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Abstract— The specification of a simulation model includes the description of the input sequences while the simulation output can 
be described by the produced sequences. The input sequences describe the characteristics of the simulated scenarios and are to be 
chosen in a way to preserve the real system representativeness; while the output sequences can be used as a proof of such 
representativeness. Producing the appropriate input sequences and validating the output sequences against the model specification 
is therefore fundamental to the validation of the simulation model. In this paper, we propose an ontology-based specification of 
simulation input sequences. The ontology gives a methodology to formalize the sequence specification and output sequence 
validation by providing the semantic basis for the sequences formal description.  In the model specification, the input sequences are 
described in terms of ontology concepts and properties values, and in the model implementation the deployed sequences can be 
thus automatically derived by mapping them on the ontology concepts. Sequence validation may be carried out by establishing the 
congruence between the ontology concepts and the deployed sequences. 
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I. INTRODUCTION 
    The specification of a simulation model describes the 
structural and the behavioural properties of the system to be 
simulated. The former concern the system compositions in 
terms of subsystems and relationships amongst them. The 
latter, differently, describes the dynamics of the system. 
These are generally specified in terms of logic of the 
individual components and in terms of the system behaviour 
in relation to a given input. The components logic consists 
of a state diagram defining the states, the internal processing 
and the interactions with the other components. The 
identification of such components as well as the description 
of the logic constitutes a key issue in the modelling process.    
The procedure, which aims to determine a suitable 
modelling resolution, bases on the aggregation of 
components into macro components that present identical 
statistical properties [1]. These properties are then described 
in terms of input sequences that preserve the relevant 
characteristics of the real system. Similarly, output 
sequences are used for the model validation as they describe 
the expected behaviour of the system – as a black box – in 
the given scenarios. 
    Both input and output sequences are therefore key aspects 
of the model specification [2] and then their formal 
specification is fundamental to automatically derive their 
software implementation and to carry out validations of the 
simulation system. 
    In this paper, we deal with these issues by introducing an 
ontology that describes the domain of sequences. In 
principle, the ontology can be used for several purposes [3]: 

1. Sharing common understanding of the structure of 
information among people or software agents;  

2. Enabling reuse of domain knowledge; 
3. Making domain assumptions explicit; 
4. Separating domain knowledge from the operational 

knowledge; 
5. Analyzing domain knowledge. 

    In our work, however, we limit the motivation for the 
introduction of the sequence ontology to point 1 [4] as 
having a common reference is a key aspect in the simulation 
system development process. In particular, the sequences 
can be formally described in terms of the ontology concepts 
and properties, in the model specification; and in the model 
implementation the deployed sequences can be 
automatically derived by mapping them on the ontology 
concepts. Moreover, sequence validation may be carried out 
by establishing the congruence between the ontology 
concepts and the deployed sequences.  

The paper is organized as follows: we first present related 
contributions to position this paper in the state-of-the-art 
works. Then the ontology is presented. We continue 
outlining how the model specification can be obtained 
through the use of the ontology. Following, we recall two 
examples technologies that can be used in conjunction with 
the ontology to support the paper thesis. We conclude with a 
concrete ontology-based specification for each of these 
technologies. 
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II. RELATED WORK 
    The investigation on the use of ontologies in the domain 
of Modelling and Simulation (M&S) started a few years ago 
with the purpose of applying Semantic Web technologies to 
various sides of  M&S. 
In particular two main M&S aspects have been considered:  

(i) ontology for model classification, interoperability 
and reuse 

(ii) ontology for model specification and development. 
 
