoint are generic classes used and defined by other STORM 

models within the STORM project, which are also used by the Sensor model in order to give 

geo and status information to the SensorNodeSource.  

The sensor model is focused on representing the features of many differentiated sensors, on 

different sources and used in different domains. The data that is produced by a sensor can be a 

file, with a complex structure or simply a value of temperature, produced by a thermometer. It 

may represent 3D data that will result in 3D reconstructed artefacts or damage assessment.   

Following is a list of the sensors covered by the Sensor Model; 

• Infra-Red sensor camera (IRsensor) 

• Electrical Resistance measurement device 

• Air temperature measurement device (AirThermometer) 

• Wind speed measurement device (Anemometer) 

• Rain measurement device (Pluviometer) 

• Time-Lapse (4-D) Electrical Resistivity Tomography device (4D-ERT) 

• Ground Penetrating Radar device (GPR) 

• Atmospheric moister measurement device (Hygrometer) 

• Ground motion measurement device (Seismometer) 

• Light Detection and Ranging device (LIDAR) 

• Light intensity measurement device (Photometer) 

• Resistance intensity measurement device (Thermistor) 
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Figure 19. STORM Sensor Model 
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6.1.1 SensorNodeSource 

This class identifies an information source characterized by one or more sensors that provide 

contextual information related to the area where the sensors are installed. 

Attribute Data Type Required Description 

nodeID String Yes Identifies the sensor node 

url String Yes Identifies the url of the sensor 

source 

6.1.2 SensorSource 

This abstract class describes the features of the sensor. 

Attribute Data Type Required Description 

sensorType String Yes Identifies the type of the sensor  

sensorName String Yes Identifies the name of the sensor 

sensorEPC String No 

Identifies the EPC code of the 

sensor (see http://www.epc-

rfid.info/) 

samplingRate Double Yes Specifies the sampling rate of the 

sensor 

status Boolean Yes Specifies the status of the sensor 

6.1.2.1 Induced Fluorescence Sensor 

Static attributes of the sensor. 

Attribute  Description 

sensorType Induced Fluorescence Sensor Identifies the type of the sensor  

sensorName IFsensor  Identifies the name of the sensor 

6.1.2.2 Infra-Red sensor camera  

Static attributes of the sensor. 

Attribute  Description 

sensorType Infra-Red sensor camera Identifies the type of the sensor  

sensorName IRsensor  Identifies the name of the sensor 

6.1.2.3 Electrical Resistance measurement device 

Static attributes of the sensor. 
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Attribute  Description 

sensorType Electrical Resistance measurement 

device 

Identifies the type of the sensor  

sensorName ElectricalResistance  Identifies the name of the sensor 

6.1.2.4 Air temperature measurement device 

Static attributes of the sensor. 

Attribute  Description 

sensorType Air temperature measurement device Identifies the type of the sensor  

sensorName AirThermometer  Identifies the name of the sensor 

6.1.2.5 Wind speed measurement device 

Static attributes of the sensor. 

Attribute  Description 

sensorType Wind speed measurement device  Identifies the type of the sensor  

sensorName Anemometer Identifies the name of the sensor 

6.1.2.6 Rain measurement device 

Static attributes of the sensor. 

Attribute  Description 

sensorType Rain measurement device  Identifies the type of the sensor  

sensorName Pluviometer Identifies the name of the sensor 

6.1.2.7 Time-Lapse (4-D) Electrical Resistivity Tomography device 

Static attributes of the sensor. 

Attribute  Description 

sensorType Time-Lapse (4-D) Electrical 

Resistivity Tomography device  

Identifies the type of the sensor  

sensorName 4D-ERT Identifies the name of the sensor 

6.1.2.8 Ground Penetrating Radar 

Static attributes of the sensor. 

Attribute  Description 
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sensorType Ground Penetrating Radar device Identifies the type of the sensor  

sensorName GPR  Identifies the name of the sensor 

6.1.2.9 Atmosphere moister measurement device 

Static attributes of the sensor. 

Attribute  Description 

sensorType Atmospheric moister measurement 

device  

Identifies the type of the sensor  

sensorName Hygrometer Identifies the name of the sensor 

6.1.2.10  Ground motion measurement device  

Static attributes of the sensor. 

Attribute  Description 

sensorType Ground motion measurement device  Identifies the type of the sensor  

sensorName Seismometer Identifies the name of the sensor 

6.1.2.11  Light Detection and Ranging device 

Static attributes of the sensor. 

Attribute  Description 

sensorType Light Detection and Ranging device  Identifies the type of the sensor  

sensorName LIDAR Identifies the name of the sensor 

6.1.2.12  Light intensity measurement device 

Static attributes of the sensor. 

Attribute  Description 

sensorType Light intensity measurement device  Identifies the type of the sensor  

sensorName Photometer Identifies the name of the sensor 

6.1.2.13  Resistance intensity measurement device 

Static attributes of the sensor. 

Attribute  Description 

sensorType Resistance intensity measurement 

device  

Identifies the type of the sensor  

https://en.wikipedia.org/wiki/Light_intensity_%28disambiguation%29
https://en.wikipedia.org/wiki/Light_intensity_%28disambiguation%29
https://en.wikipedia.org/wiki/Light_intensity_%28disambiguation%29
https://en.wikipedia.org/wiki/Light_intensity_%28disambiguation%29
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sensorName Thermistor Identifies the name of the sensor 

6.1.3 SensorDataPackage 

This class is a specialization of the Data Class and it identifies sensor networks. 

Attribute Data Type Required Description 

sensorPackageName String Yes Identifies the name of the 

package 

6.1.4 SensorData 

This abstract class defines the measurements of sensor data package. 

Attribute Data Type Required Description 

sensorName String Yes Identifies the name of the sensor  

unitMeasurement String No Identifies the unit of 

measurement  

6.1.4.1 IFsensordata 

This class defines the measurements of sensor IFsensor of the data package. 

Attribute  Description 

sensorName IFsensor Identifies the name of the sensor  

unitMeasurement dimensionless Identifies the unit of measurement  

value[5] long Identifies the value of the measurerement  

6.1.4.2 GroundAceleration 

This class defines the measurements of sensor Seismometer of the data package. 

Attribute  Description 

sensorName Seismometer Identifies the name of the sensor  

unitMeasurement m/s2  Identifies the unit of measurement  

value[3] float Identifies the value of the measurement  

6.1.4.3 RainFall 

This class defines the measurements of sensor Pluviometer of the data package.  

Attribute  Description 

sensorName Pluviometer Identifies the name of the sensor  
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unitMeasurement m  Identifies the unit of measurement  

value float Identifies the value of the measurement  

period hours, days Identifies the period of the measurement  

6.1.4.4 AirTemperature 

This class defines the measurements of sensor AirThermometer of the data package.  

Attribute  Description 

sensorName AirThermometer Identifies the name of the sensor  

unitMeasurement C/F  Identifies the unit of measurement  

value float Identifies the value of the measurement  

6.1.4.5 AirMoister 

This class defines the measurements of sensor Hygrometer of the data package.  

Attribute  Description 

sensorName Hygrometer Identifies the name of the sensor  

unitMeasurement mm/cm3 Identifies the unit of measurement  

value float Identifies the value of the measurement  

6.1.4.6 SoilTemperature 

This class defines the measurements of sensor Thermistor of the data package.  

Attribute  Description 

sensorName Thermistor Identifies the name of the sensor  

unitMeasurement C/F Identifies the unit of measurement  

value float Identifies the value of the measurement  

6.1.4.7 SoilMoister 

This class defines the measurements of sensor ElectricalResistance of the data package.  

Attribute  Description 

sensorName ElectricalResistance Identifies the name of the sensor  

unitMeasurement mm/cm3 Identifies the unit of measurement  

value float Identifies the value of the measurement  
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6.1.4.8 LightIntensity 

This class defines the measurements of sensor Photometer of the data package. 

