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Chapter 1

Introduction

Contents
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Research problem and objective . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.4 Thesis layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

In this chapter, we introduce the thesis project with the motivation to study and improve complex
systems, the definition of the research problem with the main objective of combining co-simulation and
optimization in a framework, the contributions achieved during the thesis development, and the thesis
manuscript structure.

1.1 Motivation

The growing presence of product complexity in the industry is expanding the need to understand and
predict the behavior of systems while considering the internal complexity. The effective design of products
and services requires a high-level analysis that involves the interactions between the environment and the
internal mechanics of the system; the presence of heterogeneous mechanisms constitutes a complex system.
A tool or method capable of studying a complex system can boost productivity in the design of products
and services by providing increasingly comprehensive design test beds for research and development.

Co-simulation is presented as one way of studying complex systems throughout the virtual represen-
tation of heterogeneous entities interacting with each other at a local level, where, as a consequence,
the global behavior emerges [7]. Furthermore, achieving an abstraction of the complex system offers the
opportunity to interact with the model as a stakeholder; this means having the opportunity to test, vali-
date, alter, or generally understand the model before a full system deployment [8], which could mean the
optimization of some particular performance of the system. It is worth mentioning that the optimization
we aim to consider is not related to the computation time efficiency, but the optimization of the param-
eters and structure of a co-simulation that represents a complex system. We refer to this combination
as Co-simulation-based optimization, which consists of the use of co-simulation to construct a virtual
model of a complex system [7], alongside optimization to identify configurations that either minimize or
maximize a particular function [9]. The appeal of a virtual model that can simulate the behavior of the
complex system is the testing possibilities at a low cost compared to real setup experiments.

From the time it became possible to analyze a random system using a computer program, scientists and
engineers have always wanted to optimize systems using simulation models [10]. The constant progress
in computational technologies pushes simulation models to improve and involve more components. In
1997, the most significant emerging technology within the simulation field was optimization [11, 12],

1
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consequently, fields such as agriculture are profiting from the wide range of applicability of simulation-
based optimization techniques in different domains and scales [13] as well as many widely different, albeit
related, areas of operations research [10]. In the field of simulation, one of the ultimate goals is to find
a combination of parameters that optimizes a key output performance [12]. Now, it is worth paying
attention to the combination of the co-simulation and optimization technologies.

1.2 Research problem and objective

The research problem of this thesis is the study of complex systems, which have a behavior condi-
tioned by the interactions of two or more internal systems. This study is particularly focused on the
improvement of the system in terms of a performance indicator. The improvement approach makes the
topic mainly interesting for the design of products and services in the industry.

In the literature, we find co-simulation as a method to study systems that present complexity, and
optimization as a tool to find improvements to the system. The presence of these two concepts in
the literature provides evidence of their relevance; however, in the literature, we find only ad hoc or
domain-specific applications, which means that the field is lacking a systematic and domain-independent
integration method for co-simulation and optimization.

This thesis is focused on capitalizing on the promising combination of co-simulation with optimiza-
tion. Starting from an analysis of the existing ad hoc or domain-specific applications, to understand the
architectures required to apply co-simulation-based optimization. We identify the patterns in the method
applications to propose a generalized architecture for the method to be reused in any complex system
problem. The conceptual basis of the co-simulation-based optimization method has some expected com-
patibilities with the already-known simulation-based optimization method, as well as new challenges to
be considered coming from the complexity [5]. In general, this thesis aims to explore the relationships
between co-simulation and optimization to propose a global decision support approach. The path of this
thesis research follows three guiding questions: how is the implementation of co-simulation and opti-
mization done in the literature?, is there a general structure used for co-simulation-based optimization?,
and what architectural features are important to include in any implementation of co-simulation-based
optimization?. With these questions, we start the process of methodology analysis of co-simulation-based
optimization to identify general approaches, architectural patterns, and the advantages of promoting
reusability in the methodology structure.

1.3 Contributions

The first contribution of this thesis is the development of a state-of-the-art review on co-simulation-
based optimization. This state-of-the-art was motivated by the lack of it and the abundant presence of
ad hoc applications in the literature. With this literature review, we were able to analyse the existing
applications and perform a classification of the 96 applications found in terms of the disciplines involved,
the optimization methods used, and the implementation architectures. The literature compilation facil-
itates the comparison of results from one method when applied across different domains, enabling us to
identify architectural patterns that emerge when combining co-simulation and optimization, including
modularity, domain flexibility, extensibility, interface, and pre-processing.

In the course of developing the literature review, we did a contribution to the stand-alone co-simulation
field, we proposed a new classification focused on the way the co-simulation is built, which relies on the
deductive or inductive reasoning approach to build the co-simulation (Top-down or Bottom-up); this
classification sheds light on some characteristics of the complex systems that make them suitable for a
co-simulation implementation.

The main contribution of this thesis is a new general framework for co-simulation-based optimization,
providing a global decision support system for implementing the method to study and improve complex
systems. The framework is built with the patterns found in the literature review; it is intended to guide
future researchers in the process of improving the performance of a complex system. The definition
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of the framework is accompanied by an implementation case where we develop a software framework
that implements the proposed framework architecture; additionally, we develop use cases applied in the
implementation case to showcase the usability of the framework to study and improve complex systems.

The final contribution is the assessment of the framework application, where we confront the results of
the use cases to assess the performance of the framework to study and improve them, we also confront the
performance of the software framework implementation in combining the co-simulation and optimization
use cases; finally, we assess the impact of the framework guidelines proposed (modularity, domain flexi-
bility, extensibility, interface, and pre-processing) in the positive and negative results of the framework
implementation.

1.4 Thesis layout

The organization of this thesis is the following: we start with the definition of the main concepts of
the research context in chapter 2. The basic understanding of concepts such as modeling, simulation,
co-simulation, and optimization is the key to diving into the co-simulation-based optimization problem
properly.

Next, a state-of-the-art review of the co-simulation-based optimization method was performed in
chapter 3, where we explore a database of publications on co-simulation-based optimization. This review
showcases the different domains involved in the domain and the optimization strategies being used, as
well as the theoretical and practical ways to combine co-simulation with optimization. The result of the
literature review is the identification of the recurrent patterns found in the implementations, which define
the key elements to be considered when describing the general framework.

In chapter 4, we propose a conceptual general co-simulation-based optimization framework, which is
constructed using the patterns found in the literature review. We describe components and dynamics
to be used as guidelines in a co-simulation-based optimization framework implementation. Due to the
abstract nature of the general framework, we develop a software implementation of the framework to
serve as an example, and a concrete product of the framework to be tested with use cases; the idea is to
use this software framework implementation to assess its expected benefits.

Chapter 5 describes the assessment process of the conceptual framework proposed in chapter 4. This
starts with the definition of three complex systems to be implemented in the co-simulation component
of the framework (use cases), then the definition of three optimization algorithms to be implemented
in the optimization component. Then we describe the usage of the interface component, which intends
to simplify for the user the combination of the co-simulation and optimization components by gener-
alizing the interactions and creating a plug-and-play structure for the creation of co-simulation-based
optimization experiments. In general, the framework implementation intends to offer modularity, domain
flexibility, extensibility, defined component interfaces, and standardized pre-processing information for
the uniformity of experiment configuration.

Finally, the combination of the co-simulation case studies with the optimization methods using the
framework produced insightful results in three different levels of development: application, implementa-
tion, and architectural level. The application level where we analyse the results of each experiment to
conclude on the improvements to the co-simulation use cases. The implementation level, where we com-
pare the experiment’s results to conclude why some algorithm/co-simulation synergies are more effective
than others. The architectural level where we can assess the presence and benefits of the modularity,
domain flexibility, extensibility, interface, and pre-processing elements by confronting the usability of the
implementation against the results of the applications. The conclusions of every level shed light on the
effectiveness of the framework application (we conclude on the best configuration found for each use case
in terms of the optimization objective function defined), the scope and limitations of the implementa-
tion (we conclude on the best optimization method for each co-simulation and the characteristics that
make a co-simulation compatible with each algorithm ), and the benefits of the architecture proposed
(we conclude on the way that the co-simulation, optimization and interface components exploited the
modularity, domain flexibility, extensibility, interface, and pre-processing during the implementation and
application development).

Finally, chapter 6 presents the concluding remarks from this thesis. We recall the context and research
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problem, then we highlight the contributions of the thesis work, the importance of each element proposed,
and the perspectives on the field regarding the future work to be done in the field to keep exploring the
possibilities of the co-simulation-based optimization method.
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In this chapter, we describe the context of the research. We start with a description of complex systems
and the methods used to study and improve them (Section 2.1). For the study of complex systems (Section
2.2), we start with the definition of modeling and simulation as an established method to study systems;
however, to cover the particularities of the complex systems, we resort to the co-simulation method, which
is a method oriented to complex systems. Next, we describe the optimization method (Section 2.3) as
a method to improve systems, starting from its general definition and classification, which leads us to
the black-box optimization category, capable of proposing improvements to models with unknown internal
behavior. Now, we discuss the co-simulation-based optimization method as the main topic of this thesis in
Section 2.4, where we describe the combined methodology to the extend that is available in the literature,
some details of the composition and dynamics of the co-simulation-based optimization method are not
clear yet, we make explicit these gaps to be later filled with the results of the thesis.

2.1 Introduction

The idea of this chapter is to provide a proper definition of the key concepts that form the foundations
of the thesis results; for this, we divide the research problem into 3 parts: the study of complex systems
(where we include the formal definitions of the methods dedicated to this task, particularly the co-
simulation method), the improvement of complex systems (where we describe the optimization concept
and categories that are relevant for complex systems), and finally, the combination of co-simulation and

5
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optimization (where we find that the conceptual structure of this combined method is not yet fully
defined).

In the context of this thesis, we start with the definition of a system as:

Definition 1. (System.) The notion of a system is directly linked to the objectives of the study being
carried out. Indeed, studying a system means asking questions. The very fact of asking questions defines
what a system is. A system is, therefore, the set of elements involved in questioning [14]. In the study
context, it is usually referred to as the Target system or the Source system.

We refer to a source or target system as:

Definition 2. (Target or source system.) The system that is the object of the study.

The interest of our research is a particular type of target system called complex systems, which is
defined as:

Definition 3. (Complex system.) Complexity may lie in the structure of a system, but it may also lie
in the eye of a beholder of that system. Even when a system is “inherently” simple, i.e., describable, in
principle, in simple terms, an observer may fail to discover that simple description, and may be able to
characterize the system only in a very complex way. [15]. We can describe a complex system as a set
composed of a large number of interacting entities, whose overall behavior emerges from the interaction
of the system’s component entities [14, 16].

2.2 Study of Complex systems

The study of a system as described in Definition 1 can be performed using empirical methods like field
experiments, lab experiments, surveys, case studies, forecasting, modeling & simulation; or interpretive
methods such as descriptive interpretation, action research, subjective argumentation, and role-playing
[17].

