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Abstract

Model verification and validation are important tasks in the field of system modeling, and are essential in the
development of software simulation systems. This type of software systems must be well-constructed to be
compiled and executed, and must also adequately represent the actual systems to which it refers. As a software
system, languages for the implementation of simulation systems usually have very general syntactic verification
mechanisms, but they do not support the extensions of these constraints to include aspects related to the domain
of the actual simulated system. To overcome these limitations, integrating ontological modeling and related
reasoning capabilities into the simulation system development can be a significant improvement. The main goal
is to develop ontological modules, here based on the foundational ontology DOLCE, that address the domain of
the actual system and its representation in a simulation model. Although the paper concentrates on simulation
models for the manufacturing systems, the approach is general and can be applied in other domains. The paper
also discusses practical examples of (types of) inconsistencies that this approach detects.
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1. Introduction

The behavior analysis of a system usually requires making a set of assumptions about how it works,
and modeling this behavior to be analyzed as mathematical or logical relationships. For simple systems,
it may be possible to define an analytic solution using mathematical methods (such as algebra, calculus,
or probability theory) to obtain exact information on questions of interest. However, most real-world
systems are too complex to be computed analytically, and the most common alternative solution is
the use of simulation models, where a model is numerically solved and result data are gathered in
order to forecast the characteristics of the model [1] . So, a simulation system is a computational model
that mimics the behavior of a (real or conceptual) complex system (such as manufacturing systems),
supporting the analysis, experimentation and prediction of its performance in different scenarios
without having to interact with the real system. The main goal of a simulation system is to model a
system using a set of parameters, variables and mathematical relating equations, encoding its behavior
to compute its performance according to certain stimuli or scenarios. Obviously, this computational
representation of the system is conditioned by the type of analysis, which establishes the type of key
characteristics and behaviors that must be considered, usually ignoring other details that do not affect
the proposed analysis.

For context, it is important to clarify that this paper focuses on the study of discrete and multistage
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manufacturing systems, specifically on the use of simulations during its design to predict and analyze
the material flow and the productivity, as has been explored in previous works [2, 3, 4]. During
these previous experiences, the difficulty of verifying and validating the simulation model has been
repeatedly confirmed. Although in some domains verification and validation (V&V) are often confused
or considered synonymous, in this work they are clearly differentiated. Verification refers to checking
the completeness and correctness of the model based on syntactic principles or constraints that, in
the case of a simulation system model, allow its compilation. On the other hand, validation refers
to ensuring that the model adequately represents reality, the reference system, through a semantic
nature check. The specification of simulation languages generally includes constraints that support the
identification of certain errors in the definition of the models, but they are purely syntactic and address
very general issues. The lack of mechanisms to include additional constraints tuned to the domain
under study limits the V&V of simulation models.

Faced with some of these limitations of traditional simulation languages and methodologies, a
promising solution currently under investigation is the integration of the ontological modeling and
the use of the reasoning capabilities of this domain into the design and development of simulation
systems. As a first step in this direction, this paper presents some key conceptual basis for an ontological
description of simulation systems, specifically those oriented to the analysis of manufacturing systems.
The set of conceptual classes and their main relationships and characteristics are textually described
and also depicted by diagrams. This first conceptual approach, which in the future will lead to the
development of a complete and axiomatized ontology, adopts the Descriptive Ontology for Linguistic
and Cognitive Engineering (DOLCE) [5] as a foundational ontology, in order to assuring a greater
consistency of the proposal according to well-defined and reliable DOLCE classes and relationships.

The paper is structured as follows. Section 2 briefly summarizes some relevant previous works and
proposals. Section 3 presents the proposal, conceptually addressing various aspects of both simulation
systems and simulated manufacturing systems. Furthermore, in order to offer an initial approach to its
practical application, section 4 includes a brief description of the methodology in which the proposed
classes will be used, and some examples of errors that this V&V resource is intended to detect. Finally,
section 5 presents the main conclusions of the work.