    In category (i), one of the first papers in the field [5] 
investigated the potential of extending Semantic Web 
technologies to Web-based M&S to obtain data exchange on 
the web, to annotate simulation resources available on the 
web, and to enhance reusability of artefacts. In this category 
(i), papers [6] and [7] introduced a Discrete-event Modelling 
Ontology (DeMO) as a means to discover Web Services in 
M&S, and to create Web-based infrastructures for storing 
and retrieving executable M&S components. The final 
objective of these contribution is to enhance the 
interoperability of simulation models and of simulation 
tools, in addition to obtain model reuse and data sharing. 
Again in the same category (i), in a more recent paper [8] 
the use of ontologies is proposed to facilitate distributed 
M&S in terms of three different aspects of distribution: 1) 
facilitating the integration of simulation applications; 2) 
facilitating the integration of simulation components 
(federates); and 3) facilitating multi-resolution approaches 
to M&S, i.e. the repository search of models with the 
appropriate abstraction level. 
    In the same context of (i), papers can be also found for 
ontology-based M&S in Physics [9] and Physiology [10], 
and a promise of using the same approach can be found in 
[11] to enhance interoperability in the Mimosa [12] M&S 
platform. 
    A lesser number of papers can be found for  category (ii), 
in which this paper can be included. One of the first papers 
discussing ontology-based model specification for M&S [13] 
provides an ontology for agent-based M&S, and uses it as 
part of the modelling and simulation process – from data 
collection and distribution fitting to model production and 
validation. Another view on this category is introduced in [8] 
which overviews the general role of ontologies in simulation 
model building, from concept formulation to data 
acquisition (e.g. distribution fitting), to model detailed 
design. Similarly, in [14] an ontology is used in the context 
of simulation output classification. 
In this paper, we use the Protegé tool to codify,  in 
electronic format, a classification of input and output 

sequences that can respectively serve as means to  specify 
the model and to validate it. Differently from the other 
contributions, we specifically address sequences of numbers 
and actions, and we show how complementary technologies 
can be combined to implement automatic derivation of 
simulation software from the model specification. 

III. DEFINITION OF THE SIMULATION ONTOLOGY 
    The ontology defines a classification of entities in the 
domain of simulation sequence in terms of type of 
sequences. The classification is derived using common 
knowledge in the domain of simulation sequences, and is 
synthesized in abstract and concrete concepts. The abstract 
concepts define the general properties of a sequence, 
whereas the concrete concepts represent a description of the 
sequence that can be possibly related to the real sequence of 
objects to be deployed into the simulation system. The 
abstract and concrete concepts are related with 
specialization relationships (e.g. has-subclass) and other 
custom relationships depending on the specific peculiarities 
of the individual concepts. The full ontology with the has-
subclass relationships is shown with the Protégé tool [15] in 
Figure 1. For the sake of clarity, however, the custom 
relationships being held in the ontology are shown 
separately in  
Figure 2.  
    Each concept is characterized by a set of property slots, 
which roughly correspond to attributes in Object Oriented 
terms, and which are not visualized for similar reasons.  
As shown in Figure 1, the ontology bases on the concept of 
Object. Objects in the sequence domain can be classified in 
Simple Objects and Sequence Of Objects. The former 
characterises objects individually while the latter describes 
an ordinate set of Simple Objects. The Simple Objects is 
further classified into Action, Symbols or Number. The 
Action concept refers to command in agent-based simulation, 
the Symbol concept refers to communication acts in pattern-
matching simulation, and the Number refers to number. 
    The Sequence Of Object concept groups all the types of 
sequences and is described by two slots: elementType, 
which refers to the class SimpleObject, and isGeneratedBy, 
which connects the concept to an instance of sequence 
source, below introduced. In the ontology, we classify 
sequences of objects according to four properties: 

1. The type of sequences 
2. The statistical property of sequences 
3. The source of sequences 
4. Simple sequences or transformation of sequences. 
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    In the ontology, 1. is represented with the concept of 
Sequence Of Type, 2. with Sequence Properties, 3. with 
Sequence Source, and finally 4 with Sequence 
Transformation. 
    Sequence Of Type classifies the sequences depending on 
the type of the sequence element. This concept inherits the 
elementType slots and restricts in its subconcepts Sequence 
Of Action Type, Sequence Of Symbol Type, and Sequence Of 
Number Type, the values the slot can assume. These are 
respectively Action, Symbol and Number. In addition, 
Sequence of Type is also characterized by the slot 
hasProperties, which refers to a subclass of the Sequence 
Properties concept and can be multiple.  
    The Sequence Properties concept describes the sequences 
in terms of their statistical properties. The concept inherits 
from Sequence of Objects, the slots elementType and 
isGeneratedBy, and does not constrain their possible values. 
The sequences under this concept can be distinguished in 
Deterministic and Stochastic sequences. The former 
represents a sequence in which the relationships between 
two adjacent objects in the sequence are uniquely 
identifiable. Differently, the latter models sequences for 
which the relationships between two generated objects are 
meant not to be deterministic. Stochastic sequences are in 
turn divided according their Distribution and the 
Predictability.  
    The Distribution concept defines the statistical 
distribution of the sequence elements and can be applied 
only to Number – i.e. the slot elementType is restricted to 
assume a subclass of the Number concept. In the current 
ontology, the following distribution subconcepts are defined: 