We draw our attention to the study approach called modeling & simulation, which uses only com-
putational resources to study the behavior of a system. However, to comply with the requirements of a
complex system as described in Definition 3, the methods need to consider the complexity and multidis-
ciplinarity of the system, which requires a tool capable of representing the hierarchy of details present
in complex systems [18]. At this point, we shed light on the co-simulation as an interesting method to
be used to study complex systems. The co-simulation concept is a direct extension of the modeling and
simulation concepts; therefore, we need to describe them in order.

2.2.1 Modeling and Simulation (M&S)
Modeling and simulation (M&S) is a method for the study of systems to generate an abstract

representation of a system (artificial or natural). This abstraction means that the components are
simplified to respond to a question (could be to understand how the system works or to predict its
behavior) [19]. We define a model as

Definition 4. (Model.) For an observer B, an object A* is a model of an object A to the extent that B
can use A* to answer questions that interest him about A [20]

The Modeling relation between the system and the model is defined by the inner constitution of the
system (structure) and its outer manifestation (behavior). These definitions come in the form of a set of
instructions, rules, equations, or constraints that generate the output behavior of the system. In other
words, we describe a model with state transition and output generation mechanisms to accept input
trajectories and generate output trajectories depending on its current state setting [21].

To compare the observed behavior of the source system with the one defined in the model, we require
the simulation relation, which exists between the model and a simulator.

Definition 5. (Simulator.) Computational device for generating behavior of the model [1].
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A simulation is typically specified at a high level since it is a system that we design intentionally to
be synthesized from well-understood components that can be off-the-shelf [21]. The idea is to obtain
a simulation of the model A* that behaves similarly to the entity A from Definition 4; this process is
illustrated in Figure 2.1.

Figure 2.1: Basic entities and relationships in M&S (Taken from [1]).

The M&S process dynamic is iterative as seen in Figure 2.2, meaning it takes the shape of a loop. The
method begins with the source or target system (Definition 2), where the modeling relation is used to
create a model that will subsequently be simulated. Finally, an analysis stage consisting of comparing the
values from the simulation to the observed values from the original target system; using this comparison,
the necessary adjustments can be suggested until a validation is attained.

Figure 2.2: Simulation process scheme (Adapted from [1]).

To show the relevance of the objective of the study of a system, we propose examples 1 and 2.

Example 1. (Study of a vehicle’s engine.) To study a vehicle as the target system to understand the
behavior of the engine, the M&S process should focus on elements such as the fuel characteristics, the
motor specifications, the weight of the vehicle, and so on.

Example 2. (Study of a vehicle’s external body.) However, if in the vehicle study we are interested in
studying the aerodynamic performance of the vehicle’s external body, we would focus the M&S on elements
such as the shape of the external layer of the vehicle and how it is affecting the velocity when interacting
with the wind at different velocities.

Examples 1 and 2 show the simulation approach for the study of a system; however, sometimes the
interest of the study is the emergent behavior from the interaction of two different domains; that is, if
we want to study the impact of different vehicle engine configurations on the external body performance;
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this kind of analysis calls for considering the system as a complex one. The study of complex systems
by means of the M&S method sometimes is not enough to consider the emergent interactions between
sub-system domains. The co-simulation method takes the M&S concept and extends it to include the
complexity of the studied system.

2.2.2 Co-simulation
The Modeling and Simulation relations seen in 2.1 can be extended to fit in the context of complex

systems. This extension considers the decomposition and coupling of sub-systems, which are shown in
Figure 2.3. First, the modeling relation produces coupled models that we define as:

Definition 6. (Multi-model or coupled models.) A multi-model is a modular model that subsumes multiple
submodels that together represent the behavior of the model [22].

The multi-model is then affected by the simulation relation, which generates the coupled simulations
known under names like co-simulation, cosimulation, or coupled simulation.

Definition 7. (Co-simulation.) The theory and techniques to enable global simulation of a coupled
system/models via the composition of simulators [7].

Figure 2.3: Basic entities and relationships in M&S of a complex system (extension of the structure in
[1]).

This definition presents co-simulation as an extension of the simulation method that divides the
target system into coupled sub-systems. It is a tool intended for abstracting complex systems into several
interconnected sub-models.

An example of the process explained in Figure 2.3, where we can retake examples 1 and 2 that used
the M&S method to study two isolated sections of a vehicle, we can consider a complex system example
study using co-simulation as follows:

Example 3. Let’s consider the study of an electric vehicle based on the design of the car body and
engine to ensure the best performance at high velocities. We assume that the size of the engine will
directly affect the shape of the body, and the shape will affect the performance of the engine at high
velocities. In these cases, we would require the M&S of both sub-systems to be correctly coupled to obtain
the coupled simulations that represent the complex system under study. The resulting multi-model is
capable of simulating the behavior of both systems and the way that modifications in one of them impact
the other one.

To illustrate the co-simulation method dynamics, we propose the scheme seen in Figure 2.4 as a
general abstraction of the co-simulation process. A co-simulation is based on a complex target system
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that is divided into sub-systems, each sub-system is a simulation that follows the same modeling and
simulation conception described in Figure 2.2, then the simulations are coupled and co-simulated in
a shared environment, where the interactions between the different models are described in terms of
exchanges and synchronization data between models [7, 23], and finally, a global analysis to determine if
the representation obtained is reliable; otherwise, the process can restart for adjustments.

Figure 2.4: Proposed Co-simulation process scheme as an extension of 2.2, including the division of the
complex system into sub-models that are later coupled and co-simulated.

Example 4. Similar to Example 3, where we consider the study of a vehicle as a complex system, where
the configuration of the engine directly affects the shape of the vehicle body. In this case, we can conduct
a study on how the engine performance is affected by the vehicle’s body shape. For this, we would develop
individual simulations for the body dynamics and the engine mechanism that are coupled. The interesting
feature of co-simulation is that we can develop the simulations separately in domain-specific software to be
later coupled. The body shape dynamics can be modeled in a Fluid dynamics simulation software (treating
the wind as a fluid that interacts with the vehicle) and the engine in a Mechanical physics simulator,
which can be later coupled and run in a shared environment.

In Definition 1, it was mentioned that a system is defined by the objectives of the study. In the case
of the example 4, we established the objective as understanding the behavior of the engine’s performance
based on the dimensions of the engine and the aerodynamics of the vehicle’s body. We acknowledge that
a vehicle model contains additional sub-systems (such as the wheels, the driver, the path, etc.); however,
they are not part of the study objective in the example and therefore could be ignored.

2.2.3 System Specification formalism

The description of a system is a key process in the creation of a model; there are different specification
languages used to characterize systems.

Definition 8. (Specification formalism.)The way a specification is done is called the system specification
formalism, which in system theory distinguishes between the system structure and behavior [1].

We describe the key elements of three formalisms that are particularly interesting for this research
from their presence in simulation and optimization technologies, which are: DEVS, Coupled model DEVS,
and the black-box approach. These formalisms are used later in the thesis in the implementation process,
where we intend to exploit the ability of the formalism to provide a strong link between the conceptual
rigour embedded in the formalism and a software architecture implementation.
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Discrete Event System Specification (DEVS)

The Discrete Event System Specification (DEVS) is an approach to capture the structure of a system
from both functional and physical points of view [24].

Definition 9. (Atomic DEVS model.) The DEVS formalism represents the behavior of systems using a
model Mi [1] with the following structure:

Mi = ⟨Xi, Yi, S, δext, δint, λ, ta⟩, (2.1)

where:

• Xi = {(p, v)|p ∈ IPortsi, v ∈ VXi
} is the set of input ports (IPortsi), and its acceptable values

(VXi
).

• Yi = {(p, v)|p ∈ OPortsi, v ∈ VYi} is the set of output ports (OPortsi), and its acceptable values
(VYi

).

• S is the set of states of the model.

• δext : Q×Xi → S is the external state transition function.

– Q = {(s, e)|s ∈ S, 0 ≤ e ≤ ta(s)} is the set of total states (a state from the set S associated to
time e spent in that state).

– e corresponds to the time past since the last state transition.

• δint : S → S is the internal state transition function.

• λ : S → Yi is the output function.

• ta : S → ℜ+
0 ∪∞ is the time advance function.

In definition 9, we describe the general structure of a model under the DEVS formalism, where we
use the term atomic model to describe the basic form of a model. This formalism is used for the
implementation of the modeling and simulation concepts from subsection 2.2.1.

DEVS for Coupled models

The DEVS formalism also counts with an extension that covers the co-simulation concept from sub-
section 2.2.2, that is, the coupled DEVS models formalism defined as:

Definition 10. (DEVS Coupled model.) In [25, 26, 27], the DEVS formalism is used to represent the
structure of a coupled model N as:

N = ⟨X,Y,D, {Md|d ∈ D}, EIC,EOC, IC, Select⟩, (2.2)

where:

• X = {(p, v)||p ∈ IPorts, v ∈ Xp} is the set of inputs, i.e., the couple (port, input value).

• Y = {(p, v)||p ∈ OPorts, v ∈ Yp} is the set of outputs, i.e., the couple (port, output value).

• {Md|d ∈ D} is the set of DEVS sub-models (which can be an atomic model as defined in 9 or
another DEVS coupled model).

• EIC = {((N, ipN ), (d, ipd))||ipN ∈ IPorts, d ∈ D, ipd ∈ IPortsd} (External Input Coupling) is the
set of connections between the coupled model inputs and the sub-model inputs.

• EOC = {((d, opd), (N, opd))||opN ∈ OPorts, d ∈ D, opd ∈ OPortsd} (External Output Coupling) is
the set of connections between the coupled model outputs and the sub-model outputs.
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• IC = {((a, opa), (b, ipb)||a, b ∈ D, opa ∈ OPortsa, ipb ∈ IPortsb} (Internal Couplings) is the set of
internal connections between the sub-model.

• Select : 2D → D is a function to solve conflicts where two models want to execute their internal
event at the same time; this function dictates the order of execution.

The interest of DEVS lies in the advantages that this approach brings to the M&S process, such as
scalability, because a DEVS model can be composed either of an atomic model or a coupled model. The
combination of DEVS with object-oriented architectures provides a sound M&S foundation upon which
to build a comprehensive and collaborative DEVS modeling and simulation environment [24].

For this thesis, the DEVS and Coupled models DEVS formalisms are key elements for the imple-
mentation process; many simulation software are based on programming languages with object-oriented
structures that implement the DEVS structure.