Attribute  Description 

sensorName Photometer Identifies the name of the sensor  

unitMeasurement photons/cm
2
 Identifies the unit of measurement  

value float Identifies the value of the measurement  

6.1.4.9 WindSpeed 

This class defines the measurements of sensor Anemometer of the data package.  

Attribute  Description 

sensorName Anemometer Identifies the name of the sensor  

unitMeasurement m/s Identifies the unit of measurement  

value float Identifies the value of the measurement  

6.1.4.10  WindDirection 

This class defines the measurements of sensor Anemometer of the data package.  

Attribute  Description 

sensorName Anemometer Identifies the name of the sensor  

unitMeasurement deg Identifies the unit of measurement  

value float Identifies the value of the measurement  

6.1.4.11  IRimage 

This class defines the measurements of sensor IRsensor of the data package.  

Attribute  Description 

sensorName IRsensor Identifies the name of the sensor  

fileName string Identifies the file name 

rawdata binaryfile Identifies the raw data 

6.1.4.12  LIDARdata 

This class defines the measurements of sensor LIDAR of the data package.  

Attribute  Description 
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Attribute  Description 

sensorName LIDAR Identifies the name of the sensor  

fileName string Identifies the file name 

Rawdata binaryfile Identifies the raw data 

6.1.4.13  GPRdata 

This class defines the measurements of sensor GPR of the data package.  

Attribute  Description 

sensorName GPR Identifies the name of the sensor  

fileName string Identifies the file name 

Rawdata binaryfile Identifies the raw data 

6.1.4.14  4D-ERTdata 

This class defines the measurements of sensor 4D-ERT of the data package. 

Attribute  Description 

sensorName 4D-ERT Identifies the name of the sensor which is 

observed 

fileName string Identifies the file name 

Rawdata binaryfile Identifies the raw data 
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7 Descritpion of the STORM Situation Model 

Generally, the term critical situation refers to one or more event occurrences that might 

require a reaction. When a critical situation happens, a number of specific events occur and 

the commixture of them identifies the specific critical situation in progress requiring the 

appropriate reactions (e.g., provide recovery actions or restoration works applying precise 

processes involving institutional bodies). Hence the critical situation includes one or more 

correlated events. 

Examples of critical situations considering natural hazards and threats in the STORM domain 

are the following: 

 Intense rainfall provoking flood in the area of an archaeological site with consequent 

erosion of the ancient flooring tiles and possible rockslides within the site. 

 Persistence of humidity on ancient painted walls causing a biological infestation on 

valuable frescoes and their consequent degradation. 

On the other hand, an example of critical situation caused by anthropogenic factors follows: 

 Factory explosion and consequent air pollution causing the asset degradation 

In the STORM domain, the term “situation” is referred to the representation of the “critical 

situation”, including also information regarding: assets, persons, institutions, bodies, data 

provided by sensors, processes for recovery or restoration and probable consequences. This 

complex information is provided by analysing the events occurred, identifying relationships 

among them and adding related information for supporting the processes implementation. In 

other words, the STORM situation is a complex data structure aimed to provide the situational 

picture describing: events occurred, involved assets, damages produced, probable 

consequences and processes which provide the needed elements for situational awareness and 

decision making support. 

As well as representing information aimed to describe the situational picture, it is necessary in 

STORM analysing and elaborating data of statistical nature with the aim of developing and 

applying techniques and methods of statistical analysis and causal inference. Such methods 

will allow STORM Platform to identify the probable evolution of the situation detecting the 

most probable hazards. For this purpose statistical data collected from the event stream should 

be elaborated and represented using a suitable formalism for applying causal inference 

methods. The study of the state-of-the-art performed in the context of the task 6.5 has 

identified such suitable formalism in Bayesian Networks (BN) (Pearl 1985). BNs belong to 

the family of probabilistic graphical models used to represent knowledge about an uncertain 

domain using graphs for representing a set of random variable, and their probabilistic 

dependencies. BN allow easily representing relationships among events composing the 

situation. 

As discussed above, the Situation Model should represent two different aspects of the critical 

situation: 1) the real time information describing the situational picture and 2) the causal 

relationships among events composing the situation. These two aspects are respectively 

referred to the Situation Information Model and to the Situation Causal Model. The union of 

these two models composes the overall Situation Model. 

Generally, an information model (Lee 1999) is a representation of concepts, relationships, 

constraints, rules, and operations for a chosen domain. Typically it specifies relations between 

kinds of things, but may also include relations with individual things. On the other hand, a 

causal model (Pearl 2000) is an abstract model that describes the causal mechanisms of a 

system specifying causal relationships. 

http://it.dicios.com/enit/commixture
https://en.wikipedia.org/wiki/Operation_%28mathematics%29
https://en.wikipedia.org/wiki/Model_%28abstract%29
https://en.wikipedia.org/wiki/Causality
https://en.wikipedia.org/wiki/System
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In the STORM context, diversities between the situation information model and the situation 

causal model include mainly: diversity of “format”, diversity of “information quantity” and 

diversity of “aims”. Indeed the situation information model describes the critical situation and 

its relative involved entities providing a lot of complex correlated information, while the 

situation causal model represents the causal relationships among events using a few data. In 

addition, the situation information model is aimed to provide the description of facts (what is 

happened and what is happening) with related processes, while the situation causal model is 

aimed to represent event relationships for discovering the hazard occurrence probabilities 

given. This probability is related the already occurred events (what may happen given the 

actual situation) that is obtained by the causal analysis. 

Causal analysis is used in STORM for: i) identifying hazards during a critical situation 

recognising which events not yet occurred may occur caused by other events, ii) evaluating 

the hazard occurrence probability, and iii) supporting the selection of the processes for 

reacting the emergency. 

In the following subsection a description of the situation information model for the STORM 

Platform is given. Afterwards, the situation causal model is described. 

Finally, in order to describe the basic semantic concepts behind the STORM situation, the 

situation is contextualyzed in a Situational Awareness model. 

7.1.1 The Situation Information Model 

Basically, the situation information model is built aggregating correlated events and including 

information regarding processes aimed to manage the emergencies. 

The following UML class diagram in Figure 20 shows the main entities composing the 

situation data structure. For brevity, some elements belonging to the event model have not 

been included in the diagram. 

 

Figure 20. UML Class Diagram of the Situation Information Model 

The situation is composed of the correlated events and information regarding: i) the process 

leading to actions for recovery or restore the involved assets, ii) the risk associated to the 
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critical situation and iii) the situation status. Hence, the situational picture is represented with 

aggregated information belonging to three different main concepts: 

 Correlated events 

 Risk assessment 

 Processes 

First of all, the model includes all the correlated events, aggregating them in a unique group 

belonging to the situation in progress. Note that a situation must have at least one event. 

Events are correlated by time relationships, spatial relationships and causal relationships. 

Time relationships are identified using time thresholds on the occurrence time of the events. 

When the time interval between two events is less than a precise threshold, the two events are 

considered time related. Space relationships are identified evaluating the spatial distances 

between events and comparing them to precise thresholds. The spatial distances are evaluated 

using the Global Positioning System (GPS) location of the events. Two events are considered 

spatially related if the distance between them is less than a precise threshold. Causal 

relationships are recognised by using the dependencies cause-effect among events provided 

by the survey of the experts in Cultural Heritage. 

For the risk assessment, a set of hazards is associated to each event and they represent all the 

possible effects (caused events) that such event may cause. The risk related to each hazard is 

evaluated considering the combination of the hazard probability with severity. Depending on 

the identified hazard and risks, also an overall risk level for the situation in progress is 

evaluated and included in the Situation class. 