Exponential, Uniform, Normal, LogNormal, Pareto, Coxian, 
and K-Erlang, which all specialise the elementType in Real, 
and the Poisson, which differently specializes the 
elementType in Integer. The list of distributions currently 
represented in the ontology does not want to be exhaustive 
and other distributions can easily be introduced by similarly 
specialising the Distribution concepts.  
    The Predictability concept describes the sequences in 
function of their degree of randomness. In particular, this 
concept distinguishes in random sequences, which are 
identified with Random concept, and in pseudorandom 
sequences, which are identified with PseudoRandom 
concept – both of immediate understanding. The 
PseudoRandom concept is further characterized by a set of 
slots each quantifying the available statistical tests for the 
given sequence. Currently, this set includes: serial test, chi-
square test, and serial correlation. Nevertheless, other tests 
can be analogously considered and the respective slots can 
similarly be defined in the concept. 
    The definition of the ontology continues with the 
classification of the sequence sources. The root concept for 
this category is the SequenceSource concept, which inherits 
the slots elementType and isGeneratedBy from the Sequence 
of Objects concept. The former is left untouched in its 
properties, whereas the latter is to be constrained in each 
subclass according to the defined concept. The sources can 
be classified in hardware sources and software sources. 
Within the ontology, the former are identified with the 
concept Hardware Device, and the latter with the concept 
Software. Hardware Device is described by three string 
slots to identify the device model, brand, and producer.     

 
Figure 1. Simulation Ontology 
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Similarly, Software is described by three strings: hardware 
platform (e.g. Intel or AMD), operating system, and the 
point of contact for obtaining the source. 
    Software sources are further classified into Function, 
Trace and Table, each identified by the homonymous 
concepts into the ontology. The Function concept restricts to 
Sequence of Number and is described by slots that specify in 
which format the function is available – e.g. binary or 
source, and in case of source in which language is coded 
(e.g. C, C++, or Java). Function is further classified in 
Linear Congruent, Multiplicative and Shift Register.  The 
details of the three types of function are common knowledge, 
and therefore not further discussed here. However, it is 
worth mentioning that each of the three concepts is 
decorated with a slot specifying the specific concept 
properties, for example the Linear Congruent is 
characterized by a coefficient A, a constant B, a module M, 
and an initial seed X0. 
 

IV. ONTOLOGY-BASED MODEL SPECIFICATION 
    The specification of a simulation model includes the 
description of the input and output sequences, where the 
former define the peculiarities of the model and the latter 
define the expected behaviour in correspondence of the 
given input sequences. The whole process surrounding the 
model specification is outlined in  
Figure 3. 
 

The figure shows the three abstraction levels, from the 
system modelling to the simulation system design and 
development that characterize the production of simulation 
software. At the system modelling level, the system 
structural and behavioural properties are identified. These 
constitute the base for the software requirements 
specification, which in the particular case of the simulation 
sequences (subset of the behavioural properties) can be 
formally formulated in terms of the ontology. 
    The proposed ontology serves as formal base for the 
exchange of sequence specification data between the system 
modelling and the simulation system design and 
development levels. In figure, this is shown for both the 
input sequences (left-hand side) and the output sequences 
(right-hand side). The input sequences are described in 
terms of the ontology concepts, and the produced document 
is used as software specification between the system 
modeller, who defines the sequence characteristics, and the 
software developer, who implements the sequences inside 
the simulation code. In the best case, however, this passage 
can be completely automated and the sequences code 
derived, if available software components are matched to 
the ontology concepts. The output sequences are similarly 
described in terms of the ontology concepts and properties, 
and constitute the validation document for the developed 
simulation system. They are used to verify the 
correspondence between the outputs of the produced 
simulation system when the input sequences are applied.  
 