Black-box approach

The external behavior of a system is the relationship it imposes between the input and output in-
formation. The internal structure of a system includes its state, state transition mechanism, and the
state-to-output mapping (following the DEVS formalism). The process of inferring the structure of a
system based on its behavior is not univalent; indeed, discovering a valid representation of a reference
behavior is one of the key contents of the M&S enterprise [1], however, when researchers want to test
software development of others, without knowing the program code or being able to peek inside [28], it is
necessary to assess the code or model based only on its external manifestation, disregarding the internal
mechanisms.

The concept of the black box is defined as

Definition 11. (Black-box approach.) Hardware and software components that show an interface so
that programming can be conducted based on knowledge of the operation of the interface, but not the
functioning of the components as such [28].

The idea is to have a module or “box” with internal unknown mechanisms and states, and the only
way to interact with this box is by providing information (input), asking the module to process that infor-
mation, and getting the results (output). The black-box approach is of great interest in the development
of this thesis, as it offers a decomposing and coupling perspective to the study of a system; this means
that we can encapsulate in black-boxes the different components of the method in a shared environment.

We introduce the graphic notation that we will follow for the representation of systems (or models)
using the DEVS formalism (Definition 9) from a black-box perspective as seen in Figure 2.5. The idea is
that from the elements of the DEVS model, we only focus on Xi and Yi.

Figure 2.5: Black-box/DEVS Atomic model.

Additionally, the representation of a N coupled model can remain from a black-box perspective (i.e.,
only visibility of the Xi, Yi elements), as seen in Figure 2.6, or we can see the internal structure of the
same N coupled model as shown in Figure 2.7, where we include the elements Xi, Yi, EIC (in blue),
EOC (in red), and IC (in green).

2.2.4 Perspectives
The modeling and simulation method, alongside co-simulation, are concepts capable of ensuring the

proper study of a complex system from a theoretical point of view. From the practical point of view,
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Figure 2.6: Black-box/DEVS Coupled model.

Figure 2.7: Internal structure of a DEVS Coupled model (includes sub-model A from Figure 2.5).

the specification formalism serves as a powerful tool to implement the concepts without compromising
on the theoretical features. With an appropriate system description, we can now focus on the methods
to improve the system performance.

2.3 Improvement of complex systems

With a validated co-simulation of the system under study, we can test configurations by tuning pa-
rameters or coupling patterns, which means we can find a combination of parameters that optimizes a key
output performance. This makes the optimization concept an interesting next step for the improvement
of complex systems.

2.3.1 Optimization

Definition 12. (Optimization.) Consists of finding a value that minimizes or maximizes some specific
function among all possible values (in a defined domain) that satisfy some conditions or constraints [9].

The general optimization process is shown in Figure 2.8. To begin, a target system is modeled, which
for the optimization context means defining constraints, objective function, and the decision variables
[2]. Then, the model output is analyzed using an optimization method to determine the ideal model
configuration. Lastly, an analysis is conducted on the data to determine if the outcomes align with the
model’s expectations; if not, the process is repeated.
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Figure 2.8: Optimization process scheme. Adapted from [2]

2.3.2 Types of optimization

There are two types of optimization problems: parametric and control [10]. Parametric optimization
refers to problems that can be represented with the general Equation

min or max f(x⃗)

subject to:
gi(x⃗) ≤ 0, i = 1, ..., n

hj(x⃗) = 0, j = 1, ...,m.

(2.3)

Where we are minimizing or maximizing an objective function f(x⃗), the vector x⃗ represents all the
parameters or decision variables of the problem, the problem also has n +m constraints represented by
gi(x⃗) denoting the inequality constraint functions and hj(x⃗) denoting the equality constraint functions
[2, 10].

Example 5. Following Figure 2.8, we consider the waiting line at a bank as the target system, and using
mathematical modeling, we come up with the mathematical model of the customer waiting time in line.
Let’s consider the optimization objective of minimizing the waiting time by adding the number of bank
tellers available during the day. Using this information, a parametric optimization algorithm should be
able to come up with the optimal number of tellers necessary to serve the bank’s customers in the fastest
way.

In general, parametric optimization problems are known as static systems [29, 30], whereas control
optimization problems handle dynamic systems as they change in some way from time to time; the
objective is to choose a set of actions (also called policies) to move the system along a desirable path.
The general Equation

min or max f(µ(1), µ(2), ..., µ(|S|))
(2.4)

is defined in [10] where S denotes the states of the system and |S| the number of states in the system,
µ(i) refers to the action taken in state i, and finally the function f denotes the objective function to be
optimized.

Example 6. Let’s consider the same bank line of example 5, however, we use a modeling process to
create a control optimization model, which means that the model has states (number of people waiting
in line), and different policies can be tested where, depending on the current state, a certain number of
tellers will be open. For example, a policy could be from 1-4 clients in line, we open 1 teller, from 2-6 we
open 2 tellers, and from 6-∞, we open 3 tellers [10].
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Control and parametric optimization is the main classification criterion; however, there are more
ways to classify optimization methods, such as stochastic/non-stochastic, continuous/discrete, linear/non-
linear, and heuristic/meta-heuristic [10]. Each optimization algorithm can fit into several categories,
including the possibility of hybrid methods. This widespread categorization results from the large number
of current optimization methods.

2.3.3 Black-box optimization

Definition 13. (Black-box Optimization.) Black-box Optimization considers the design and analysis of
algorithms for problems where the structure of an objective function f : Ω → R (with R = R ∪ +∞)
and/or the constraints defining the set Ω is unknown, unexploitable, or non-existent [31].

The black-box optimization method is used when the evaluation of the objective and/or constraint
function involves an external and unknown function or process (usually used in problems where the
evaluation depends on the execution of a computer code or simulation [31]). The general structure of
the black-box optimization is shown in Figure 2.9, where we see that the optimization method (usually
referred to as the algorithm) interacts with the unknown function in an iterative loop.

Figure 2.9: Illustration of the black-box optimization structure.

The black-box optimization approach is particularly interesting for simulation-based optimization [10].
For this application, an additional consideration is the possibility that the evaluation of the optimization
model produces an invalid output, which is usually managed by flagging the result as +∞ for minimization
or −∞ for maximization cases.

For the context of the study and improvement of complex systems, black-box optimization is appealing
from its ability to blindly handle the improvement of a system; this is helpful to tackle the added
complexity in the optimization process; however, up to this point, the impact of the complexity in
the black-box optimization algorithm is not evident. We intend to explore the particularities of this
interaction, which can lead to limitations to the optimization strategies and/or extend the reach of the
optimization exploration process.

2.4 Combining co-simulation with optimization

We explore the conceptual combination of the co-simulation and optimization methods, which follows
the same order as the definition of co-simulation in subsection 2.2.2, where we started with simulation
to build the basis for the co-simulation description. In the same way, we start with the simulation-based
optimization method to make the transition to the co-simulation-based optimization method.

2.4.1 Simulation-based optimization

The schemes presented in Figures 2.2 and 2.8 present a general methodology similarity since they
study a target system by proposing a model to understand it or predict it, and then analyze and compare
the results of the model with the target system to provide feedback and adjustments. This suggests a
compatibility between simulation and optimization, which is a well-established method of collaboration
known as simulation-based optimization. This method was considered the most important new simulation
technology between 1997 and 2002 [32].
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The black-box optimization was already defined in 13, and now we propose a definition of simulation
as a black-box.

Definition 14. (Simulation as a Black-box.) Following the definition of the black-box approach in 11, a
simulation is described as a software element with an unknown internal mechanism, where the only way
to interact is by using a scenario as inputs (parameters or policies) and an output performance (based on
the optimization objective) [10].

We incorporate both concepts in one structure using the black-box approach to describe and couple
both components as shown in Figure 2.10. The typical areas in which simulation-based optimization is
applied are large-scale, stochastic, and high-complexity problems [10]. However, considering the com-
plexity of systems in simulations can now present a challenge for simulation-based optimization methods.
This challenge is the result of going deeper into the description of a system, which means adding complex-
ity to the modeling, simulation, and optimization processes, so the use of simulation-based optimization
to study and improve the complex system is sometimes not sufficient. We find strategies to handle the
complexity of a system, such as the inclusion of auto-adaption in multi-agent simulation systems [33, 34],
the inclusion of an environment model in a multi-agent-based Simulation [35]; however, we follow another
approach that handles the complexity by expanding the simulation reach to several coupled simulations.

Figure 2.10: Illustration of the simulation-based optimization structure using the black-box approach.

The interest of this method is to use optimization to improve a system, which is achieved by using
the M&S principles to create a simulation that can interact with an algorithm capable of finding a set of
parameters or policies that optimize an objective function. We want to push forward the simulation-based
optimization method into the complex systems research field.

2.4.2 Co-simulation-based optimization
Definition 15. (Black-box co-simulation.)The black-box approach discussed in 11 can be used to describe
the multi-model of a co-simulation using boxes and arrows. The boxes represent the sub-system simulations
(using Definition 14), and the arrows are the couplings.

In Definition 14, we already defined the interaction characteristics of a black-box simulation as the
input scenario and the output performance indicator; however, in co-simulation, we have the opportunity
to propose the definition of a scenario as:

Definition 16. (Scenario.) In the context of a co-simulation that uses the black-box approach to describe
its multi-model, a scenario for the co-simulation consists of a set of parameters or policies and the models
to be used in the case of sub-model variations.

We propose a general co-simulation black-box representation in Figure 2.11 that shows how several
coupled sub-models create a bigger box representing the multi-model, and one of the models has an
exchangeable variant model. The model exchangeability in co-simulation is the main feature that makes
co-simulation-based optimization a novelty when compared with simulation-based optimization. This
feature can be used by the black-box optimization method in the exploration of the search space.

Example 7. Let’s study the complex system of a vehicle design, where we want to configure the engine
and the wheels to compare their performance with different types of pavement. In this case, we can modify
key parameters from the engine, such as the number of cylinders (C) and maximum power (P ). We also
possess two simulations of wheels that come from two different providers (Wheelsa,Wheelsb). The idea
is to test the co-simulation by trying different scenarios, which are defined by the parameters C, P , and
the model Wheels?.
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Figure 2.11: Proposed co-simulation black-box general representation.

Figure 2.12: Multi-model of the Example 7, which illustrates the sub-model variation feature of the
black-box co-simulation.

We recall Equation 2.2.3, where we discussed the DEVS Coupled model formalism as a representation
tool for a multi-model. We clarify that for the model variation feature to work, the input/output structure
should be the same between the varying models. To be more precise, following Definition 9, for two models
M1 and M2, it is required that X1 = X2 and Y1 = Y2, that is, the set of input and output definitions is
the same. In Figure 2.12, we represent the input/output structure with the four arrows connected to the
Wheels models. The objective is to exchange the sub-models with no need for further intervention into
the co-simulation, which simplifies the testing process done with the scenario method.