Finally, the processes represent the guidance for the proper execution of the recovery or 

restoration activities in compliance with the regulations in force in the country where the asset 

is located. The processes are performed by executing actions that consider regulations, 

damages, type of materials but also the identified risks affecting the asset. 

The construction of the whole situation information model provides the first important step 

aimed to the situation awareness. Information included in this model will allow the operator 

to make a proper decision for managing the emergency considering, not only events occurred 

and damages produced, but also related risks, probable consequences, involved organizations 

and particular regulations. 

7.1.2 The Situation Causal Model 

In order to investigate cause-effect relationships within a critical situation it is necessary to 

adopt models able to represent causal relations among events. Causality (or causal 

relationship) is a relationship where a cause leads to an effect. Generally, an event can have 

multiple causes; similarly, an event can have multiple effects. 

In a formal manner, causality can be defined as a relationship between variables that meets 

three conditions: temporal precedence of a cause over an effect, dependency of the effect on 

the cause, and absence of other plausible causes (Popper 1959). Without loss of generality, in 

the STORM domain events are considered variables and their relative statuses “occurred” or 

“not occurred” are considered their possible values.  

The situation causal model includes only necessary data for representing cause-effect 

relationships and evaluating the probabilities of the event occurrences. In particular, 

information considered in the STORM causal model is the following: 

 type of the events occurred 

 cause-effects relationships among all possible events (occurred and not occurred) 
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 probabilistic data related to events and hazards 

Events are classified by the platform once they are detected while causal relationships among 

them are known a-priori because they are provided by the experts in Cultural Heritage. 

Probabilistic data are initialized at the system start-up phase, performing a statistical analysis 

on events stored in database. Afterwards they are updated in real time once a new event is 

detected. This information is used for building the BN associated to the situation. 

The BN is realised by a Directed Acyclic Graph (DAG) (Lauritzen 1982), which is defined as 

a finite directed graph with no directed cycles, plus a set of numerical parameters associated 

to each node of the network. Each node in the graph represents an event while each arc 

represents a cause-effect relationship between two events. Numerical parameters associated to 

the DAG follow the Markovian property (Spirtes, Glymour and Scheines 1993), according to 

which the occurrence probabilities of the new events depend only on their direct causes 

(represented by their parent nodes). In particular the Conditional Probability Distribution 

(CPD) at each node depends only on its parents. Markov property provides the possibility to 

evaluate the occurrence probability of the hazards considering only those occurred events 

represented in the BN as their parents. As result of this, the adopted situation causal model 

makes it possible to identify hazards and evaluate their occurrence probabilities before they 

happen.  

The situation DAG is built inserting events (nodes) as they are detected and adding cause-

effects relationships (arcs) on each couple of nodes if a cause-effect relationship between the 

two event types of the couple has been established a-priori. 

Numerical parameters associated to each event, are collected in a table listing the conditional 

probabilities of the event, given all the possible statuses of its relative parents. The occurrence 

probability of each event can be determined uniquely by these local Conditional Probability 

Tables (CPTs). The CPTs of the situation causal model can be learned from data applying 

learning algorithms as Maximum Likelihood Estimator (MLE) (Yun and Keong 2004, 98-

103) on historical events stored in database at the system start-up. Afterwards, CPTs can be 

updated considering the occurrences of the events detected in real time. 

Methods of causal analysis implemented in the class Causality perform the following actions: 

 identification of the hazards (events not yet occurred) 

 evaluation of the hazard probabilities 

The identification of the hazards related to a situation is performed considering all possible 

children (events not yet occurred) of the nodes inserted in the BN (events already occurred). 

Once the hazards are identified, their occurrence probability is evaluated using methods of 

bayesian inference. 

The combination of the hazard probability with the related severity can be used for evaluating 

the situation risks, as above discussed in the case of the situation information model. 

Figure 21 shows a view of the the situation causal model and its relationships with the 

situation information model. The class Causality implements the main methods for evaluating 

the hazard probabilities and uses input information included in the class Situation and the 

class Bayesian Network. 

https://en.wikipedia.org/wiki/Directed_graph
https://en.wikipedia.org/wiki/Cycle_graph#Directed_cycle_graph
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Figure 21. The Situation Causal Model and its relationships with the Situation Information 

Model 

In order to give an example, Figure 22 shows a BN related to a hypothetical situation 

composed of the events A, B, C and D represented as nodes of the network. Causal 

relationships are represented by arcs, in this case the event A can be the cause of B, C and D, 

while the event B can be also the cause of D. Each node is associated to a CPT, in particular 

the CPT related to the node D contains the conditional probabilities of the event D given its 

parents statuses in four different cases: 1) both A and B occurred (B, A), 2) B occurred but A 

did not occur (B, ¬A), 3) both A and B did not occur (¬B, ¬A) and 4) A occurred but B did 

not occur (¬B, A). The CPTs related to nodes B and C have been defined with the same 

method and the CPT related to the node A contains only the occurrence probability of the 

event A because A does not have parents. 
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Figure 22. Example of a Bayesian Network 

In this example the event B may occur with probability P (B | A) only if the event A has 

already happened and the event C may occur with probability P (C | A) only if the event A has 

already happened. The event D may occur with different probabilities depending on several 

circumstances: i) with probability P(D | B, A) if both events A and B have already occurred or 

ii) with probability P(D | ¬B, A) if the event A has happened but the event B has not 

happened, iii) with probability P(D | B, ¬A) if the event B has happened but the event A has 

not happened, iv) if neither A and B occur, the probability that D occurs is P(D | ¬B, ¬A)=0. 

This type of data structure allows evaluating the occurrence probabilities related to all events 

not yet occurred in a situation in progress. In addition, with this technique it is possible 

evaluating the occurrence probability of any event assuming specific conditions on the status 

of the other events. This can be done exploiting Bayesian inference methods. 

7.1.3 The Semantic Concepts of the STORM Situation  

Basic elements defining the STORM situation semantic are contextualized within the concept 

of Situation Awareness that provides the primary basis for subsequent decision making and 

performance in the operation of complex, dynamic systems. 

In this direction, Situation Awareness models explicit objectives, expectations, information 

processing mechanisms, automations and complexities of the system in its specific 

environment identifying different aspects of awareness: i) spatial aspect related to the 

operator’s knowledge of locations and spatial relationships among involved objects including 

knowledge of issues (e.g., movement restrictions); ii) threats identification aspect relating to 

the operator’s knowledge of the presence of threats and their objectives; iii) temporal aspect 

that means understanding how much time is available until some event occurs or some action 

must be undertaken and iv) responsibility aspect that is associated with the knowledge of who 

and what is responsible of processes and actions. 

Although several different Situation Awareness models have been developed, Endsley’s 

three-level model (Endsley 1995, 32-64) is by far the most cited in the literature. This model 

is generic and presents a relatively simple and intuitive description of Situation Awareness 

which has since been applied in a broad range of different domains. Endsley’s model uses a 
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linear information processing chain that highlighs the above described aspects. In particular 

these apects are mapped by the model in three different levels of the Situation Awareness 

which, from the bottom up point of view, refer to: perception as first level; comprehension as 

second level; and projection as third level. These three levels constitute Situation Awareness 

phase and lead to the successive phases of Decision and Performance of Action. 

Perception is the first step in achieving Situational Awareness that is perceiveing the status, 

attributes and dynamics of the relevant elements in the system and its relative environment. 

Comprehension is based on the systhesis of disjoined first level elements including the 

understanding of the significance of those elements relating the goals. The ability to project 

the future actions in the environment forms the projection level of Situation Awareness. This 

is achieved through knowledge of the status, dynamics of the elements and comprehension of 

the situation. Note that each level, from the bottom up point of view, requires the knowledge 

provided by the lower levels. 