 
Figure 2.  Custom relationships in the ontology 
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    In this paper, we shall focus on the input sequences only 
because they offer a higher degree of automation and are 
inherently characterized by a higher level of complexity. 
According to the ontology, the input sequences are 
sequences of objects, which can be sequences of symbols, or 
of actions, or of numbers. Sequence of symbols is typical of 
pattern-matching simulation (e.g. human speech simulation); 
sequence of actions is typical of agent-based simulation or 
conventional discrete event simulation (e.g. event-based, 
activity-based, or process interaction-based). Sequence of 
numbers relates to integer or real values that are to be 
generated according to deterministic or stochastic properties 
with given distribution (e.g. exponential or uniform) and 
given predictability (e.g. random or pseudo-random).  The 
model specification also includes the definition of the 
sequence sources, in other words the sequences of symbols, 
of actions, and of numbers.  
    Limiting our discussion to the case of event-based 
simulation with pseudo-random sequences, we only need to 
define the source of actions and the source of numbers. The 
source of actions can be identified in the event list and the 
simulation scheduler that sequences in the appropriate time 
order the various actions to be simulated. The source of 
number is identified in the functions used by the pseudo-
random generator that can be a linear congruent formula, a 
polynomial congruent formula, for instance. In previous 
papers, we introduced two complementary technologies, 
SimArch [16][17][18] and jRand [19], that integrate with the 
proposed methodology.  
    SimArch defines a framework where sources of actions 
for generic discrete event simulation models based on the 
process interaction (PI) paradigm can be implemented and 
immediately used to code a simulation program. jRand, 
differently, defines a Java framework that allows the 
implementation of sources of number with generic 
properties (e.g. deterministic, stochastic with random or 
pseudo-random predictability). Both technologies are 
relevant to the support of this thesis of this paper because 
SimArch shows how the proposed methodology can be 
extended further in the model specification (wide scope), 

and jRand is an example of how this can be applied for the 
specific domain of number sequences (in-depth). 
    In the next sections, we shall recall these technologies 
and illustrate how these can support the proposed ontology-
based methodology. 

A. SimArch for the Specification of Sources of Actions 
    SimArch is a technology that allows transparent reuse of 
simulation components in local and distributed environments. 
To achieve this, SimArch defines a framework within which 
the simulation of discrete event process-based components 
can be coded using a restricted set of simulation services. In 
particular, the component logic is to be defined in terms of 
state variable updating and SimArch services invocations, 
such us send event or hold time. Differently, the sequence of 
the events, i.e. the actions, can be specified as conventional 
string or a hierarchy of Java classes for the specific model, 
which in either case allows a univocal mapping to the 
domain ontology. For example, a queueing network model of 
a computer network, such as the one in [20], defines 
sequences of actions ranging from user arrival to user 
departure. The action can then be mapped onto the classes 
within the simulation system and the input action sequence 
specification can be automatically translated into the 
simulation code.  
    This is achieved in SimArch with the definition of the 
following components: 

- Engine: coordinates the execution of the simulation 
components;  

- Entity: defines the simulation logic in terms of internal 
state processing and discrete event simulation services;  

- Event: provides a mechanism to implement 
coordination among entities and to encapsulate specific 
model actions. 

 
Engine 
    The simulation engine is responsible for the simulation 
initialization and execution according to the PI paradigm.  
The engine provides the implementation of services send 
event, wait event and hold time – through the scheduling of 
specific types of events; and a set of synchronization 
primitives to manage the execution of the entities (i.e., the 
logical processes in the PI paradigm [21]). 
The core of the engine is the start method, which is 
implemented as follows: 

 
start(): 

isRunning = true; 
startAllEntities(); 
                       
while (isRunning) {             
  for each LocalEntity e {                 
    if (e.isRunnable()) { 
      e.restart(); 
      setOneEntityInRunState(); 
    } 
  }           
  if (eventList.size() > 0) {                 
    getNextEvent().process(); 
  } else { 
    isRunning = false; 
  }             
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Figure 3. Sequence Specification Schema 
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}         
 

 

    First, the flag that denotes the engine running is set. Then 
all entities are started through the Thread’s method start 
[22]. The entities thus remain blocked while waiting for the 
engine to allow them to run. Subsequently, the engine enters 
the processing cycle that is composed of two blocks: the first 
in which all the runnable entities are activated (they compete 
to be run by the engine); and the second in which either the 
next event is processed, if present, or the simulation end 
condition is determined, if there are no future events. 

 
Entity 

The entity encapsulates the domain specific simulation 
logic, and its life cycle evolves among four states, as shown 
in  

Figure 4:  
1. RUNNING: state in which the component executes 

component’s logic  
2. HOLD: state in which the component sleeps for a given 

time 
3. WAITING: state in which the components sleeps until 

an event is received 
4. HOLD_UNLESS_INCOMING_EVENT: state in 

which the component sleeps until either a given time 
has passed or an event is received. 