We propose a preliminary generic representation of the cooperation between co-simulation and op-
timization using the black-box approach in Figure 2.13. This representation combines the multi-model
generalization from Figure 2.11 and the optimization implementation from Figure 2.10. Though the
interactions between the components are similar to those used in simulation-based optimization, we con-
sider that additional considerations have to be included to handle the complexity of the co-simulation.
The bond between co-simulation and optimization is still not formally defined. This undefined interme-
diate component is responsible for translating the inputs and outputs of the co-simulation towards the
algorithm and vice versa.

Figure 2.13: Proposed Co-simulation and optimization scheme, showing a preliminary proposal of the
structure.
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2.5 Challenges and conclusions

In the endeavor of studying complex systems, we highlight the pertinence of the co-simulation tech-
nique to comprehend and forecast the behavior of intricate mechanisms. Co-simulation offers the oppor-
tunity to compare the behavior of the system under different configurations or scenarios.

To further understand the complex system, we intend to improve the complex system in terms of
an objective indicator; for this, we look at the simulation-based optimization technique. We consider
the combination of co-simulation and optimization as a relevant method for studying and improving
complex systems; however, a general structure of the method has not yet been established in the literature
(Figure 2.13), which can lead to redundant frameworks being proposed in different domains.

In this chapter, we explored the definitions of co-simulation and optimization, as well as the formalisms
usually used to link the conceptual definitions with the implementation structures.

In Figure 2.13, we gather in one structure the co-simulation, optimization, and intermediate compo-
nents. The intermediate component is a crucial element to understand the appropriate combination of
co-simulation and optimization in a general manner; however, this combination synergy is still lacking a
generalization attempt. The definition of this combination synergy has the potential of expanding the
existing capabilities of the simulation-based optimization method with the model variation feature from
co-simulation.
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In this chapter, we make a literature review of the co-simulation-based optimization method, analyzing
how existing papers are integrating co-simulation with optimization. We analyze how multidisciplinarity
affects co-simulation-based optimization applications and the challenges that it presents. Then, an analysis
of the optimization methods used in the applications and how they are deployed in the co-simulation
environment is presented. Finally, we perform a discussion of contributions to the field and the remaining
challenges to be solved.

3.1 Introduction

The co-simulation survey done by Gomes et al. [7] showed the growing interest and the advantages
of co-simulation by bridging individual contributions, which improves future applications and leads to a
deeper understanding of co-simulation. The same situation is currently happening on co-simulation-based
optimization as a technique; there is a growing interest represented in the many individual contributions
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that are not yet linked in a survey. Despite the growing interest, to the best of our knowledge, there is no
state-of-the-art review focused on co-simulation-based optimization, which is causing several researchers
to propose already existing approaches unknowingly. One example of this is found in the reviewed
articles sample, where papers such as [36, 37, 38, 39, 40] talk about co-simulation, other papers such as
[41, 42, 43, 44, 45] talk about coupled simulations, and finally the paper [46] talks of cosimulation, when
the three concepts are referring to the same technique.

Even more examples can be found in the literature, where research studies are converging to the same
structure described as co-simulation-based optimization in subsection 2.4.2, but using different names,
such as:

• The nested and simultaneous solution for control design problems proposed in [47], where several
optimization models are connected and combined into a nested formulation that creates a global
optimization problem that is solved simultaneously. This method is combining the optimization of
sub-models into a global and coupled complex optimization problem; however, this method has a
stronger focus on the optimization topic, resulting in an optimization-oriented architecture.

• the OpenMDAO framework for multidisciplinary design, analysis, and optimization proposed in [48].
The framework proposed applies many of the concepts found in the co-simulation-based optimization
structure, where different discipline models are combined into a group model, later connected to
the driver module to perform the optimization, in the same way shown in Figure 2.10. The method
in the article uses the same methodology as co-simulation-based optimization; however, it is referred
to as multidisciplinary design optimization. Throughout the article, the words co-simulation or co-
simulation are never mentioned; the concept of coupled simulation is mentioned once. This is
the limitation that this methodology has; the nomenclature in the literature is scattered across
different domains converging on the same concept. This is why we focus on a few concepts to get
a general idea of the method, and we encourage the research community to converge on a uniform
nomenclature.

• The resilience optimization applied in aligned and coupled multilevel decomposition strategies de-
scribed in [49]. This method uses decomposition and coupling to divide a resilience optimization
problem into the design/operational model and the resilience model, then an integrated
structure is proposed to coordinate the optimization process. It is also discussed the possibility of
a multi-level structure that allows the inclusion of additional resilience models into the formulation
(this is a nesting approach compatible with the black-box approach).

• The distributed multi-agent coordination concept described in [50] has a similar structure to co-
simulation. Its motivation comes from desensitizing the control of a multi-agent simulation, which
benefits the physical constraints, especially in cases with limited resources and energy, short wireless
communication ranges, narrow bandwidths, and large numbers of agents to be controlled. This
comes at the cost of becoming far more complex in structure and organization.

These four examples of alternative nomenclatures complicate the paper compilation work; for this
reason, we intend to take a sample of the methodology literature by covering the co-simulation-based
optimization work where the authors use the terms co-simulation, cosimulation, or coupled simu-
lation up to the year 2023 (this trio of names was already considered as a representative sample for the
co-simulation field in [7]). This sample database represents a considerable part of the methodology and
intends to unify the different nomenclatures of the methodology.

For the co-simulation-based optimization state-of-the-art survey, we used the same methodology as
the one used for the co-simulation survey [7], by defining the equation:

TITLE( (“co-simulation” OR “cosimulation” OR “coupled simulation” ) AND “optimization” )
AND PUBYEAR < 2024 ).

(3.1)

We use this equation on three different scientific databases: SCOPUS, Web of Science, and DBLP (we
use three known scientific databases to ensure a broad coverage of the literature), which produced a total
of 125 publications after checking for repeated publications, including journal articles, book chapters,
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and conference proceedings. This sample is studied and reduced to 96 after excluding publications that
are out of scope (i.e., those that, despite mentioning co-simulation-based optimization in the title, do not
use this method as part of the scientific contribution) and those written in other languages (i.e, German
or Chinese).

The study of the literature database is performed with the purpose of understanding how this combined
approach is being implemented, as well as highlighting the recurring strategies, structures, and patterns
found in the literature’s implementations. This chapter starts with the general findings (section 3.2)
from the general treatment of the database in terms of publication year and domains covered, including
the finding of a new co-simulation classification. Then, we present the multidisciplinary analysis of the
database in section 3.3 to understand the domain landscape, domain collaborations, and the domain-
specific approaches for co-simulation-based optimization. Then, an optimization analysis is presented in
section 3.4 to understand the optimization strategies landscape and implementation techniques. Finally,
in section 3.5, we compile all the classifications into one to conduct the final discussion and conclusions
on the literature review.

3.2 General findings

We perform a preliminary analysis of the sample database to observe the growing relevance over
time. Figure 3.1 shows the publishing timeline. It illustrates the initial studies conducted on the subject
between 2007 and 2009, followed by an increase in publications over time. The problem has been more
relevant during the last ten years, particularly in the last three years, when the number has remained
around 13. This trend demonstrates the value of the survey’s findings for further research on the subject
and the need to combine all of the individual efforts, particularly concerning methodology and standard
operating procedures.

Figure 3.1: Publications about co-simulation-based optimization over the years until 2023. Combined
results from SCOPUS, Web of Science, and DBLP using Equation 3.1 on February 2024.

3.2.1 Domain distribution

The domain distribution of the publications is another analysis that can provide general insights
into the literature. We take Table 3.1 from the SCOPUS analysis tool, which shows the number of
publications that involve each of the general domains as defined in the SCOPUS indexing (a publication
may involve more than one domain). The table shows that the primary fields involved are engineering
and computer science, and the applications are diverse, spanning from physics and mathematics to the
natural and social sciences. Because of the wide range of applications throughout the research spectrum,
co-simulation-based optimization methodology has the potential to benefit a wide range of areas. Given
the multidisciplinary nature of the methodology examined in this survey, a more thorough examination
of the domains and methods by which this technique is currently being applied is necessary.
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Table 3.1: Number of publications per research field, using the field categories as defined in SCOPUS.
Results from SCOPUS after manually removing papers out of the scope of this survey from equation 3.1
on February 2024, with a total of 85 publications.

Field Articles

Engineering 53
Computer Science 34
Mathematics 13
Physics and Astronomy 12
Environmental Science 11
Materials Science 10
Energy 10
Agricultural and Biological Sciences 3
Chemical Engineering 3
Social Sciences 3
Earth and Planetary Sciences 2
Chemistry 2
Decision Sciences 1
Biochemistry, Genetics, and Molecular Biology 1

3.2.2 Co-simulation construction classification

In the course of reviewing the multiple applications of co-simulation-based optimization, we found
that the way a co-simulation is constructed follows two possible approaches, which led us to propose a
new construction classification for co-simulations. The classification follows the Bottom-up and Top-down
approaches for the construction of a co-simulation from a practical point of view (complete classification
of the 96 publications is available in Table 3.5 and Table 3.6).

Bottom-up approach

The bottom-up approach for a co-simulation construction uses the inductive reasoning method, which
is defined as:

Definition 17. (Inductive reasoning method.) The inductive approach moves from the specific to the gen-
eral, so that particular instances are observed and then combined into a larger whole or general statement
[51].

When we apply this method to a complex system study, we reach the following definition:

Definition 18. (Bottom-up approach for co-simulation construction.) Construction of a co-simulation
through the coupling of two or more existing simulations of domain-specific systems that interact in a
shared environment to produce a larger and more general behavior.

To better understand the bottom-up approach in co-simulation construction, we present Example
8, which couples different models to build a big-picture complex model. This approach is interesting
as several simulations can boost each other’s accuracy with coupled interactions, which is the case of
[42, 52, 43, 40]. Figure 3.2 provides a general illustration of the co-simulation bottom-up approach.

Example 8. (Bottom-up approach to the co-simulation of a car.) Let’s consider a car company that
divides the design of a vehicle into branches (engine, wheels, and body), with each branch developing a
simulation of the different components of the car for testing. However, now the company is interested in
combining all the branch simulations into a complex vehicle co-simulation to evaluate the performance of
the vehicle as a whole.
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Figure 3.2: Proposed classification: Bottom-up approach for co-simulation. A target system is abstracted
as a co-simulation, using pre-defined simulations coupled with each other and compared with the target
system in a global analysis stage.

Top-down approach

In general, the top-down approach uses the deductive reasoning method, defined as

Definition 19. (Deductive reasoning method.) The deductive approach is based on an earlier general
theory to move to the specific, and therefore, it moves from the general theory to the specific [51].

The application of the deductive reasoning method to co-simulation leads to the following definition:

Definition 20. (Top-down approach for co-simulation construction.) Construction of a co-simulation
that starts with the study of the complex system, using modeling and simulation to describe smaller and
interconnected sub-systems.