2. Previous works

The development and modeling of manufacturing systems have been widely studied from a conceptual
point of view focusing on different dimensions of this type of system (construction, operation, control,
etc.) and giving rise to multiple works and standards, such as [6, 7, 8]. Most of these rules establish
definitions using natural language, but lack the formality necessary to be interpreted by computers. Over
the last two decades, different ontologies have been also developed to formally define the main concepts
and relationships that characterize manufacturing systems [9, 10, 11]. Beyond general ontologies
on the manufacturing domain, other works focus on more specific aspects, such as the definition of
resources [12], the characterization of their capabilities [13], or the geometric definition based on
features [14, 15, 16]. Many works address the combined use of ontologies and simulation from a generic
perspective. Some of these works, such as [17], compare ontologies and simulations, also studying their
combined or complementary use. Some methodologies use ontologies during initial steps of simulation
system design to formulate a conceptual model, as presented in [18], while other proposals define the
ontological model from a defined simulation system to compare models, query the model or reusing
some information, as presented in [19]. However, no works have been found applying this ontological
approach to the V&V of simulation models focused on the analysis of manufacturing systems.
Alternatively, some recent works address validation of manufacturing simulation systems based on
the integration of SysML [20] (language widely used in systems modelling) in simulation design and
modeling, as presented in [21, 22]. Most of these proposals are based on the definition of SysML profiles
as a domain-specific modelling language (DSML). For example, methodology presented in [4] includes
the design and validation of simulation systems using different SysML profiles [23, 24] to later be



automatically translated into a simulation language (Modelica), where simulations can be executed. It is
important to note that the definition of these profiles includes rules implemented with Object Constraint
Language (OCL) [25] that can be checked in the model to which the profile is applied. However, the
modeling with SysML does not fully meet the specific needs of a simulation system. This limitation
has prompted the exploration of other alternatives like the integration of ontological modeling and
reasoning, but the abstraction and conceptualization effort in this type of SysML-based proposal has
been considered and partially reused during the development of the ontology-based proposal.

3. An ontological approach to manufacturing systems simulation

This section presents a brief description of a set of key classes and relationships defined to support
the V&V of systems simulations, specifically those oriented to the analysis of manufacturing systems.
In the current state of development, these classes are focused on the representation of the simulation
system, supporting a model verification enriched with additional checks according to the manufacturing
domain semantics. This set of classes and relationships could also be extended to represent a particular
manufacturing system to be analyzed (reference system), increasing the validation capabilities, but this
work is still in progress.

Throughout this section, all classes are named using italics to facilitate their identification. Moreover,
in addition to the textual descriptions, some diagrams are depicted using UML notation in order to
graphically represent the main classes and relationships here considered or proposed. In these diagrams,
DOLCE classes are depicted with grey rounded rectangles, while the new classes are represented with
white regular rectangles. Some diagrams exceptionally include class instantiation examples depicted as
ovals.

3.1. Systems of interest identification and modeling

As mentioned previously, the focus of this work is the V&V of models that represent simulation
systems defined to analyze manufacturing systems. In this work, a model is understood as the formal
representation of an entity of interest, that is, a set of information that captures a selected part of the
structure and behavior of such an entity (a DOLCE SocialObject). To be shared, a Model must be encoded
in a RepresentingThing [26] (a DOLCE PhysicalObject), for example, a written report (on paper or any
other material support) or digital files, among others.
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Figure 1: Model representing different endurants and perdurants of interest.



With respect to the type of reality to be modeled, this work is focused on software SimulationSystems
understood as an algorithm, that is, a type of model (a subclass of Model, thus of SocialObjet), that can
be compiled and executed to analyze a ManufacturingProcess (a DOLCE Perdurant) that is executed
by a ManufacturingSystem (a DOLCE PhysicalObject). Given this broad focus, Model should include
information about both an Endurant (with the role referentEndurant) and a Perdurant (with the role
referentPerdurant), as depicted in Figure 1.

Focusing on the characteristics of the SimulationSystems, like any type of Model, they must be encoded
in RepresentingThing, in this case a type of digital File represented by the class EncodedSimulationSys-
tem. For example, in the Modelica language, the simulation system model is a computable file with
name-extension "file.mo”. This type of model is usually user-defined, but it can’t be run directly. An
intermediate compilation is necessary to obtain the ExecutableSimulationFile, that is, the executable file
(e.g. "file.exe"), whose execution returns the process simulation.