The Endsley’s model is a general model applicable to several different domains. The above 

described ontological STORM elements can be mapped in the Endsley’s model providing a 

powerful semantic representation of the STORM basic concepts. 

Figure 23 shows the Endsley’s model mapping the main STORM ontological elements in the 

foreseen three phases: Situational Awareness, Decision and Performance of Action. Endsley’s 

model clearly shows that Situation Awareness acquisition and maintenance is influenced by 

various factors including individual factors (e.g., experience, training, workload etc), task 

factors (e.g., complexity and automation) and systemic factors (e.g., system capability and 

interface design). 

 

Figure 23. The STORM Endsley’s model 

Relating to the Situation Awareness phase in the STORM domain, perception is mainly 

performed taking into consideration the events detected by the platform. Consequently, also 
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elemenents directly related to the events have to be taken into account, (e.g., involved heritage 

assets, asset materials, data and related sources) but at this level the relationships among 

events are not considered. 

At the comprehension level, events are correlated identifying time, spatial and causal 

relationships. Afterwareds events are aggregated composing the situation data structure. 

Comprehension includes the understanding of the events relationships: events affecting the 

same site are considered spatial related, events happened near in the time are considered time 

related and events identified in the cause-effect map are considered causal related. 

Comprehension regards also the identification of the current status of the events and of the 

situation, in particular they could be in progress or they could be expired. 

The projection is performed in STORM exploiting the causal analysis, which identifies 

hazards depending on the situation in progress and evaluates their occurrence probability. 

Identification of hazards is an important step for Situational Awareness that leads to the risk 

assessment.  

The successive phase of Decision is based on knowledge acquired during Situation 

Awareness. Decision is taken considering the overall situation picture and the associated risks 

in relation to Goals, Objectives and Expectation as shown in Figure 24. In the decisional 

phase all elements of the situation and related risks are considered in order to determine the 

processess needed for facing the emergency. Such processes are implemented in the 

Performace of Action phase of the Endsley’s model in which the actors execute the required 

actions. (Lee 1999; Pearl 1985, 2000; Popper 1959; Spirtes, Glymour and Scheines 1993; 

Lauritzen 1982; Yun and Keong 2004, 98-103) 
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8 Standards and tools for model representation 

The STORM knowledge representation model exploits number of standards and technologies 

used vastly in security domain. This section gives an overview of existing tools, technologies 

and standards, with closer look on technologies used by STORM, including RDF, OWL, 

SPARQL, and Virtuoso. 

8.1 Supporting Standards and Tools 

STORM builds its Knowledge Representation Models using standards and technologies 

widely adopted by large companies and leading experts in security domain. The core of its 

repository framework is based on RDF, OWL, SPARQL, Open Linked Data and Virtuoso. 

Openlink Virtuoso is used as a semantic repository server enabling storage and indexing a 

vast amount of diverse data types. 

8.1.1 RDF 

The Resource Description Framework (RDF) is a family of World Wide Web Consortium 

(W3C) specifications, originally designed as a metadata data model. It is used as a general 

method for conceptual description or modeling of information that is implemented in web 

resources, using a variety of syntax notations and data serialization formats. It is also used in 

knowledge management applications. RDF was adopted as a W3C recommendation in 1999. 

The RDF 1.0 specification was published in 2004, the RDF 1.1 specification in 2014. 

RDF is used in STORM as a standard model for data interchange. RDF has features that 

facilitate data merging even if the underlying schemas differ, and it specifically supports the 

evolution of schemas over time without requiring all the data consumers to be changed. The 

most exciting uses of RDF aren't in encoding information about web resources, but 

information about and relations between things in the real world: people, places, concepts, 

etc. RDF extends the linking structure of the Web to use URIs to name the relationship 

between things as well as the two ends of the link (this is usually referred to as a “triple”). 

RDF provides a general, flexible method to decompose any knowledge into small pieces, 

called triples, with some rules about the semantics (meaning) of those pieces. The foundation 

is breaking knowledge down into a labeled, directed graph. Each edge in the graph represents 

a fact, or a relation between two things. The core structure of the abstract syntax is a set of 

triples, each consisting of a subject, a predicate and an object. A set of such triples is called an 

RDF graph. Triples are so named because they follow a subject–predicate–object structure. 

The subject denotes the resource, and the predicate denotes traits or aspects of the resource, 

and expresses a relationship between the subject and the object. An RDF graph can be 

visualized as a node and directed-arc diagram, in which each triple is represented as a node-

arc-node link (Figure 24). 

 

Figure 24. An RDF graph with two nodes (Subject and Object) and a triple connecting them 

(Predicate) 

Using this simple model, it allows STORM structured and semi-structured data to be mixed, 

exposed, and shared across different system components. This linking structure forms a 

directed, labelled graph, where the edges represent the named link between two resources, 

represented by the graph nodes. This graph view is the easiest possible mental model for RDF 
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and can be used in easy-to-understand visual explanations (W3C 2017; Tauberer 2016; 

Wikipedia 2017a).  

8.1.2 OWL  

The first level above RDF required for the Semantic Web is an ontology language what can 

formally describe the meaning of terminology used in Web documents. If machines are 

expected to perform useful reasoning tasks on these documents, the language must go beyond 

the basic semantics of RDF Schema. OWL has been designed to meet this need for a Web 

Ontology Language. OWL is part of the growing stack of W3C recommendations related to 

the Semantic Web. The OWL Web Ontology Language is designed for use by applications 

that need to process the content of information instead of just presenting information to 

humans. OWL facilitates greater machine interpretability of Web content than that supported 

by XML, RDF, and RDF Schema (RDF-S) by providing additional vocabulary along with a 

formal semantics. The OWL family contains many species, serializations, syntaxes and 

specifications with similar names. OWL and OWL2 are used to refer to the 2004 and 2009 

specifications, respectively. OWL 2 is an extension and revision of the OWL Web Ontology 

Language developed by the W3C Web Ontology Working Group and published in 2004. Like 

OWL 1, OWL 2 is designed to facilitate ontology development with the ultimate goal of 

making multimedia content more accessible. The OWL 2 Web Ontology Language, 

informally OWL 2, is an ontology language for the Semantic Web with formally defined 

meaning. OWL 2 ontologies provide classes, properties, individuals, and data values and are 

stored as Semantic Web documents. OWL 2 ontologies can be used along with information 

written in RDF, and OWL 2 ontologies themselves are primarily exchanged as RDF 

documents. 

In STORM, OWL 2 ontologies are used along with information written in RDF, and OWL 2 

ontologies themselves are primarily exchanged as RDF documents. STORM uses formalized 

vocabulary of terms covering targeted domain. It specifies the definitions of terms by 

describing their relationships with other terms in the ontology (W3C 2014, 2017; Wikipedia 

2017b).  

8.1.3 SPARQL 

SPARQL, a recursive acronym (Beckett 2011) for SPARQL Protocol and RDF Query 

Language) is an RDF query language, that is, a semantic query language for databases, able to 

retrieve and manipulate data stored in Resource Description Framework (RDF) format. 

(Rapoza 2016; Segaran, Evans and Taylor 2009)  

SPARQL enables users to query information from databases or any data source that can be 

mapped to RDF. SPARQL is an SQL-like language, and a recommendation of the W3C as of 

January 15, 2008. The SPARQL standard is designed and endorsed by the W3C and helps 

users and developers focus on what they would like to know instead of how a database is 

organized. SPARQL will be used in STORM to express queries across diverse data sources. 