 
    The Engine – Entity synchronization is achieved through 
two semaphores: OneEntityIn and RighToRun defined in the 
Engine and Entity components, respectively. 
  OneEntityIn guarantees that only one entity at time, and 
thus logical process, is running in the engine. The execution 
of one entity at time is needed to ensure simulation 
reproducibility. 
  RightToRun is the semaphore that the wait-like service 
requests use to block the LocalEntity while waiting for 
the proper event to be processed. 
 
Events 

The events define the procedures to be executed in 
correspondence to a particular state of the system. The events 
are organized according to the component hierarchy shown 
in  

Figure 5. 

«interface»
Event

PEvent
SimulationEndEvent

WakeUpEvent ConditionalWakeUpEvent

+process()

SimJEvent

 
 

Figure 5. SimArch Event Hierarchy 
 
    The base component SimjEvent introduces the abstract 
operation process(), which embodies the action to be taken 
when the respective event class is processed.  
The abstract component PEvent introduces the events for 
the PI simulation paradigm. PLocalEvent defines the 
base notification event for the PI paradigm in a local 
environment. Special PI local events (e.g. WakeUpEvent 
and ConditionalWake-UpEvent) are defined by 
specializing the component PLocalEvent and by 
overriding the process method, and similarly for remote 
recipient and remote sender PI events. 
    The definition of the process() operation is defined in the 
following subsections, one for each class of event. 

 
PEvent 
    This event is scheduled when a local entity sends a 
message to another local entity. The actions taken when this 
event is processed are: send a signal to the recipient entity in 
order to make it pass from the WAITING state to the 
RUNNING state, and deliver it. The action also checks 
whether the recipient is waiting for an event. If not, the 
above action is ignored. No deferred event list is currently 
available in this SimArch implementation. 

 
WakeUpEvent 
    This event is scheduled when a local entity invokes the 
hold() operation. The action taken when this event is 
processed consists in sending a signal to the associated 
entity. This triggers a state transition from the HOLD state to 
the RUNNING state. 

 
ConditionalWakeUpEvent 
    This even is scheduled when the entity invokes the 
holdUnlessIncomingEvent() operation. The actions taken 
when this event is processed are: check whether the entity 
has already received an event and, if not, send a signal to the 
entity in order to make it pass from the WAITING state to 
the RUNNING state and deliver the event itself. The check 
makes use of information related to the request ordinal 
number and the current entity state in order to determine 
whether an event has already been delivered to the entity. 

 
 
 

RUNNING

Hold WAITING HOLD_UNLESS_INCOMING_EVENT

Hold()

WaitEvent()

HoldUnlessIncomingEvent ()

 

 
Figure 4. Entity State Diagram 
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SimulationEndEvent 
    Since this event is shared by all discrete event simulation 
paradigms, it is defined straight from the base interface 
SimJEvent. The processing of this event is to stop the 
engine by use of the homonym engine service. 

B. jRand for Sources of Numbers 
    jRand is a component-based framework for sequences of 
objects, which particularly addresses numbers [19]. jRand 
structure reflects the ontology schema, which means that 
any ontology concept can be univocally be mapped in a 
jRand class or interface. In addition, jRand bases on the 
concept of object producer and object consumers and 
decouples the components providing objects from the ones 
using them [23]. Object producers are identified by the base 
interface ObjectStream. The stream represents in Java terms 
the ontology concept Sequence Of Object, of which the 
element type – Number, Action, or Symbol, can be defined 
through any Java standard or custom class. 
    Similarly as in the ontology, the ObjectStreams can be of 
various types, such as hand-typed numbers from file, hard-
coded in the software, or internally generated by functions. 
The object consumers, which use the interface 
ObjectStream, are not concerned with the details of the 
sequence generation, and therefore sequences can be 
transparently interchanged without modifying their code 
[24]. For the peculiarities of its structure, the framework’s 
interfaces, the classes, and their fields can be univocally and 
intuitively related to the ontology concepts and slots. The 
software code of any input sequence of number can be thus 
automatically derived from the ontology-based specification 
of the sequence itself.  
 