3.2. Simulation system architecture

Since the objective of the proposal is the V&V of simulation systems, the paper is focused on charac-
terizing the SimulationSystem at the concept level, and not its explicit implementation. Adopting a
modular architecture, common in different modeling and simulation paradigms (object-centric orienta-
tion, functional or event-based paradigms, etc.), the SimulationSystem (complete algorithm that can be
executed) can be built from previously and separately defined models (PartialSimulationModels, as an-
other specialization of Model) that can not be solved autonomously (only as part of a SimulationSystem).
Moreover, this work adopts some conceptual bases of a very widespread and multi-domain simulation
language: Modelica. ModelicaModel represents any Model that adopts the principles of Modelica, and
two specializations are proposed: ModelicaPartialModel (specialization of PartialSimulationModels) and
ModelicaSimulationSystem (specialization of SimulationSystem, so it represents a ModelicaModel that can
be compiled and executed). Moreover, as shown in Figure 2, a ModelicaSimulationSystem is generally
composed by simpler ModelicaPartialModels, and a ModelicaPartialModels can also be composed by
other ModelicaPartialModels (recursive composition relation in Figure 2).

PartialSimulationModel k]_

ModelicaSimulationSystem |

| *

ModelicaPartialModel I‘—‘
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Parameter
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Figure 2: General structure of a Modelica simulation model.

Detailing the characteristics of a ModelicaModel, this type of model can contain the following elements:
a) Data, both Parameters (with constant values known before the execution) and Variables (data whose
value is computed and updated over the simulated time during the execution); b) Connections between
its components (parts), connecting Ports (a set of Variables and the direction of the data flow) owned by
them; and c) BehavioralModels to represent the behavior of the entity, encoded using different strategies,
as detailed in next subsection.



3.3. Simulation of a manufacturing system

The design of a simulation system is closely conditioned by the type of system to be represented and
the type of analysis to be performed. Important issues such as the structure, the type of parameters
and variables considered, the data flows defined and the type of emulated behaviors depend largely on
these conditions. From this point, the proposal is focused on the specific case of simulation systems
defined under Modelica principles to analyze the flow of materials throughout a discrete and multistage
manufacturing system that modifies some physical characteristics of the processed product. Furthermore,
although there are different alternative approaches to designing the simulation system (e.g., focused on
processes or activities), the approach adopted in this work aims to replicate the resource structure of
the manufacturing system, designing a simulation system structure parallel to the physical structure
of the analyzed manufacturing system. This consideration conditions the rest of the proposal, which
should be adapted if alternative approaches are explored. This particular case is represented by the
ManufacturingSimulationSystem class (specialization of ModelicaSimulationSystem). Considering this
type of simulation, a ManufacturingSimulationSystem is composed of ModelicaPartialModels representing
some environmental element of considered scenario (Environment_sim), or manufacturing resources
that processes products (ProcessingResource_sim class as a type of ManufResource_sim), as depicted in
Figure 3.
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Figure 3: Manufacturing elements represented in the simulation system.

In the context of manufacturing systems, there are multiple classifications that identify different
types of resources based on, for example, their primary function in manufacturing or how they interact
with the product and affect its characteristics. Aligned with some of these classifications, various
specializations of the ManufResource_sim class are proposed in Figure 4: ControlResource_sim represents
resources oriented to the monitoring and decision making (without participating in the material flow
simulation); ProcessingResource_sim represents any resource that is traversed by the simulated flow of
materials; TransformativeResource_sim represents resources that change some variables of the product;
and LogisticalResource_sim participates in the simulated flow of materials without changing the product
characteristics, representing warehouses or transport simulations, for example.

Focused on the analysis of the materials flow, any ProcessingResource_sim must have ports (FU_ports)
through which to exchange at least data relating to the products units flowing according to the process
plan (Figure 3). These product data are grouped into the Product_sim class, including variables that
represent key characteristics (from the analysis point of view) of the particular product/s that are flowing
through a certain part of the simulated manufacturing system at a particular instant of simulated time.
These variables can represent, for example, the identifier of the particular product and its components,
the type of product and components, etc. Product_sim constitutes the main flow unit considered during
the design of a ManufacturingSimulationSystem.
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Figure 4: Types of simulated manufacturing resources.