SPARQL contains capabilities for querying required and optional graph patterns along with 

their conjunctions and disjunctions. SPARQL also supports extensible value testing and 

constraining queries by source RDF graph. The results of SPARQL queries can be results sets 

or RDF graphs. As stated above, RDF is a directed, labeled graph data format for representing 

information in the Web. This specification defines the syntax and semantics of the SPARQL 

query language for RDF. An atomic piece of data in RDF is a Uniform Resource Identifier 

(URI), which is syntactically similar to a URL but identifies an abstract resource (which can 

be, literally, anything). Formally, an RDF graph is a finite set of triples of the form (subject, 

predicate, and object). SPARQL is essentially a graph-matching query language. A SPARQL 
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query consists of a set of triples where the subject, predicate and/or object can consist of 

variables. The idea is to match the triples in the SPARQL query with the existing RDF triples 

and find solutions to the variables.  

A SPARQL query is composed of:  

 A body, which is a complex RDF graph pattern-matching expression, and  

 A head, which is an expression that indicates how to construct the answer to the query.  

 

Figure 25. Example Query 

Figure 25 shows an example of a simple SPARQL query that retrieves the authors that have 

published in PODS and were born in Oklahoma. The body of the query is just a set of triples 

with variables, which are prefixed by the symbol “?”, and the head is a projection (via a 

SELECT operator):  

The RDF specification considers two types of values: resource identifiers (in the form of 

URIs (Bailey et al. 2005) to denote Web resources, and literals to denote values such as 

natural numbers, Booleans, and strings. In this example, we use U to denote the set of all 

URIs and L to denote the set of all literals, and we assume that these two sets are disjoint. 

RDF con- siders also a special type of objects to describe anonymous resources, called blank 

nodes in the RDF data model. Essentially, blank nodes are existentially quantified variables 

that can be used to make statements about unknown (but existent) resources. In STORM the 

blank nodes are not going to be considered and focus will be put on so called ground RDF 

graphs.  

The official syntax of SPARQL (Rohlo et al. 2006) considers operators OPTIONAL, UNION, 

and FILTER, and concatenation via a point symbol (.), to construct graph pattern expressions. 

The syntax also considers { } to group patterns, and some implicit rules of precedence and 

association. For example, the point symbol (.) has precedence over OPTIONAL, and 

OPTIONAL is left associative. In order to avoid ambiguities in the parsing, we present the 

syntax of SPARQL graph patterns in a more traditional algebraic formalism following 

(Ontotext 2010a, 2010b) The SPARQL syntax and graph patterns can be demonstrated in 

following example (Figure 26). If V is an infinite set of variables disjoint from U and L, then 

SPARQL graph patterns are recursively defined as follows: 
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Figure 26. SPARQL graph patterns 

A SPARQL built-in condition is a Boolean combination of terms constructed by using 

equality (=) among elements in (U ∪ L ∪ V), and the unary predicate bound over variables. 

Formally, 

 

Figure 27. Boolean combination of terms 

(W3C 2008; Ontotext 2017c; Sequeda 2011). 

8.1.4 Linked Open Data 

Semantic web ontologies can be published in the form of Linked Data, thus fostering 

exploitation by search engines and this semantization of knowledge significantly improves 

accuracy and relevance of search results (Blasko et al. 2012). Linked Data describe a method 

of publishing data corresponding to URIs and RDF schemas of existing ontologies capable of 

being interlinked with each other through the use of semantic queries. It builds upon standard 

Web technologies such as HTTP, RDF and URIs, but rather than using them to serve web 

pages for human readers, it extends them to share information in a way that can be read 

automatically by computers. This enables data from different sources to be connected and 

queried (Bizer, Heath and Berners-Lee 2009, 1–22). Tim Berners-Lee, director of the World 

Wide Web Consortium (W3C), coined the term in a 2006 design note about the Semantic 

Web project.. Tim Berners-Lee outlined four principles of linked data in his "Linked Data" 

note (Berners-Lee 2006) paraphrased along the following lines: 

 Use URIs to name (identify) things. 

 Use HTTP URIs so that these things can be looked up (interpreted, "dereferenced"). 

 Provide useful information about what a name identifies when it's looked up, using open 

standards such as RDF, SPARQL, etc. 

 Refer to other things using their HTTP URI-based names when publishing data on the 

Web. 

The term Linked Open Data (LOD) has been in use since at least February 2007, when the 

"Linking Open Data" mailing list (W3C 2017) was created. The mailing list was initially 

hosted by the SIMILE project at the Massachusetts Institute of Technology. Tim Berners-Lee 

gives the clearest definition of linked open data in differentiation with linked data. Linked 

Open Data (LOD) is Linked Data which is released under an open licence, which does not 

impede its reuse for free (Berners-Lee 2006). Large linked open data sets include DBpedia 

https://en.wikipedia.org/wiki/DBpedia
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and Freebase. To fully benefit from Open Data, it is crucial to put information and data into a 

context that creates new knowledge and enables powerful services and applications. As LOD 

facilitates innovation and knowledge creation from interlinked data, it is an important 

mechanism for information management and integration. LOD is becoming increasingly 

important in the fields of state-of-the-art information and data management. It is already being 

used by many well-known organisations, products and services to create portals, platforms, 

internet-based services and applications. LOD is domain-independent and penetrates various 

areas and domains, thus proving its advantage over traditional data management. Nowadays, 

the idea of linking web pages by using hyperlinks is obvious, but this was a groundbreaking 

concept 20 years ago. The evolution of the web can be seen in Figure 28: 

 

Figure 28. The evolution of the Web 

Although the idea of Linked Open Data has yet to be recognised as mainstream, there are a lot 

of LOD already available. The so called LOD cloud covers more than an estimated 50 billion 

facts from many different domains like geography, media, biology, chemistry, economy, 

energy, etc. The data is of varying quality and most of it can also be re-used for commercial 

purposes.  

  

https://en.wikipedia.org/wiki/Freebase
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The Figure 29 shows a current version of the LOD Cloud diagram of 2017 (http://lod-

cloud.net/): 

 

Figure 29. LOD Cloud diagram of 2017 

The goal of the W3C Semantic Web Education and Outreach group's Linking Open Data 

community project is to extend the Web with a data commons by publishing various open 

datasets as RDF on the Web and by setting RDF links between data items from different data 

sources. In October 2007, datasets consisted of over two billion RDF triples, which were 

interlinked by over two million RDF links. By September 2011 this had grown to 31 billion 

RDF triples, interlinked by around 504 million RDF links (Wikipedia 2017; Bauer and 

Kaltenböck 2012).  

As a result Linked Open Data, achieve large scale integration of data on the Web that enable 

developers to create cognitive applications. Advanced STORM applications in order to be 

context-aware and make decisions need the expressive power of these links and the deductive 

reasoning of semantic rules. 



D6.1: STORM Models for the Content Management 
 

 

H2020 – DRS11 - 700191 104 

 

8.2 Overview of Semantic Repositories 

To select the right semantic repository system to fulfil the objective and mission of the 

STORM system, the project undertook deep analysis of the existing semantic repositories and 

their comparisons. The outline of this study is presented in this subsection.  

A semantic repository is an engine similar to a Database Management Systems (DBMS) that 

permits the storage, querying and handling of data annotated semantically. In addition, a 

semantic repository uses ontologies as semantic schemata to automatically reason about the 

queried data. Semantic repositories offer easier integration of diverse data. Over the last 

decade, the Semantic Web emerged as an area where the semantic repositories become as 

important as the HTTP servers. This tendency led to very high interest and activity in the field 

and resulted in a number of robust metadata and ontology standards, delivered by the W3C-

driven community processes, most notable among which are RDF and OWL, mentioned in 

the previous subsection. The named standards have a role similar to the role SQL played for 

the development and for the spread of the relational DBMS. Although primarily designed for 

use within the Semantic Web, the standards were widely accepted in areas like Enterprise 

Application Integration and life sciences.  