Figure 3.3 illustrates the general structure of this approach, which breaks down a complex target
system into smaller sub-systems that are subsequently modeled and coupled using dedicated software. The
resulting co-simulation is then evaluated and contrasted with the target system for validation. Example
9 showcases the approach described. We found articles in the literature database that use the top-down
approach, such as [53, 41, 54, 55].

Example 9. (Top-down approach for the design of a helicopter.) The co-simulation of a complex mechan-
ical structure from a helicopter is co-simulated using the ANSYS software environment, where 3 different
simulations are designed and coupled; each simulation describes the system under different domains: fluid,
physical, and thermal mechanics [41].

An important remark is that the use of either approach to construct a co-simulation produces the
same result: a working co-simulation that aims to produce a similar behavior to that of the complex
system under study. The complete classification of the literature database using these criteria is available
in Table 3.5.

3.3 Multidisciplinary analysis

In this section, we present a review of the recurrent domains and software used for co-simulation-
based optimization applications. We also highlight the recurrent interdisciplinary collaborations and the
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Figure 3.3: Proposed classification: Top-down approach for co-simulation. A target system is multi-
modeled, i.e., it is divided into subsystems that are coupled and simulated. To provide feedback, this
co-simulation is then compared to the target system using global analysis.

advantages of using co-simulation for optimizing complex multi-domain problems. An overview of the
literature focused on the multidisciplinary aspects of a problem is performed; these applications usually
propose a holistic representation of a system that can provide a better performance than other models.
The emerging patterns found through gathering and studying the literature can lead to a conceptual
architecture of the process, which is a comprehensive contribution to the field that can benefit future
applications in the same area.

Example 10. The design of a vehicle involves the interaction of its major sub-systems (engine, control,
hydraulic suspension, and pressure), which involves different domain-specific dynamics like mechanics,
logic, fluid, and thermal.

The heterogeneous approach of co-simulation encourages multidisciplinary work, situation like the
one proposed in example 10 can be found in the literature in [56]; this article presents a virtual proto-
type project proposed between companies to combine the sub-systems to evaluate the performance of the
vehicle using a shared co-simulation environment to find the best configuration of the sub-systems that
produces the desired vehicle performance (global optimization). To understand the multidisciplinary in-
fluence on the topic, we use the following methodology: first, we analyze the different domains interacting
in the co-simulation-based optimization works in the literature. This domain-approach review highlights
the synergies already present between domains and encourages new collaborations. Second, we perform a
co-simulation software review to extend the analysis from this section to the software availability factor,
which can influence the research path followed by each domain expert. Finally, we discuss the challenges
in the multidisciplinary field of co-simulation-based optimization.

3.3.1 Domains in co-simulation

In contrast to the SCOPUS classification of domains, where the primary goal is to categorize the
research fields (see Table 3.1), there are many simulation domains with different levels of detail ranging
from specialized domain simulations (i.e. fluid dynamics simulation with FLUENT [42] or with COM-
SOL [57], numerical simulation with MATLAB [58]) to big systems domain simulations (i.e. building
temperature control simulation with EnergyPlus [42, 59, 60, 61, 62, 63] or with TRNSYS [64, 65, 66, 4],
vehicle simulation with CarSim [67]). As part of this survey, we provide a full classification in Table 3.5
of the simulation domains in the literature (third column) that compile a total of 49 different domains.
This classification was done manually, taking into account the general purpose of the software used, as
well as the document definition of the model created with the software. From these domains, we can
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identify a particularly interesting one, the Computational Fluid Dynamics (CFD) [68], which is used on
21% of the articles reviewed in connection with other domains. In Table 3.2, we can see all articles from
the sample database that use CFD simulations; the table shows the great variety of combinations present
in terms of domains and software. Additionally, we include the integration method used to integrate the
CFD simulation with the other domain software.

Table 3.2: Co-simulation collaborations with CFD by domain, simulation software, and integration
method.

Article Simulation domain Software Integration method

[41] Fluid FLUENT Import CAD file into ANSYSSolid Solidworks

[54] Fluid Spectre Manual (coded in Verilog)Electric LT-Spice

[42] Fluid FLUENT ManualBuilding EnergyPlus

[52] Fluid FloMaster FMU imported into SimulinkControl Simulink

[43] Fluid FLUENT Imported into ANSYS pluginSolid Solidworks
[37] Fluid and electric COMSOL COMSOL framework

[38] Fluid FLUENT Imported using MATLAB pluginMathematical Simulink

[57]
Fluid COMSOL

COMSOL FrameworkElectrical COMSOL
Solid COMSOL

[69] Fluid and solid COMSOL COMSOL framework

[70] Fluid Gleeble Gleeble frameworkMechanical Gleeble

[71] Fluid FLUENT ManualNumerical Particle Flow Code

[72]
Solid ANSYS

UDF library imported into ANSYSFluid FLUENT
Dynamic EDEM

[73] Fluid FLUENT UDF library imported into ANSYSSolid EDEM

[74] Solid Pro ENGINEER Imported using ANSYS pluginFluid FLUENT

[75] Fluid FLUENT UDF library imported into ANSYSSolid EDEM

[76] Fluid FLUENT Imported using MpCCI toolsetSolid MATLAB

[64] Fluid FLUENT ManualEnergy TRNSYS

[77] Fluid FLUENT UDF library imported into ANSYSEngine GT-Power

[78] Fluid FrontFlow/Blue ManualNumerical VSI Fortran

[29] Fluid AMPERES AMPERES-IPS FrameworkElectrochemical IPS

[30] Fluid FLUENT APECS FrameworkChemical Aspen Plus

Table 3.2 shows that CFD simulations are widely combined with other domains such as solid (Computer-
Aided Design for creating 2D or 3D virtual representations of real-world products), energy, numerical,
building, and more. The diversity of domain combinations and integration methods in Table 3.2 is a
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result of the complexity of the field of co-simulation. We present the different software to handle the
integration of the unitary simulations from different domains, manual implementations, and the use of
import/export tools to combine the simulations. The different methods highlight the methodological
significance of the interoperability of the simulations, which is correlated with the software compatibility
and the domains in question.

3.3.2 Interoperability within co-simulation

Interoperability, as described in [79], exists in six levels that go from low integrability to full conceptual
interoperability: no compatibility, technical, syntactic, semantic, pragmatic, dynamic, and conceptual.
For more details on the interoperability levels, see [25]. The interoperability concept has increased its
relevance in the simulation fields to offer compatibility between software from different domains; in [80],
the use of common standards is considered the best possible answer to integration and interoperability
problems in co-simulation. The interoperability handles the interaction of two or more models created in
different software without losing capabilities. To evaluate the current literature environment regarding
co-simulation interoperability (sub-systems interaction), we identified 3 approaches within the literature
reviewed, i.e., manual implementations, collaborating standards, and a co-simulation framework.

Manual implementations

This methodology covers applications in which the user manages the information transfer between
the various simulation software programs, handling all aspects of the interoperability of the simulations
[42, 81, 71, 82, 64, 78]. This implementation strategy solves the software interoperability issue for the
specific study instance but does not offer a generic solution that can be applied to other comparable
projects in the future, making it an ad hoc solution. Specific examples of manual implementations
coupling using high-level programming languages to set up the co-simulation, such as ActiveX [83],
Verilog [54], C++ [84], and communication protocols like Memory Mapped Files [85], or TCP/IP and
DNP3 [86, 53, 87, 88].

The presence of manual implementations in the literature highlights the benefits of a fully manual
interface between simulations, including control over the coupling mechanism in terms of input/output
formats and event coordination. However, it also highlights the drawbacks of an ad hoc solution to the
interoperability problem, which includes providing a scheduling algorithm and solving the information
coherence, as well as the method’s lack of reproducibility, which is of greater concern for the next two
categories.

Collaborating Standards

This strategy is used by software companies to offer compatibility with other software that could
improve the performance of a simulation. We identified two categories of collaboration standards: those
that allow simulations to be imported in a standard format and those that offer software extensions
such as toolboxes, plugins, and APIs. The collaboration approach follows the principles of the black-box
approach as defined in 11, that is, software blocks that communicate with external software using a
defined interface. A first type of collaboration involves simulation software that offers services to enable
compatibility with other software, such as:

• SIMULINK plugin to include external software models [38, 89, 76, 90, 91].

• SIMAT interface, used to couple the SIMPACK and MATLAB models [92].

• TRNSYS library to include TRNFLOW models [66].

• ADAMS plugin to execute EDEM multi-model [93].

• CORBA-interface between MATLAB (master) and ANSYS (slave) [58].

• FEM package from COMSOL [94, 4].
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• Python library to run MATLAB and OpenDSS [95].

• MATLAB feature to run MODFLOW models [96].

• ANSYS workbench tool to import Pro ENGINEER 3D design model [74].

• TRNYS library to couple a TRNYS model with MATLAB model [65].

• RecurDyn to include EDEM models [44].

• FLUENT plugin to import SolidWorks model [43].

• GT-power model toolbox to connect with MATLAB/Simulink [97].

These tools are an extension of the main software capabilities to provide a link with external soft-
ware that handles the interoperability of the simulations. The second type of collaboration consists of
simulation software that provides the capability of importing models created in external software using
a standard format. In the literature, we find examples of domain-specific standards formats such as
CAD files for 3D and 2D physical models [41, 43, 46], Materials Property Data exchange (.matml) [98],
circuit simulation import using a Touchstone file standard [99] or the s-parameter format [100, 101]; we
also find examples of non domain-specific formats like UDF libraries (.dll) [72, 73, 75, 102, 103, 104, 77],
XML format [105], ASCII Files [106], and the Functional Mock-up Interface (FMI) standard [107] that
generates “.fmu” files from any domain [52, 60, 62, 63, 80, 67].

The existence of multiple exportation standard applications and software compatibility tools is proof
of the usefulness of co-simulation software. An interesting example is the exporting standard Functional
Mock-up Interface (FMI).

Definition 21. (Functional Mock-up Interface Standard.) The FMI standard is a free standard that
defines a container and an interface to exchange dynamic simulation models using a combination of
XML files, binaries, and C code [107].

FMI is supported by 250+ tools and maintained as a Modelica Association Project [107]. The fact that
the FMI standard is supported by many simulation software shows the relevance of this standard in the
co-simulation-based optimization, especially if we consider that we found 17 programs that are both men-
tioned in the FMI website [107] and used in the applications from this state-of-the-art review. These pro-
grams are Dymola [108], Forge [109], Abaqus [110], Adams [111], CarSim [112], MATLAB/Simulink [113],
EnergyPlus [114], Fluent [115], GT-Power [116], LS-DYNA [117], ModeFrontier [118], Model.CONNECT
[119], RecurDyn [120], Amesim [121], Flomaster [122], SimPack [123], and TRNSYS [124].