3.4. Behavior of simulated manufacturing resources

Different types of simulation models can be identified based on the type of behavior represented.
Figure 5 presents a proposed classification that, while presenting generic classes, is exemplified with
examples from the manufacturing systems domain. NonBehavioralModel contains simulation elements
that are composed of data only, and they lack behavior descriptions. Data can be either parameters
(invariant over the simulated time) or variables whose value is computed or modified by other elements
of the simulation system. For example, considering the adopted approach (replicating the resource
structure of the manufacturing system) for the analysis of the material flow, the owned behavior
of resources like tools or fixtures are not necessarily considered, so they can be modeled only as
a set of data (e.g. identification, availability, geometric characteristics, etc.) without behavior. On
the other hand, a BehavioralModel includes the representation of some type of behavior, whether it
is explicitly defined in the model (ModelWithExplicitBehavior) or emerges from the behavior of its
components and the interactions between them (ModelWithEmergentBehavior). A typical example of
ModelWithExplicitBehavior is the representation of a workstation, defining how it works over time and
detailing its interactions with other resources or products. The behavior of a manufacturing line or
a complex manufacturing system is not defined explicitly, but it emerges from the interaction of the
different modeled workstations in the simulation system. Other aspects of the resources, such as the
participation of human operators, are not considered in this work.

Focusing on the explicit definition of behaviors, different types of BehaviorModels can be considered.
As depicted in Figure 5, three levels of complexity are distinguished in the definition of simulated
behaviors: simple, conditioned and complex behaviors. SimpleBehaviors can be expressed with math-
ematical equations to obtain an analytical solution for some variables from some parameters. In
ConditionedBehaviors, different alternatives (set of simple behaviors) are defined depending on some
state variables, so in a particular instant during executions one of the alternative behaviors will govern
the system, while others are ignored. ConditionedBehaviors can be represented through algorithms
(ConditionalClause) that are typically governed by if-clauses, although other logical clauses could be also
defined (e.g. when-clauses). However, ConditionedBehaviors can be also represented with StateMachines,
considering a set of possible states and the events that trigger state changes in the system, as described
in more detail in the next subsection. Finally, complex behaviors are related with previously described
emergent behaviors, because they are too complex to obtain an analytical solution or a set of equations
or algorithms to be directly represented.
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Figure 5: Types of simulation models according to the represented behavior.

3.5. Manufacturing process modeling

A key part of modelling a manufacturing system is the characterization of the commonly named manu-
facturing process, generally understood as the sequence of activities or operations executed to obtain a
certain product using the necessary resources. However, DOLCE proposes various specializations of
the Perdurant class that would allow alternative representations of the manufacturing process adopting
different points of view or approaches. This work proposes to use StateMachines to model a simple
run of the system (a DOLCE Accomplishment), but including closed loops so, during the simulation
execution, the described Accomplishment can be repeatedly executed, obtaining the simulation of a
ManufacturingProcess (a DOLCE Process) and considering several units of the same product type.

As depicted in Figure 6, a StateMachine is a type of Model focused on representing an Accomplish-
ment. A StateMachine is composed of at least two StateRepresentation and at least one Transition. A
StateRepresentation is a model part (also SocialObjects) that represents a State (e.g. being executing a task
or just idle, waiting for a new order or task request, etc.). Each StateRepresentation has an associated
behavior, defined through a set of equations. A Transition is a model part that relates two different
StateRepresentations with a specified direction to represent a possible change of the active state between
the current and the subsequent one. Each Transition must include a TriggerRepresentation (represents a
trigger, that is an event or an Achievement that activates the Transition) and, sometimes, a Guard (a
logical expression defined to encode certain conditions that must be met to trigger the Transition).
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Figure 6: State machine models for manufacturing process representation.

The main advantage offered by this type of model is that it allows for the generic representation of
different temporal parts (with duration) associated with states, which change based on a set of events
(specific instants). The integration of this type of model in executable models (such as simulations)



allows for the determination of the active state at each instant of the simulated time and, in addition,
allows for the assignment of a different type of behavior to each of the states considered.