Structure of the framework 
    The structure of the framework is illustrated in Figure 6 
with the use of Java view (UML class diagram) of the 
ontology. Its definition bases on the interface ObjectStream. 
The interface defines service specifications for object 
producers, which have to provide two services: 
getNextObject() and goToObject(n). Where the former 
returns the next object in the stream and the latter shifts the 
stream of n positions. 
    On top of the general object producer interface, jRand 
defines several groups of sequences according to the 
properties the groups. Currently, jRand categorizes the 
sequences according to three criterion. The first one (a) is 
related to the dependences between values in a sequence; 
the second one (b) concerns the type of values; and the third 
(c) considers the structural details of the objects producers, 
and therefore a selected object stream can be identified as 
holding one or more of the above properties.  

    According to the property (a), sequences of objects can be 
classified in three types: 

1. Random  
2. Pseudo-Random  
3. Deterministic  

 
    Each of which classifies the sequences according to the 
statistical relationship between adjacent objects in the 
sequence in terms of bit-wise comparison. 
    Random tags all those streams that present a purely 
random sequence, which is thus not reproducible. Typically, 
streams of this group rely on the number of nanoseconds 
measured by the system clock or on the unpredictable values 
contained in sets of address in the local physical memory 
[25]. For their properties, this type of streams is to be 
avoided in systematic simulation experiments since the 
reproducibility of the runs is not guaranteed. 
    Pseudo-Random stands for the stream for which it is 
expected that the objects present statistical properties such 
as uniformity and serial correlation – even though they are 
deterministically generated. This type of sequence might 
have input parameters that can vary the sequence and can be 
statistically tested to assess their goodness in terms of the 
above statistical properties. 
    Deterministic represents the streams for which the 
sequence is known completely and explicitly since of the 
producer definition. By definition, a deterministic stream 
presents always the same sequence of objects and has no 
input parameters.  
    Although the above classification might lead to an 
ambiguous categorization of object streams, such 
uncertainty can be easily resolved by considering the 
expected use of the sequence. For example, if we consider a 
hand-typed object stream residing on a file, it might belong 
to either the deterministic or the pseudo-random group. The 
stream creator will determine which the scope of the stream 
is, that could be deterministic, for highly-correlated objects 
in the stream, or could be pseudo-random, if it statically 
satisfies some statistical properties. Certainly, this type 
cannot be classified as Random since the object order is 
known. 
    The second property (b) characterizing a stream of 
objects is the type. Object is an abstract type, which can be 
subjected to general properties and general transformation. 
Grouping the streams of objects according to their type 
contributes to the definition of specific properties and 
transformations. For example, considering Numbers as a 
special type of Objects, several properties can be more 
formally quantified through statistical tests and more 
transformations can be defined, such as algebraic 
transformations. We will discuss the Numbers in the 
following section. 
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    The structural properties (c) of the sequence of objects 
are captured by the classification according to the 
Transformation.  Transformation groups object streams that 
are obtained through composition, interleaving or functional 
transformation of one or more Object Streams by acting as 
decoration or composition of existing object stream [23]. 
For the abstract type Object, this category defines a base 
interface, which plays a marker role, and a set of classes. 
Possible simple stream transformation classes are (Figure 
7): 

- Round Robin, which takes n Object Streams and 
uses the next object for each stream until all the 
stream are used, and then starts over; 

- Repeated, which repeats the elements of a specified 
stream. 
 

    Other transformations might consider the use of stream of 
type Number to perform more complex operations on a set 
of streams. For example: 

- Shuffled Stream, which takes one object stream o 
and a numeric stream n. The shuffle maintains an 
array of a certain number of objects generated by o 
and uses n to select one of the objects. When 
returned, each object is replaced with a new one 
from the stream o. 

- Stream Splitter, which takes an object stream o and 
a Numeric Stream n, and uses n to shift the object 
stream between each request of a new object. 

 

Sequence of Numbers 
    Numeric Streams represent the streams of Numbers. 
These streams conform to the ObjectStream interface, which 
is then specialized into NumericStream and the return type 
of the method getNextNumber() refined to Number. 
NumericStreams can be classified according to the same 
properties of the general object stream. In addition, 
however, they present the inherent properties of numbers. 
Such properties enrich the semantic of the objects and widen 
the set of possible transformations. Concerning property (a), 
Numeric Streams can be classified in random, pseudo-
random and deterministic. Differently from the general 
ObjectStreams, however, NumericStreams can be accurately 
assessed in their random and pseudo-random properties 
using statistical tests, such as chi-square or serial test. 
    In jRand, pseudo-random numeric streams are further 
divided into group of core generators and distribution 
generators. The former group consists of uniform 
generators over the available set of integers. In such group, 
all the linear-congruent and multiplicative congruent 
generators are defined. The latter group, differently, 
includes generators that produce real numbers with specified 
statistical properties, such as exponential, Gaussian, K-
Erlang or Coxian. We distinguish pseudo-random stream in 
two groups because of the component-based design of 
jRand. In fact, the functional transformations from which 
the exponential or Gaussian generators are derived, for 
example, are indeed independent from how the original 
integer sequences are produced. The generators only rely on 
the hypothesis that the original sequence is uniformly 
distributed, property which is in turn to be assessed with 
statistical tests. 