The Resource Description Framework (RDF) is a family of World Wide Web Consortium 

(W3C) specifications originally designed as a metadata model. It has been used as a general 

method for linking web resources in knowledge management applications, using a variety of 

syntax notations. RDF stores are purpose-built databases for the storage and retrieval of any 

kind of data expressed in RDF. While small RDF graphs can be efficiently handled and 

managed in computers’ main memory, larger RDF graphs render the deployment of persistent 

storage systems indispensable. RDF stores are defined as systems that allow the ingestion of 

serialized RDF data and the retrieval of these data later on.  

Generic schemas: One can divide the generic schemas into a single database table design 

(the most simple generic schema) resembling a serialized RDF triple structure using a three-

column table for storing subject, predicate, and object, a property table design. which is a 

flattened denormalised RDF table schema consisting of one subject column followed by many 

property columns, a normalized table design introducing separate tables for storing URIs and 

literals, as well as hybrid approaches that resemble the advantages of singe and normalized 

table designs. The advantage of a generic schema approach is clearly the flexibility gained by 

the schema-less data representation approach. The major disadvantage is the high number of 

self-joins, which are required for answering non-trivial queries. (Abadi et al. 2009). 

Ontology-specific schemas: DBMS-backed stores that follow an ontology-specific schema 

approach do not store triples in a single table but apply a schema structure that reflects the 

structural properties of the ontologies in place. Evolutions in the ontology design are reflected 

in database table design, i.e., whenever a class or property changes in the ontology, this 

change is reflected in the database tables. According to (Hertel, Broekstra and 

Stuckenschmidt 2008) we can distinguish three different ontology-specific schema layouts:  

1. Horizontal representation or one-table-per-class schema: each ontology class is 

reflected in a database table, which holds all instances of a class. Including a new 

property in the ontology requires all instance-related database tables to be extended by 

an additional column representing the newly introduced property. The major 

disadvantages of this approach are the necessity to restructure database tables 

whenever the adhering ontology changes and the lacking support for multi-value 

properties.  
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2. Decomposition storage model: this schema is also called one-table-per-property-

schema or vertically partitioned schema and stores each property in one single table 

(including RDF/S properties) consisting of two columns: subject and object. This table 

layout also lacks query efficiency (performance) when it comes to complex queries 

because it leads to many joins among property tables. However, it can outperform 

single-database schemas by a factor greater than two (Abadi et al. 2009).  

3. Hybrid schemas: are more common and combine the advantages of both one-table-

per-class schemas and one-table-per-property schemas since ontology changes do not 

lead to database table restructuring. Instead, each class is represented as one single 

table where only the IDs of the instances of a specific class are stored.  

RDF Stores are optimized to quickly process operations on RDF models and are highly 

flexible because they do not rely on a fixed, pre-defined schema. Hence, schema (domain 

model) changes can be realized without direct schema and data migrations in the underlying 

storage infrastructure, as it would, for instance, be the case in relational databases. If an RDF 

store builds on a relational database, schema migrations are typically handled transparently by 

some RDF middleware. The drawback of this flexibility lies in the loss of performance and 

scalability in query processing. Existing query optimization algorithms typically rely on the 

existence of fixed schema information. Some of the distinct and significant features the RDF 

data model exposes compared to traditional database systems are described below (Owens 

2009). 

The unpredictable structure of RDF documents not only affects the execution of (arbitrary) 

query patterns, but also requires a generic structure for RDF data storage in, for instance, 

relational database systems. Therefore, RDF stores should provide support for generic storage 

schemas covering RDF data model characteristics and the efficient execution of arbitrary 

query patterns.  

Data aggregation in RDF is relatively simple compared to the complex schema realignments 

known in, for instance, relational database systems since RDF graphs can be easily merged. 

For instance, if two resources are using the same URI, it’s valid to assume that they refer to 

the same (real world) entity.  

URIs exhibits a standard and uniform identification scheme. By using URIs for identifying 

resources and concepts, data discovery across documents and systems is facilitated since the 

use of URIs allow for a global identification mechanism among systems and domains.  

RDF is an open world framework with no tightly defined data schemas, wherefore anyone can 

say anything about any topic. Therefore, the RDF data model allows for the insertion of 

individual RDF statements to existing data sources but also for specifying assertions about a 

resource in different systems. In this respect, RDF is considered to be a schema-less model.  

RDF offers a powerful and open knowledge representation language that can be used to 

virtually express any type of knowledge due to its underlying triple-based generic schema. 

This simplicity and flexibility led to the creation of a multitude of open-source frameworks 

and tools (e.g., knowledge extraction engines, reasoners etc.) for processing and storing RDF 

data that can be used in existing applications.  

A triple store is framework used for storing and querying RDF data. It provides a mechanism 

for persistent storage and access of RDF graphs. Recently there has been a major 

development initiative in query processing, access protocols and triple-store technologies.  

The number of triple stores being actively developed has increased from Jena and Sesame in 

the early 2000s to the following ones: 
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 Garlik JXT (http://kowari.org/),  

 YARS (http://sw.deri.org/2004/06/yars/),  

 BigOWLIM (https://www.ontotext.com/owlim/editions),  

 Jena TDB (http://jena.apache.org/documentation/tdb/),  

 Jena SDB (http://jena.apache.org/documentation/sdb/),  

 Virtuoso (http://virtuoso.openlinksw.com/dataspace/doc/dav/wiki/Main/),  

 AllegroGraph (http://franz.com/agraph/allegrograph/),  

 Mulgara (http://www.mulgara.org). 

Among these some like Garlik and YARS are propriety and not distributed. Others like 

BigOWLIM and AllegroGraph are commercially available. The rest are all free & open 

sources.  

Triple stores can be divided into 3 broad categories – in-memory, native, and non-memory 

non-native - based on architecture of their implementation. In-memory triple stores store the 

RDF graph in main memory. Storing everything in-memory cannot be a serious method for 

storing extremely large volumes of data. However, they can act as useful benchmark and can 

be used for performing certain operations like caching data from remote sites or for 

performing inferencing. Most of the in-memory stores have efficient reasoners available and 

can help solve the problem of performing inferencing in persistent RDF stores, which 

otherwise can be very difficult to perform. A second, now dominant category of triple stores 

is the native triple stores which provide persistent storage with their own implementation of 

the databases, for e.g., Virtuoso, Mulgara, AllegroGraph, Garlik JXT. The third category of 

triple stores, the non-native non-memory triples stores are set up to run on third party 

databases for e.g., Jena SDB, which can be coupled with almost all relational databases like 

MySQL, PostsgreSQL, Oracle. Recently native triple stores due to their superior load times 

and ability to be optimized for RDF have gained popularity.  

Jena is a java framework for building semantic web applications. Jena implements APIs for 

dealing with Semantic Web building blocks such as RDF and OWL. Jena's fundamental class 

for users is the Model, an API for dealing with a set of RDF triples. A Model can be created 

from the file system or from a remote file. Using JDBC, it can also be tied to an existing 

RDBMS such as MySQL or PostgreSQL. SDB is a component of Jena. It provides for 

scalable storage and query of RDF datasets using conventional SQL databases for use in 

standalone applications, J2EE and other application frameworks. The storage, as mentioned, 

is provided by an SQL database and many databases are supported, both open source and 

proprietary. An SDB store can be accessed and managed with the provided command line 

scripts and via the Jena API. In addition on the fine grain access provided by the Jena API, 

SDB can be coupled with the web-server - ‘Joseki’ - which is SPARQL query server. This 

enables an SDB store to be queried over HTTP. Jena recently introduced a non-transactional 

native store called TDB. For our current evaluation we have Jena SDB backed with MySQL. 