4. Examples of improvement on the state of the art

The proposal presented in this paper is part of a research line whose goal is to be able to transform
a simulation model into an ontological model (instantiated) on which to run reasoners that take
into consideration the axioms defined in the ontology. Although the detailed development of this
content (complete ontology, model transformation, methodology) is outside the scope of this paper,
the developed methodology is briefly described below as an application framework of the proposal.
On the one hand, a Python code has been implemented to automate the transformation of a Modelica
model into an ontological model, including the definition of the necessary classes and instances. On the
other hand, a set of OWL axioms and SHACL constraints supporting the basic characteristics of the
domain-specific concepts have been defined, so reasoners can be run on the transformed models to
check the constraints defined in ontological language. One of the main reasons for using SHACL in
addition to OWL-based validation is to be able to define cardinality-related constraints that are not
compatible with the open-world assumption of other ontological languages. Some of the models and
algorithms developed can be consulted in [27].

Based on this partially developed methodology and the consideration of the set of classes presented
in this work, various experiments have been developed in order to test the proposal and identify its
advantages. This section summarizes some practical examples to identify some current limitations on
the traditional simulation system validation that are overcome or improved with the integration of
ontological modeling (using some of the previously presented classes) and reasoning, checking if the
defined axioms are met.

A first example is the inter-model validation. Simulation models are typically hand-implemented in
parallel with specification models, without automated transformations or formal dependencies between
them. This strategy increases the risk of introducing discrepancies between the designed manufacturing
system (and supported processes) and its simulation model. Ontological-based validation enables the
comparison of both models (once they have been transformed into ontological models), checking if
individuals of the design model has an equivalent individual in the simulation domain. To proceed with
this check, dependences between different general classes (from both design and simulation domains)
must be defined (and inherited in the different considered specializations), supporting the alignment
between both representations of the same system.

A second use of this proposal is the validation of the process plan simulation. Taking the specification
of the product process plan as a reference, simulation model must contain: a) enough elements (simulated
manufacturing resources) planned operations to manufacture a product; b) direct connections between
these elements to simulate the planned sequence of operations. The verification inherent to simulation
languages is limited to verifying whether each connection is possible between the related ports, but the
validation of the alignment with the process plan is not possible.

Finally, a third case of use is presented to validate behavior simulation of manufacturing resources.
As mentioned above, simulations typically combine different levels of aggregation in systems modeling,
explicitly defining behavior in the most atomic components (ModelWithExplicitBehavior) and establish-
ing the necessary relationships and interactions from which the behavior of more complex systems
(ModelWithoutExplicitBehavior) emerges. Adopting this differentiation, the definition of libraries with
reusable models, specially focused on the behavioral elements, is proposed. The use of predefined
elements allows to assure the well-definition of their behaviors and limits the risk of introducing
errors during user system construction, whose behavior emerges from the library elements and the
user-defined connections. Moreover, limiting the behavior definition only on the atomic level also
prevents the overlaps or contradictions in the overall behavior of the system.



5. Conclusions

Building models for the analysis of complex systems requires mechanisms to assure their consistency
and well-construction. The validation mechanisms supported by typical simulation languages are
limited, while the integration of ontological modeling and associated reasoning mechanisms offer
significant advantages. Aligned with this approach, this work presents an ontological approach to
simulation modeling for the analysis of manufacturing systems.

On the one hand, the set of concepts related to the simulation system, its structure, and the definition of
simulated behaviors allow for the verification of the simulation system and its well-construction. On the
other hand, the integration of concepts from the manufacturing domain facilitates the alignment between
the simulation model and the actual manufacturing system, also supporting validation mechanisms to
check if the simulation model adequately represents the analyzed system.

From these foundations, a complete ontology must be formally defined, including the axioms that
allow consistency checking using reasoners. The main goal of the global proposal is to convert a
simulation system model (and other types of models) into an ontological model with classes and
individuals, on which reasoners can be run to verify whether the axioms defined in the ontology are met.
At the time of publishing this work, some initial experiments have been already developed obtaining
very promising results, although these study cases are still under development.

Moreover, to overcome limitations of the open-world assumption inherent to some ontological
languages, the complementary implementation of SHACL constraints is an interesting solution that must
be explored in order to cover a more complete and varied range of possible errors and inconsistencies
in simulation models.

Finally, other lines of work aim to extend the proposal in two main directions: a) to include the
classes and axioms necessary to check the detailed definition of behaviors; b) to include concepts related
to different types of analysis, with particular interest on those simulation systems that incorporate the
analysis of geometric quality.
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