Examples that we found include the Model.CONNECT [125, 119] software, which provides an easy-
to-use interface for simulation model coupling and focuses on the configuration of the interaction of the
models, while the definition of the individual models is imported from external software; other examples
include OpenModelica [126], Simulink [113] and Adams [111] software, which combines native simulation
capabilities with importation methods to combine simulations in a shared environment; this shared
environment concept is especially exploited in the next category.

Software Frameworks

Definition 22. (Software Framework.) Software frameworks are a form of software reuse that primarily
promotes the reuse of entire architectures within a narrowly defined application domain. They propose
an architecture that is optimized for all applications within this domain and makes its reuse across appli-
cations in the domain possible [127].

The use of a software framework in co-simulation means the use of an architectures that encapsulate
several domain-specific simulation software to coexist in one shared environment. This approach is not
opposed to the previous exporting standards approach; on the contrary, it can use standards to expand its
reach. The objective of these frameworks is to offer a platform to develop multi-disciplinary simulations
that can be coupled easily. This approach establishes a standard for the coupling mechanisms, which
means that the interoperability is automated within the framework, that is, the user does not need
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Table 3.3: Co-simulation software in the literature.

Framework name Domain covered Used in Proposed by

EXPPO Cyber-Physical Systems [128] Article [128]
HELICS Multi-domain [129] Article [130]
MATLAB Multi-domain [125] Software product [131]
EV-EcoSim Electric vehicule [132] Article [132]
ANSYS Multi-domain [133, 134, 135, 136, 137, 138] Software product [139]
MODUS Hardware/Software [140, 141] Article [141]
COMSOL Multiphysics [37, 57, 69] Software product [142]
Cadence Thermo-electric [143] Software product [144]
Amperes-IPS 3D Magnetic [145] [29] Article [29]
GUSMA Vehicle design [56] Article [56]
COSMO Mobility [146, 147, 148, 3] Article [149]
EPPY Building design [61] Article [61]
LabView Aerial vehicle design [150] Software product [151]
Rhino Building design [59] Software product [152]
ADS Circuit design [153, 154] Software product [155]
Gleeble Thermomechanical [70] Software product [156]
COSCO Fog computing [39] Article [39]
APECS Fossil energy [30] Software product [157]
Not-named Bio-fabrication [158] Software product [159]
Not named Photonic and electronic [160] Software product [161]
Not named Multi-domain [162] Article [162]
Not named ROS-based [163] [55] Article [164]
Not named OPAL-RT-based [165] [166] Article [166]
Not named Robotics [167] Article [167]

to intervene further to ensure interoperability (for reference, in the manual implementation category,
the user had to handle the entirety of the interoperability effort, and for the collaborating standards
category, the user effort is reduced to following the existing collaborating standard process to ensure
the interoperability, for example, installing a plugin into a software to import another software models).
The advantage of co-simulation frameworks (also referred to as platform, environment, or architecture)
is that they encourage reusability as they offer a set of tools to continue developing co-simulations for
future researchers, which, at the same time, contributes to the validation of the framework. The examples
found in the literature are presented in Table 3.3, where we classify each framework based on the domain
covered, the articles that use the framework, and the source proposing the framework, which comes from
published articles describing the characteristics of the framework or a software product offered in the
market.

Table 3.3 shows that there are already 25 co-simulation frameworks available in the literature, each
with a different target domain. The benefit of a framework over an ad hoc application is that its results
serve as an incentive for the domain to continue working on the issue with the same framework in the
future, thereby facilitating and encouraging progress. The table contains two cases of software that have
already been used in four more applications in the literature sample database:

• ANSYS [139], an Engineering simulation software package used as a multi-domain co-simulation
tool in six of the articles from the database.

• The CO-SiMulation Optimization (COSMO) [149], a layer-based architecture for the co-simulation
of mobility problems, with four applications in the database articles.

This reproducibility demonstrates the value of a framework, as each iteration benefits from the co-
simulation features and validates the utility of the architecture. The framework category is the most
robust of the three categories this section defines, since it provides a common environment for user-
friendly coupling mechanisms, opens the door for further applications following the same structure, and
works towards an abstract method to perform co-simulation.
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3.3.3 Challenges

In this section, we presented an analysis of the literature sample on integrating multiple domains
into a co-simulation. This analysis shows the increasing presence of collaboration and frameworks in
co-simulation software (Tables 3.2 and 3.3). These strategies use general patterns to couple two or more
simulations that can belong to different domains.

Definition 23. (Extensibility.) A framework is extensible when it can be easily extended to support new
kinds of units with new kinds of capabilities [7].

The co-simulation state-of-the-art [7] described extensibility (Defined in 23) as a key challenge for the
co-simulation field. We find co-simulation frameworks such as APECS [30], Helics [129], and GUSMA
[56] as examples of frameworks that include extensibility advantages. These frameworks integrate simu-
lation tools supporting the import of external models and enabling the development of new compatibility
modules for other software using high-level programming languages.

Therefore, we consider extensibility as a key challenge of the co-simulation software. A framework with
extensibility can handle heterogeneous co-simulation, which is already found in co-simulation frameworks
present in the literature; however, these frameworks lack domain flexibility.

3.3.4 Conclusions

There is remarkable progress in the field of co-simulation; we compare the conclusions of the state-
of-the-art article on co-simulation from 2018 [7]. First, by 2018, the large majority of applications
used ad hoc couplings between simulators, which now (at least for the co-simulation-based optimization
share) is mostly dominated by import standards and co-simulation frameworks. Second, the challenges
for co-simulations were many, but two specific mentions are already discussed in this section: modular
coupling and finding standards for heterogeneous co-simulation. Third, Gomes et al. assert that the main
conclusion of the review is that there is a lack of research into the modular, stable, and accurate coupling
of simulators, which is now an important concern of software developers, as shown by the amount of
co-simulation software available. The next step for the co-simulation technique that provides complex
system abstractions is to offer complex insights into the system. This is the objective of implementing
optimization as a general combined technique; this combination offers to explore, study, and improve
complex systems.

Some of the strategies found in this section for coupling simulations are treating each simulation as
a black-box as defined in 14. The idea is that by using tools like a plugin, toolbox, library, or exporting
standards, a model can be included in a different software to be coupled with other models. This makes
the black-box approach an appealing structure for a co-simulation architecture.

3.4 Optimization analysis

In this section, we present a review of the optimization methods used in co-simulation-based opti-
mization (Section 3.4.1) and analyze the interaction strategies between co-simulation and optimization
(Section 3.4.2) to understand the nature of the interaction illustrated in Figure 2.13. An overview of
the methodologies and interactions in this field helps identify promising approaches for working with
co-simulation-based optimization, which benefits both software companies and users.

As described in Section 2.4.2, the interface between the co-simulation and the optimization method can
be understood using the black-box approach. The goal of this analysis is to understand the optimization
strategies and interfaces used to combine optimization and co-simulation in the literature. To achieve
this, we reviewed the database sample (Table 3.5).

3.4.1 Optimization methods in the literature

The optimization methodology uses a model to test and find improvements in the system by tuning the
structure or parameters, which can lead to an optimal or pseudo-optimal performance configuration. This
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Figure 3.4: Optimization categories and specific methodologies used in the sample database (the number
of articles using each method is included in red in parentheses, see table 3.5) and 3.6).

makes the process less expensive than testing on a deployed system. To understand how the optimization
methodologies are being implemented in the co-simulation field, we analyze the optimization types present
in the literature sample, which follows the tree structure abstracted in Figure 3.4.

From the main parametric/control optimization classification (discussed in subsection 2.3.2), we found
several examples in the documents reviewed; however, there are additional sub-categories that provide
more information about the characteristics of each optimization method used in the literature. The
classification depends on the problem’s nature as well as the approach taken to solve it [10] 1. Now, we
briefly describe each category and optimization method in Figure 3.4, including articles from the sample
database that use each method (see Table A.1 for abbreviations).

In the parametric optimization category, we find approaches that aim to reduce the solution search
space to a relatively small size (most of the time under 20 scenarios [10]) using intuitive or mathematical
tools, to be later confronted against each other with an objective function. An example of this approach
is Ranking and selection.

Definition 24. (Ranking and selection optimization method.) Method designed to select the best solution
among a set of competing candidates [10]. In simulation-based optimization, we refer to ranking and
selection as the process of defining a limited number of possible simulation configuration candidates and
selecting the best candidate based on a particular objective function.

The ranking and selection method is the most used in the literature (with 43 of the 96 articles in this
category, see Table 3.5), with two additional cases of particular ranking and selection post-processing
techniques, namely, Pareto Frontier [76] and GDO [74]. Sensitivity analysis is another approach that
reduces the search space by performing a mathematical treatment of the available data, like in [137] and
a more specific method of sensitivity analysis, like RSM in [71].

The algorithmic approach to parametric optimization follows a specific set of steps to find an optimal
or near-optimal result while avoiding exploring the search space. The linear (e.g., IPOPT, SNOPT [37])

1The Figure 3.4 classification is not exhaustive regarding existing optimization methods, but it is exhaustive regarding
the 96 articles reviewed in the sample literature database.
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and non-linear (e.g, simplex [166] and LWM [103]) algorithms depend on the assumption that we know
the tendency of the solution.

In contrast, for other algorithms that deal with unknown tendencies, the meta-heuristic approach can
offer interesting algorithms that employ distinct features to advance from one system’s performance to a
better one until a stopping criterion is satisfied. These methods are shown in Figure 3.4, and we link, in
the next paragraph, each algorithm with the articles from the database.

We find in the literature sample database meta-heuristic methods using adaptive algorithms such
as Particle Swarm Optimization (PSO) [133, 89, 4, 96, 150, 66, 91], also evolutionary algorithms [55]
such as Fruit-Fly optimization algorithm (FOA) [134] (both part of the swarm intelligence approach),
constrained multi-objective evolutionary algorithm with multiple stages (CMOEA-MS) [69], Covariance
matrix adaptation evolution strategy (CMA-ES) [46], Differential Evolution Algorithm (DEA) [160], ge-
netic algorithms [158, 132, 94, 95, 63, 65, 80, 83] including the variation NSGA-II [38]. We also have
gradient-based algorithms like GOBI [39] and Block Coordinate Descent (BCD) [129], methods that ap-
proximate behavior to mathematical functions like Constrained Optimization By Linear Approximation
(COBYLA) [162] and Radial Basis Function Optimization (RBFOpt) [59], methods that use Neigh-
borhood search strategies like Non-Dominated Neighborhood Immune Algorithm (NNIA) [41] and Tabu
Search (TS) [84], and finally other approaches like Artificial Neural Networks (ANN)[153], and FFD/BFD
[128].