Jena in addition to the above-mentioned features also provides access to a reasoner configured 

to perform reasoning of various degrees. It can be used to perform simple RDFS reasoning to 

the more memory intensive OWL-DL reasoning. Popular external reasoners like the Pellet 

reasoners can also be used with it. All the reasoners made available by the Jena API perform 

the reasoning in-memory, In other words they require the data to be present an in-memory 

model.  
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Sesame is an old system for processing RDF data. This includes parsing, storing, inferencing 

and querying of/over such data. It offers an easy-to-use API that can be connected to all 

leading RDF storage solutions. It can be deployed on top of a variety of storage systems 

(relational databases, in-memory, file systems, keyword indexers, etc.), and offers a large 

scale of tools to developers to leverage the power of RDF and related standards. Sesame fully 

supports the SPARQL query language for expressive querying and offers transparent access 

to remote RDF repositories using the exact same API as for local access. Finally, Sesame 

supports all mainstream RDF file formats, including RDF/XML, Turtle, N-Triples, TriG and 

TriX.  

Virtuoso, is a native triple store available in both open source and commercial licenses. It 

provides command line loaders, a connection API, support for SPARQL and web server to 

perform SPARQL queries, and uploading of data over HTTP. A number of evaluations have 

tested virtuoso and found it to be scalable to the region of 1B+ triples. In addition to this, a 

Virtuoso provides bridges for it to be used with Jena and Sesame. Virtuoso is STORM’s 

Semantic Repository of choice and will be expanded later in this document.  

AllegroGraph7 is a commercial RDF graph database and application framework developed by 

Franz Inc. for the storage and querying of RDF data. It can be deployed as a standalone 

database server and offers interfaces (entry points) for remote access where the 

communication between the AllegroGraph Server and client processes is realized through 

HTTP. AllegroGraph is available for Windows, Linux, or Mac OS X platforms either as 32-

bit or 64-bit version. Franz Inc. offers different editions of AllegroGraph together with a 

number of different clients: the free RDFStore server edition is limited to storing less than 50 

million triples, a developer edition capable of storing a maximum of 600 million triples, and 

an enterprise edition whose storage capacity is only limited by the underlying server 

infrastructure. Client connectors are available for Java, Python, Lisp, Clojure, Ruby, Perl, C#, 

and Scala. AllegroGraph’s storage capabilities are not limited to storing RDF-data; instead, 

due to its generic storage model, it can store any form of graphs whose elements can be 

represented as tuples consisting of node elements s and o, an edge p, and additional data. 

AllegroGraph provides a number of additional features such as geospatial or temporal 

reasoning, social network analysis, or federation. These features are packaged into so-called 

extensions. However, AllegorGraph does not offer possibilities for building custom 

extensions in the form of plug-ins or modules.  

The Mulgara Semantic Store is the community-driven successor of Kowari and is described 

as a purely Java-based, scalable, and transaction-safe RDF database for the storage and 

retrieval of RDF-based metadata. The current version as of September 2010 is licensed under 

the Open Software License v3.0 as well as the Apache License 2.0, which is being applied to 

new code contributions. Mulgara provides connectors for Java-based applications via the 

JRDF and Jena libraries. Since Mulgara is a fork of the Kowari project and uses an enhanced 

version of the XA Triplestore engine (version 1.1), most of the features such as multi-

platform support, deployment model, storage model etc. described for Kowari also apply to 

Mulgara, although Mulgara provides more client connectors (see above). Mulgara is 

optimized for metadata management (Reichert 2009) and uses a native quad-based model for 

representing and storing RDF-based metadata where the conceptual RDF model elements 

subject, predicate, and object are extended by the named graph concept.  

GraphDB (formerly OWLIM) is a family of commercial RDF storage solutions, provided by 

Ontotext (2010ab). It is available in two different editions: Lite edition is designed for 

medium data volumes (up to 100 million triples) since reasoning and query evaluation are 

performed in main memory, while Enterprise is designed for large data volumes and uses file-

based indices that allow it to scale up to billions of RDF triples. Additionally, GraphDB is 
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available as a SAIL (Storage and Inference Layer) for the Sesame RDF framework. Lite 

edition is free to use for research, evaluation, and testing purposes; for commercial 

applications, Standard and Enterprise editions are are required. Both versions do not provide a 

dedicated extensibility mechanism but allow the definition of custom rules and rule languages 

for the inferencing process.  

GraphDB Enterprise is in use for a large number of Semantic Web and Linked Data 

applications, including the BBC 2010 World Cup Website and the LinkedLifeData platform. 

The latest release was published in May 2010. 

DBpedia is a crowd-sourced community effort to extract structured information from 

Wikipedia and make this information available on the Web.  

DBpedia provides a complementary service to Wikipedia by exposing knowledge (from 130 

Wikimedia projects, in particular the English Wikipedia, Commons, Wikidata and over 100 

Wikipedia language editions) in a quality-controlled form compatible with tools covering ad-

hoc structured data querying, business intelligence & analytics, entity extraction, natural 

language processing, reasoning & inference, machine learning services, and artificial 

intelligence in general. Data is published strictly in line with “Linked Data” principles using 

open standards (e.g., URIs, HTTP, HTML, RDF, and SPARQL) and open data licensing. 

The DBpedia RDF Data Set is hosted and published using OpenLink Virtuoso. The Virtuoso 

infrastructure provides access to DBpedia's RDF data via a SPARQL endpoint, alongside 

HTTP support for any Web client's standard GETs for HTML or RDF representations of 

DBpedia resources. Figure 30 shows DBpedia Data Provision Architecture: 

 

Figure 30. DBpedia Data Provision Architecture 

The English version of the DBpedia knowledge base describes 4.58 million things, out of 

which 4.22 million are classified in a consistent ontology, including 1,445,000 persons, 

735,000 places (including 478,000 populated places), 411,000 creative works (including 

123,000 music albums, 87,000 films and 19,000 video games), 241,000 organizations 

(including 58,000 companies and 49,000 educational institutions), 251,000 species and 6,000 

diseases. 
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The DBpedia page for the STORM's pilots are:  

a) Baths of Diocletian: http://dbpedia.org/page/Baths_of_Diocletian 

b) Mellor hill fort: http://dbpedia.org/page/Mellor_hill_fort 

c) Ephesus: http://dbpedia.org/page/Ephesus 

d) Rethymno: http://dbpedia.org/page/Rethymno 

e) Fortezza of Rethymno http://dbpedia.org/page/Fortezza_of_Rethymno 

f) Troia Roman Ruins: http://fr.dbpedia.org/page/Ruines_romaines_de_Tr%C3%B3ia 

8.2.1 Virtuoso Server 

STORM employs Virtuoso Universal Server as a database engine hybrid enabling a single 

multithreaded server process that implements multiple protocols. Virtuoso provides an 

extended object-relational model, which combines the flexibility of relational access with 

inheritance, run time data typing, late binding, and identity-based access. It is a cross platform 

universal server to implement Web, file, and database server functionality alongside Native 

XML Storage, and Universal Data Access Middleware, as a single server solution. It was first 

developed as a row-wise transaction oriented RDBMS with SQL federation. It was 

subsequently re-targeted as an RDF graph store with built-in SPARQL and inference (Erling 

and Mikhailov 2009). Lastly, the product has been revised to take advantage of column-wise 

compressed storage and vectored execution.  

The largest Virtuoso applications are in the RDF space, with terabytes of RDF triples that 

usually do not fit in RAM. The space efficiency of column-wise compression was the greatest 

incentive for the column store transition. Additionally, this makes Virtuoso an option for 

relational analytics also. Finally, combining a schema-less data model with analytics 

performance is attractive for data integration in places with high schema volatility. Virtuoso 

has a shared nothing cluster capability for scale-out. This is mostly used for large RDF 

deployments. The cluster capability is largely independent of the column-store aspect but is 

mentioned here because this has influenced some of the column store design choices.  