+getNext() : Object
+goTo(in n : long long(idl))

«interface»
ObjectStream

«interface»
DeterministicStream

«interface»
PseudoRandomStream

«interface»
RandomStream

«interface»
StreamTrasformation

+getNext() : Number
+goTo()

«interface»
NumericStream

«interface»
NumericStreamTrasformation

«interface»
CoreGenerators

«interface»
DeterministicNumericStream

«interface»
PseudoRandomNumericStream

«interface»
RandomNumericStream

DistributionGenerators

Exponential
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Figure 7. Java view of Numeric Stream Ontology [19] 
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    In the current release, jRand defines a core generator that 
has already been designed and developed in [26]. 
Nevertheless, this contribution is complementary to jRand, 
and therefore a combination of both approaches brings the 
advantages of the generator with the jRand flexible 
structure. As suggested in [27], the generator consists of a 
shuffled combination of linear and multiplicative generators. 
The multiplicative generator is defined through the 
following expression [26]: 
 
Y[i+1] = Y[i] * (55 mod 226); 
 
which presents a period of 224 when the initial seed is odd. 
The linear congruent generator, which is based on the 
algorithm in [28], produces numbers that are eventually 
shuffled by the above multiplicative generator [26]. In the 
specific context, the initial seed is set at 772531 to meet the 
conditions that guarantee good statistical uniformity and 
longest period, as suggested in [27]. The jRand 
implementation of this generator is obtained through the 
object transformations. Specifically, the shuffled stream 
transformation is used with type Number and the two 
numeric streams of the two generators, the multiplicative 
and the linear congruent, which are respectively the objects 
shuffler and the object stream to shuffle. 
    Concerning the transformation (c), Numbers can be 
subjected to a wider set of possible types. Besides shuffling 
or interleaving transformation, numeric stream can also be 
manipulated with standard algebraic operators. For example, 
a single numeric stream can be shifted, multiplied, truncated 
or bounded to a range. Other operations that combine 
multiple Numeric Streams are also possible, such as sum or 
subtraction of streams. In the current version, jRand 
provides the following classes for this group of 
NumericStream: Integerizer, LinearTransformation, and 
BoundedStream, nevertheless other transformation can be 
immediately coded in the framework. Integerizer converts a 
general NumericStream in an integer stream; 
LinearTransformation multiplies for and adds constant 
numbers to the given NumericStream; and finally the 
number BoundedStream limits the range of numbers of a 
specified NumericStream.  
 
jRand example of use 
    The instantiation of a jRand sequence inside a simulation 
system requires first that a NumericStream interface be 
defined. This can be obtained with the following statement: 
 
#1 NumericStream numericStream; 
 
    Then, the proper sequence has to be instantiated. For 
example, in the case of a pseudo-random exponential 
generator, this can be done with the following statements: 
 
#2 CoreGenerator cg = new JavasimGen (); 

#3 numericStream = new Exponential(cg,  
lambda); 

 
    Where statement #2 allocates a core generator that 
produces a uniform sequence of numbers in the range [-
MAX_LONG - 1; MAX_LONG], such as the 
JavasimGenerator. Finally, statement #3 allocates an 
exponential transformation of such stream, with parameter 
lambda to be specified.  
 