Compared to parametric optimization, the number of control optimization problems using co-simulation
in the literature is quite small (14 of the 96 documents). In control optimization, due to the dynamic
nature of the system, the solutions are mostly focused on dynamic or mathematical programming [10],
which explains the dominance of meta-heuristics found in the literature. We found studies that imple-
ment meta-heuristics [148, 147, 3, 86] to optimize dynamic systems with techniques such as surrogate
optimization [100, 154, 101], Model Predictive Control (MPC) [61, 60], Volt-var optimization (VVO)
[87, 88, 104, 53], and EXTREMUM-SEEKING (E-S) [67]. The difference between the number of para-
metric and control optimization applications in the co-simulation-based optimization field shows that
currently, the parametric methods are more relevant and require emphasis in the research efforts for
co-simulation-based optimization tools.

The literature contains a variety of algorithms that demonstrate the wide range of optimization tech-
niques that may be applied in a co-simulation scenario. These techniques involve modifying parameters
or control strategies to explore the search space for optimal performance. Regardless of the approach,
the interaction between co-simulation and optimization is crucial for comprehending the conceptual re-
lationship between these elements. To investigate this further, we conduct an interoperability analysis
similar to the one conducted for co-simulation interoperability in order to identify the features of this
collaboration.

3.4.2 Optimization and co-simulation interoperability

As discussed in Section 3.3.3, an analysis of the software used to develop the implementations in the
literature gives the opportunity to study the characteristics of the interface between components. In
the previous section (Section 3.3.2), we discussed the three approaches used to handle the multi-domain
interoperability within the co-simulation; now, we do the same analysis focused on the interoperability
between co-simulation and optimization. To understand how the collaboration of co-simulation and
optimization is enabled, we review the sample database of articles to find the interoperability management
strategies in the literature.

Simulation-based optimization

The first category covers the cases where the optimization strategy used consists of the definition of
a few scenarios to be tested, from which the optimal scenario is searched. For this optimization strategy,
the co-simulation interacts with the user who decides on the scenarios to test, which means there is
no explicit software involved in the optimization process. We find 38 articles in the database of this
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review that used this Ranking and Selection optimization methodology (also known as simulation-based
optimization [10]) without using any optimization software (see table 3.5). The strategy of this method
is to reduce the search space as much as possible to have a reasonable number of scenarios to co-simulate,
compare, and select the optimal.

There is one particular case in the database, in [103], where the co-simulation was used to define
the constraints of the optimization problem, and the optimization process (Linear Weighted Method)
was performed manually by the researcher. We decided to fit this strategy in this category, as it uses
the co-simulation to explore the behavior of the system (in this case, to obtain the constraints), and
then it uses these insights to perform the optimization (solving the mathematical model created with the
constraints).

Software collaboration

The second category refers to the cases where two or more different software environments were
combined to achieve the co-simulation-based optimization process. In this category, we see the presence of
the black-box optimization approach (Definition 13), which consists of the separation of the co-simulation
and the optimization process as two independent elements to be connected (in this case, two separate
software interacting). We divide this category into three sub-categories, which differ in the way that the
software is connected.

The subcategories are the case where the interaction is performed by the user (noted in Table 3.4 as
user-managed), where the interaction is automatized using a coding language, where integration tools are
exploited to connect the components (these tools can be APIs, Plugins, Exporting standards, or coding
libraries), and where a black-box optimization software is used. All cases are classified in Table 3.4, where
we can see the co-simulation software, the optimization software, and the method used to integrate these
components.

The first sub-category is the user-managed interface, which refers to the cases where the researcher
takes the outputs of the co-simulation software and provides the data as input to the optimization software
by personally assigning the input/output files [100, 101, 81, 88, 87, 96].

The second sub-category is the coded interface that automatizes the interactions by using a high-
level language such as C++ [84, 104], ActiveX [83], or Python [162, 61, 95, 160, 60, 63, 129]. The
difference between the first and second sub-categories is that the coded interface can be reused in further
co-simulation-based optimization applications.

The third sub-category uses existing tools to handle interoperability; that is, an additional (and often
optional) tool from the co-simulation software offers a link to an external optimization software (bringing
the optimization method into the co-simulation environment). In this sub-category, we find libraries,
Plugins, APIs, and Exporting standards. For libraries, we identify that the TRNSYS library is used
to include MATLAB modules [65, 66], and the Python library MicroGP is employed for encapsulating
third-party software [158], the Datalink library for the Programming interface protocol (ADS protocol
to connect the ADS environment with Python [153]). For Plugins we identify the MATLAB plugin to
include FLUENT/ANSYS model [38], ANSYS aaS MATLAB Toolbox to communicate MATLAB with
ANSYS [133], MATLAB using a DNP3 client software to communicate with the co-simulation in OPAL-
RT [53], the MATLAB toolbox YALMIP for optimization modeling [166], the Simcoupler plugin from the
PSIM software to connect moduls of PSIM with MATLAB [91], the MATLAB support package for FPGA
hardware [89], GT-SUITE plugin of MATLAB to program models in GT-POWER [97], ADAMS control
module to interface MATLAB with ADAMS [90]. For the export standards, we identify the CarSIM
exporting tool for Simulink [67], the SolidWorks exporting tool to ADAMS [46]. For APIs, we identify
the LiveLink API used as an interface between COMSOL and MATLAB [69, 94].

Finally, the fourth sub-category follows the inverse dynamic from the third category; that is, the co-
simulation component is brought into the optimization environment. This is composed of three black-box
optimization (as described in Definition 11) tools specially designed to import simulation models to be
coupled with optimization algorithms that iteratively test co-simulation configurations to find an optimal
scenario. The black-box optimization software found in the literature is GenOpt [4], OptiY [86], and
modeFRONTIER [76, 80].
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Table 3.4: Methods of interoperability between co-simulation and optimization software found in the
literature (Software references in Table B.1).

Co-simulation software Optimization software Interface method Ref

AnnAGNPS C++ Coded in C++ [84]
EMTP-RV C++ Coded in C++ [104]
ADS FEKO User-managed [100, 101]
Matlab GenOpt Black-box Optimization software [4]
SWAT Lingo User-managed [81]
ANSYS MATLAB Plugin [38, 133]
CarSim MATLAB Exporting standards [67]
COMSOL MATLAB API [69, 94]
EnergyPlus MATLAB Coded in Python [61]
OPAL-RT MATLAB Plugin [53, 166]
OpenDSS MATLAB Coded in Python [95]
PSIM MATLAB Plugin [91]
RSCAD MATLAB User-managed [87, 88]
Solcore (python) MATLAB Coded in Python [160]
Solidworks, ADAMS MATLAB Exporting standards [46]
SPEED MATLAB Coded in ActiveX [83]
SWAT MATLAB User-managed [96]
TRNSYS MATLAB Library [65, 66]
Xilinx MATLAB Plugin [89]
Python MicroGP library Library [158]
ANSYS modeFRONTIER Black-box Optimization software [76]
OpenModelica modeFRONTIER Black-box Optimization software [80]
SimulationX, LS-DYNA OptiY Black-box Optimization software [86]
ADS Python Library [153]
Aspen plus Python Coded in Python [162]
EnergyPlus Python Coded in Python [60, 63]
HELICS Python Coded in Python [129]
GT-Power Simulink Plugin [97]
Solidworks, ADAMS Simulink Plugin [90]

The difference between the sub-categories is the degree to which the interoperability is already de-
veloped, or requires the user to develop it. To be specific, the first sub-category (user-managed) has
no existing interoperability; it requires that the user perform the interoperability interface and imple-
ment it. The second sub-category (coded interface) has no existing interoperability either; it requires the
user to develop and implement the interoperability interface in a reusable (automatic) way. The third
sub-category (Plugin, library, API, and Exporting standard) has an existing interoperability automated
interface; it requires the user to implement it and use it to bring the optimization tool to the co-simulation
environment. The fourth sub-category (black-box optimization software) has an interoperability auto-
mated interface, which requires the user to use it to import the co-simulation model into the optimization
environment.

Co-simulation-based optimization frameworks

The third and last category is the most robust of the approaches, as it aims to incorporate all aspects
of the process into a single software framework (the interface is already automated and implemented in
a shared software environment, so it requires no interoperability effort from the user). A software envi-
ronment that fully supports the co-simulation-based optimization process is a great tool for researchers
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to study and understand complex systems insightfully, with a reliable complex virtual representation
and several optimization methods available to be implemented into the model effortlessly, which is a big
opportunity for upcoming studies. The big-picture approach of the framework methodology provides an
environment that encourages multidisciplinary collaboration and reusability. In the literature, we found a
total of 11 co-simulation-based optimization frameworks that are specially designed for a domain-specific
research problem, there are the electronic framework offered by ADS [155] used in [154], the process
engineering dedicated framework APECS [157] used in [30], the multiphysics framework COMSOL [142]
used in [37], the fog computing framework COSCO proposed in [39], the mobility framework COSMO
proposed in [149] and used in [148, 147, 3], the physics framework DAKOTA-IPS [168, 169] proposed
in [29], the electric vehicle power framework EV-ECOSim proposed in [132], the mathematical-based
framework MATLAB [131] used in [55], the hardware and software (H/S) framework MODUS used in
[141, 140], the Cyber-physical Systems framework EXPPO proposed in [128], and the Computer-aided
Design framework Rhino 3D [152] used in [59].

The frameworks presented propose a generalization of the co-simulation-based optimization approach
to propose an environment for a specific domain. Even more general frameworks are found in the literature
that aim to use the same approach to cover multidisciplinary domains in general. The frameworks found
present a software environment with the purpose of total simulation integration for design, manufacturing,
and engineering problems. It offers a wide variety of domain-specific modules to create simulations that
share the same environment for maximum interoperability, such as ANSYS [139] (used in [41, 71, 74, 137]),
Isight [170] (used in [134]), and LabVIEW [151] (used in [150]).

We bring to attention the black-box optimization approach discussed in 2.3.3, which, as defined in
13, is relevant in optimization problems where the structure of the objective function and/or constraints
is unknown, unexploitable, or nonexistent. In the literature database reviewed, the optimization method
is used to improve the performance of a co-simulation based on defined indicators, but the calculation of
the indicators directly relies on the execution of the co-simulation. This means that the implementations
of co-simulation-based optimization reviewed fit within the black-box optimization approach structure.

3.4.3 Challenges

We summarize the main challenge as How to combine co-simulation with optimization in a general
manner?. In chapter 2, we talked about a general definition and components of co-simulation, the types
of optimization, and the black-box approach as an abstraction tool capable of conceptually combining
co-simulation and optimization. We then conducted a literature review on this chapter to examine the
existing applications and frameworks proposed, identifying design patterns.