Applications that are built in conformance ith industry standards such as ODBC, JDBC, 

UDBC, and OLE-DB) only need to make a single connection via Virtuoso's Virtual Database 

Engine and end up with concurrent and real-time access to data within different database 

types. Further still, Virtuoso exposes all of its functionality to Web Services. This means that 

existing infrastructure can be used to support Web Services directly without any hint of 

replacement. The architecture of OpenLink Virtuoso is shown in Figure 31: 
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Figure 31. OpenLink Virtuoso Architecture 

8.2.2 Evaluation of Semantic Repositories 

Many RDF storage system configurations have been evaluated, including: in-memory Sesame 

(SESAME-MEM), Sesame with relational backend (Sesame-DB), in-memory Jena (JENA-

MEM), Jena with relational backend (Jena-DB), Sesame with native RDF storage (SESAME-

NATIVE), Virtuoso, Kowari and YARS. They used datasets generated from the LUBM 

(Leigh University Benchmark) dataset, which contained approximately 2.5 million triples. 

Evaluating the data loading performance of these stores revealed that the memory-based 

stores have the best performance. The database-backed systems performed badly in data 

loading, the three native systems loaded data with linearly growing loading time. Also the 

query response times of DB-backed stores were higher than in all other types of stores (mem, 

native) mainly because query answering requires numerous joins on data stored in a large 

single table. The query performance of the native stores depends on their inference support. 

Sesame-NATIVE, which does not support inference, shows similar results than Sesame-

MEM. Kowari can answer queries in reasonable time. YARS could only answer a subset of 

all queries but performed better than Sesame.  

Rohlo et al. (2006) compared the performance of various RDF stores configurations in 

deployment scenarios that include very large knowledge bases (hundreds of millions of 

triples). They derived their test data sets and queries from the LUBM benchmark. The 

evaluated triple stores were Sesame 1.2.6 and Jena 2.5.2 with various storage back-ends 

(MySQL 5.0, DAML DB 2.2.1.2, OWLIM 2.8.3, 0.9.2) as well as AllegroGraph 1 and 2.0.1. 

The generated test set consisted of roughly 200 million triples in the first round and 1 billion 

triples in the second test round. The applied evaluation metrics were: cumulative load time, 

query response time, query completeness and soundness, and disk-space requirements. All 

triple store configurations had linear load times. Jena + DAML DB, Sesame + DAML DB, 

and Virtuoso + DAML DB had the best cumulative load time performance. Jena and Sesame 

configurations with BigOWLIM made a factor three more efficient use of disk space then 
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Sesame and Jena with DAML DB. Jena + DAML DB had the best query response 

performance. The overall result of this study is that RDF stores based on the DAML DB and 

OWLIM technologies exhibit the best performance among the tested stores. 

Abadi et al. (2009) propose vertically partitioning as a schema design for storing RDF data in 

relational databases. Essentially, this approach creates one relation per unique property in a 

data set. They evaluated their approach against other schema layouts (single triple relation, 

property tables), Virtuoso and SESAME-NATIVE using a benchmark created from the 

Barton Libraries dataset containing approximately 50 million triples with 221 unique 

properties (Abadi et al. 2007). The reported result was that property table and vertical 

partitioning approaches both perform a factor 2-3 faster than the generic schema triple-store 

approach and that using a column-oriented DBMS for the vertically partitioning approach 

adds another factor of 10 performance improvement, which is a factor 32 faster than triple 

stores. 

Schmidt et al. (2008) compared the performance of the triple (single triple relation) and the 

vertically partitioned (one relation per predicate) scheme for storing RDF data in DBMS 

using the SP2Bench SPARQL benchmark. They also tested the same benchmark with 

SESAME-NATIVE and a purely relational scheme. Their experiments include eleven real-

world sample queries and show that, when triples are physically sorted by (predicate, subject, 

and object) the triple table approach becomes competitive to a vertically partitioned approach. 

However, none of the approaches scales for real-world queries to documents containing tens 

of millions of RDF triples and none of the approaches can compete with a purely relational 

model. 

Minack, Siberski and Nejdl (2009) provided a detailed feature and performance comparison 

of full-text queries (classic IR queries) as well as hybrid queries (structured and full-text 

queries) of the most widely used RDF stores (Jena, Sesame2, Virtuoso, YARS) by extending 

the LUBM benchmark with synthetic scalable full-text data and corresponding queries. Their 

evaluation includes 21 real-world sample queries. Evaluating the query response time of these 

stores revealed that Jena and Sesame2 are the best choices for basic or advanced IR queries 

and especially Sesame is the only RDF store sufficiently solving the tasks of full-text search 

on RDF data. However, Virtuoso shows an impressive performance, but does only supported 

a small subset of queries. This limitation has been eliminated in Virtuoso latest update. 

Lee (2004) evaluated which open source RDF store system (Jena, Joseki, Kowari, 3store, 

Sesame) holds the most promise for acting as large, remote backing stores for the SIMILE 

project (browser-like applications). They were choosing a subset of ARTstor, art metadata in 

addition to a subset of the MIT OpenCourse-Ware (OCW) as a dataset, which is 27.4 MB in 

RDF/XML format. By choosing the configuration time as an interesting metric (e.g., how fast 

does a store return its results for creating the in-memory cache?) the evaluation results shows 

that for network models, the fastest were 3store and Sesame. Therefore, Sesame and 3store 

are the most worthwhile for exploring as remotely accessible stores for even larger datasets. 

They also discussed that non-Joseki-based remote stores are approximately an order of 

magnitude faster at cache initialization because of the focus of the Jena and Joseki projects on 

doing things correctly instead of doing them as quickly as possible. 

Following the extensive study on the evaluation of different semantic repositories, Virtuoso 

provides the best features with respect to the robustness and for the STORM targeted system, 

supporting millions of triples. As described in this subsection, STORM is using the latest and 

most effective solutions and tools for the development of the system ontology framework.  
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9 Conclusions 

This document describes the current version of the STORM knowledge representation model. 

The scalability of the event-based communication paradigm makes it suitable for knowledge 

modelling and reasoning about events and entities involved. The overall architecture of the 

proposed knowledge representation model has been defined following throughout analysis of 

the state-of-the-art technologies and solutions in areas of ontological and knowledge 

management. The STORM knowledge model incorporates all information describing events 

and entities in cultural heritage data using ontologies defined in the Web Ontology Language. 

In particular, it provides a general overview of the work performed on the STORM Ontology, 

including the field study, brief outline of the defined knowledge model, and analysis of 

supporting tools exploited for its development. STORM ontology consists of a number of 

modular sub-ontologies, rather than a single, monolithic ontology. In particular, to support 

STORM Core Ontology, during the knowledge representation, some support ontologies have 

been defined. Moreover, it reports on the STORM knowledge modelling process with focus 

on the implementation of taxonomies, spatio-temporal paradigm and Ontology attributes. To 

make sure the proposed framework is capable of storing all range of diverse information 

extracted from or exchanged between analysis modules, the Knowledge Representation 

Models is based on standards and technologies widely adopted by large companies and 

leading experts in security domain. Models of knowledge in STORM, define the standard for 

representing events by means of simple language at any logical level of the STORM 

framework. Events refer to real entities (e.g., persons, artworks, monuments, dangerous 

objects) and adverse circumstances for cultural heritage (e.g., bad weather conditions, 

flooding, infrastructure or material decay and damages). STORM framework provides 

machine interpretable models of knowledge and standard specifications for representing real 

events in the cultural heritage domain. These models are designed to represent the critical 

situations involving Cultural heritage and support recovery actions. The defined Event Model 

allows the knowledge to be interpreted by software, to be stored in a database, or to be 

processed in order to provide information growing. The knowledge representation model 

enables storing and modelling the domain knowledge extracted from all processing 

components of the STORM framework in order to be further reused while correlating 

information acquired from other multimodal sources. 
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