V. USING THE ONTOLOGY IN CONJUNCTION WITH THE 
TWO TECHNOLOGIES 

    In this section, we illustrate how the SimArch and the 
jRand technologies can support the specification of input 
sequences in conjunction with the simulation sequence 
ontology.  
    SimArch is a simulation container that can execute 
simulation events. Using the ontology, the Action concepts 
can be extended to define domain specific concepts. In 
particular, this can lead to the simulation event ontology in 
Figure 8. This ontology bases on the concept of Simulation 
Event, which is a type of Action, and defines two main 
concepts: Simulation Management Event and Domain 
Specific Event. The former defines the event needed by the 
simulation entity and simulation engine to coordinate the 
execution; whereas, the latter constitutes the base for the 
definition of domain specific simulation system events. In 
this paper, we consider the domain of Extended Queueing 
Network (EQN) [29], which is a common modelling 
abstraction for many types of systems, such as traffic or 
computer networks. In this domain, the simulation entities 
involved are typically source of user, queues and service 
centers. An event in this domain is therefore defined by two 
properties: the recipient entity and the event time. These 
reflect in the presence of two homonymous slots in the 
concept Extended Queueing Network Event. The ontology 
thus includes the following concepts: User Arrival Event, 
User Departure Event, and Next User To Serve Event. We 
shall consider the simple EQN model of Figure 9. The 
model is composed of a user source, a queue, a service 
center; and it operates as follow: a user is generated by the 
Source, and then is enqueued in Queue 0 while waiting for 
the respective request from Service Center 0. When this 
request occurs, the user arrives to the center and departs 
from it when the processing is terminated. The specification 
of a scenario consists in the definition of a sequence of 
events, which can be easily achieved in terms of the 
ontology concepts. Specifically, four instances of concepts 
are connected to the ontology to represents the four events 
we model. The instances, which are shown as grey squares 
in Figure 8, respectively define – in time-stamp order: 
• The arrival of a user to Queue 0 at time 1.0 

• The request of the next user to serve to Queue 0, at 
time 1.5 
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• The arrival of the user to Service Center 0 at the same 
time 

• The departure of the user from Service Center 0, at 
time 3.0. 

    In this context, the role of SimArch is to allow the 
definition of event hierarchies and event routines that can be 
univocally associated to the definition of the EQN domain 
ontology.  
    jRand is also a technology that can be used in conjunction 
with the sequence ontology. Indeed, jRand classes and 
interfaces can be unambiguously mapped to the sequence 
ontology concepts, and therefore the formal specification of 
an input sequence can be automatically validated in its 
properties – providing that the jRand sequences are 
validated a priori; and eventually the sequence software can 
be automatically generated. To this purpose, we consider 
again the model in Figure 9. In the specification, two 
sequences must be defined to fully specify the model: the 

first is the user interarrival sequence, and the second is the 
service time. As shown in Figure 9, the two sequences are 
respectively exponential with lambda = 0.07 (E1) and with 
lambda = 0.1 (E2). These specifications can be formally 
formulated with the sequence ontology with the declaration 
of the instances in terms of ontology concepts, as shown in 
Figure 10. In particular, the specification bases on the 
Exponential Stream concept, an instance of Exponential 
Transformation. This stream is defined with a parameter 
lambda and a Uniform sequence. The slot lambda is 
associated to the instance of Integer I4, which has value 0.07 
(E1) or 0.1 (E2); and the slot transforms is associated to the 
instance JavaSimGenerator. The generator is an instance of 
Linear Congruent concept and of a Uniform. It therefore 
inherits all the properties from these two concepts and 
satisfies the constraints imposed from the Exponential 
Transformation concept. The JavaSim-Generator instance 
in turn is defined in term of four slots that respectively 
represent the terms A, B, C, and X0 – initial seed.  

Source

Finite (max length = 10)
FIFO

Infinite
Exponential λ = 0.07 1 /s

Exponential
λ = 0.10 1 /s  

Figure 9 Example EQN Model [30] 

 
Figure 8 Example of sequence of actions specification in the Extended Queueing Network Domain 
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As shown in figure, the slots are respectively assigned to the 
instances of the concept Integer I0, I1, I2, and I3, which value 
can be designed according to standard practices [23], if they 
are not specifically addressed in the sequence specification.  

VI. CONCLUSIONS 
    The formal specification of a simulation model is 
fundamental to the production of a simulation system that 
accurately reflects the properties of the real system. In such 
specification, the description of the simulation sequences 
has a twofold importance because both the input and output 
sequences must be specified to fully define and to validate 
the model. In this paper, we have presented an ontology-
based approach for the specification of these sequences. In 
particular, we have focused on the input sequences and 
defined an ontology that describes such sequences, with 
particular emphasis on the domain of numeric sequences. In 
addition, we show how the introduced ontology can be 
combined with two software technologies, SimArc – for 
simulation system development, and jRand – for numeric 
sequences, to automatically produce the software 
implementation from an ontology-based model specification.  
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