In the literature, almost half of the cases (47 out of 96) choose to diminish the scenario amount to
perform the analysis over a controlled number of co-simulations to find the optimal (sensitivity analysis,
ranking & selection). The other half of the cases (44 out of 96) use meta-heuristics to find a near-optimal
solution, as each optimization method employs different approaches, each with varied interoperability
strategies (e.g., code, plugin, library, optimization framework, import/export models) to connect the
optimization strategy and the co-simulation. There is a challenge to propose a generalized structure for
co-simulation-based optimization that ensures interoperability of different optimization strategies.

The software variety shown in this section highlights extensibility as a relevant feature; extensibility
was already mentioned in the multidisciplinary analysis as a key challenge (subsection 3.3.3) of the co-
simulation field; however, the same motivation behind this importance is found in the co-simulation-based
optimization field.

In Table 3.4, we see a landscape of the strategies used to combine co-simulation software with opti-
mization software. Interestingly, most of the strategies treat both components as separate modules to
be coupled, a compatible perspective with the black-box approach. This is a relevant emergent pattern,
as we can determine that a challenge for any co-simulation-based optimization framework is to achieve a
modular/black-box structure separating co-simulation from optimization, which will offer the advantage
of replacing each module without affecting the other modules.

To summarize, the architectural patterns that are particularly relevant to handling the co-simulation
optimization relation are extensibility and modularity.
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3.4.4 Conclusions
We find in the literature some proposals that contribute to the field with ideas like cross-company

collaboration [131, 142], domain-specific frameworks combining specialized software with optimization
tools [39, 157, 149, 155, 132, 29, 140, 152, 128], multi-disciplinary sub-systems simulations in a common
environment [139, 170, 151], and conceptual frameworks using a modular architecture with black-box
optimization [171, 4, 118, 76, 80, 172, 86]. The many optimization categories and techniques found in
the literature showed the wide variety of optimization possibilities available. This shows the complexity
of deciding which optimization methodology to utilize; this is a reference to the “No free lunch theorem”.

Definition 25. (No free lunch theorem.) In the optimization field, the No Free Lunch theorem establishes
that for any optimization algorithm, any elevated performance over one type of problem is offset by
performance over another type [173].

We highlight the importance of extensibility and the black-box approach as an adaptive strategy
for implementations, as it offers flexibility in the integration of external simulations and optimization
methods.

3.5 State-of-the-art synthesis

3.5.1 Literature classification
The effort of reviewing the publications database of publications using co-simulation-based optimiza-

tion resulted in the identification of patterns in the methodologies followed. The different patterns are
refined into classifications that highlight important differences between the applications. The totality of
the classification is seen in Table 3.5, where we classify the 96 documents found using the equation 3.1.
Each row contains a document, and the columns are defined as follows:

• Construction approach used to develop the co-simulation, the approaches are presented in subsec-
tion 3.2.2.

• Simulation domains present in the co-simulation, as discussed in subsection 3.3.1, each co-simulation
is combining two or more models, these models are defined from the perspective of a scientific
domain. In this column, we mention the domains included in the co-simulation.

• The simulation software used to create each of the models from the co-simulation, the way that the
different simulations are integrated is described in subsection 3.3.2.

• Optimization method as shown in Figure 3.4.

• Optimization software as discussed in subsection 3.4.2.

Table 3.5 uses the following notations:

• Non*: Numerical simulation or system analysis where the author does not mention any software
involved in the process.

• Non**: Manual numerical optimization.

• Not Mentioned*: The authors only mention they used “a commercial 3D EM simulator”.

• The optimization methods notation description can be found in Table A.1.

• The software mentioned in the classification is briefly described and referenced in Table B.1.

The compilation of the 96 articles into one table serves to showcase the diversity in terms of domains,
optimization methods, and software that was found in the literature. This big-picture view of the method
under study makes clear the relevance of co-simulation-based optimization to deal with multi-disciplinary
optimization problems.
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3.5.2 Recurrent architectural patterns

We examine framework examples found in the literature to determine some key architectural patterns
that we found recurrent and useful for the implementation of co-simulation-based optimization. For
this, we start with the CO-SiMulation Optimization (COSMO) approach proposed in [149] and used to
optimize control problems on mobility problems (in [3] for multi-modal freight routing, in [147] for dy-
namic multi-modal freight routing, and in [148] for traffic light control with truck priority). The COSMO
approach is shown in Figure 3.5, which presents a layer-based architecture that offers the identification
of the main components of the process while encouraging the handling of each layer within a dedicated
environment (modularity similar to the black-box approach). Another interesting characteristic of the

Figure 3.5: Key elements extraction of the COSMO application framework representation (adapted from
[3]).

COSMO approach is the domain flexibility, defined as:

Definition 26. (Domain flexibility in co-simulation-based optimization frameworks.) A software frame-
work is domain flexible when the general approach of the framework enables diverse domains to apply the
framework indiscriminately.

The domain flexibility of COSMO is proven by the four applications of the framework in [3, 147, 148].
Despite the multiple applications, the framework’s flexibility is still considered mid-range, as it only covers
mobility-related applications that want to improve the performance of a vehicle network. This constraint
is what makes the framework discipline-dependent.

The last interesting characteristic of the COSMO approach is the way the interaction between the
co-simulation and optimization layers is handled. As seen in Figure 3.5, this intermediate layer between
the co-simulation and optimization layers is responsible for the translation of the information between
each other in a loop-like information flow that allows the iterative process to be maintained until an
optimal value is found. Using this, we define an interface component as:

Definition 27. (Interface component.) The component concentrates the configuration of the interaction
between two or more components. It is intended to simplify the compatibility between the elements by
generalizing the structure of the interaction.

We examined the structure of another framework proposed in [4] for the multi-domain (thermal and
acoustic) optimization of nearly zero energy buildings. The proposed framework is shown in Figure 3.6a,
and the key elements are extracted in Figure 3.6b. In this framework, we see again characteristics such
as a separation in components (black-box approach) and the interface components from Definition 27
(seen in Figure 3.6b). However, we see a new element in the scheme, which is the pre-processing, which
is defined as:
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Definition 28. (Pre-processing in a co-simulation-based optimization framework.) The information that
must be provided beforehand for the co-simulation and optimization processes to start.

(a)

(b)

Figure 3.6: (a) Optimization framework for a co-simulation in the energy building field (taken from [4])
(b) Key elements extraction of the framework proposed by [4]

Table 3.7 contains a compilation of frameworks from the state-of-the-art, where we identify the archi-
tectural patterns present. The modularity column shows if the framework presents a separation between
co-simulation and optimization (black-box approach from Definition 11). The flexibility column evaluates
each framework in terms of the domain flexibility (Definition 26), which relates to the amount of different
applications found in the literature (each article contains one application of the framework, except for
the case of [76] where there are four applications in the same article). The domain column shows the
discipline in which the framework is defined and by which the framework is constrained. The interface
column shows the presence of a component between co-simulation and optimization to handle the com-
munication (defined in 27). The pre-processing column shows whether the framework structure includes
a stage in the framework to handle the pre-defined information required to execute the optimization
process (Definition 28).

3.5.3 Discussion
The path followed to review the topic of co-simulation-based optimization started with the consoli-

dation of a sample database of 96 articles using the equation 3.1 to find articles in the literature that
combine co-simulation with optimization, and then we performed a study endeavor consisting of analyzing
the articles from different points of view, general, multidisciplinary, and optimization.

We discussed the presence of different methodologies similar to co-simulation-based optimization under
different names like coupled simulation, nested simultaneous design, multidisciplinary design optimiza-
tion, resilience optimization, and distributed multi-agent coordination. The variety of names found in the
literature makes the reviewing process complex; for this reason, we decided to establish a representative
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Table 3.7: Characterization of the co-simulation-based optimization frameworks found in the literature
by key elements. (ND* = The characteristic is Not Detailed in the description of the framework.)

Article Modularity Flexibility Domain Interface Pre-processing

[3, 147, 148] Yes mid-range Mobility Yes ND*
[4] Yes ND* Energy No Yes
[95] Yes ND* Electric Yes ND*
[63] Yes ND* Buildings Yes ND*
[59] Yes ND* Buildings ND* ND*
[150] Yes ND* Vehicle design ND* ND*
[65] Yes ND* Buildings Yes ND*
[76] Yes Mid-range Flexible wings design ND* ND*
[87, 88] Yes Short-range Smart grid Yes ND*
[67] Yes ND* Cruise control ND* ND*
[66] Yes ND* Buildings ND* Yes
[91] Yes ND* Control system ND* ND*
[97] Yes ND* Engine control ND* ND*

sample of the methodology by compiling uses of co-simulation, cosimulation, and coupled simulation.
Therefore, we propose using co-simulation-based optimization as an unifying name for the methodology
described in this thesis in future applications.

From the general analysis of the literature in section 3.2, we see that the involvement of several
domains in a co-simulation-based optimization problem is a relevant and increasing situation in the field.
We also identified a new co-simulation construction process (top-down and bottom-up approaches) and
the subsequent conceptual compatibility with optimization using the black-box approach. This approach
is supported by the fact that the implementations are already using modularity to build an architecture
that handles co-simulation-based optimization.

In section 3.3 we performed a multidisciplinary analysis of the database that showed the wide variety
of domains cooperating in co-simulations, many domain-specific software are used for each sub-system,
which then need to interact with the others. This led us to study the interoperability of co-simulations,
as it is a key factor in the performance of a complex system representation. The presence of many
manual implementations shows the importance of the proposal of collaborative standards and software
frameworks to simplify the implementation of co-simulation.

Then, in section 3.4, we performed an analysis of the database from the point of view of optimiza-
tion that showed characteristics similar to the multidisciplinary analysis, that is, a wide variety and
interoperability relevance. Furthermore, some robust frameworks found in the literature are starting to
grasp a generalization of the co-simulation-based optimization process to be used in the study of complex
systems. The fact that the implementations are using different ways to connect the co-simulation and
optimization modules proves the importance of the question that Figure 2.13 represents, that is, how can
we define the interface component in a general manner?

Finally, we present Table 3.5, which contains the compiled classification of the entire literature
database using the classifications used throughout this chapter. Additionally, Appendices A and B
complete the information required to understand the classification notation.

3.5.4 Conclusions

The main contribution of this survey, which presents a state-of-the-art review on co-simulation-based
optimization, is to provide an analysis of how co-simulation and optimization are implemented. To do
this, we examine the literature for emerging patterns in proposed strategies to identify a general abstrac-
tion of the methodologies. This abstraction showed that extensibility, export/import standardization,
and frameworks are the main approaches to handling the various disciplines involved in the co-simulation-
based optimization, as well as the various optimization techniques available.
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In the process of developing this state-of-the-art research, we achieved several contributions relevant
to co-simulation-based optimization, one of which is the construction classification for co-simulations
in subsection 3.2.2, which contributes to a better understanding of the modeling process of a complex
system, which helps with the identification of new complex systems that can benefit from the co-simulation
method.

The number of heterogeneous domains participating in this topic showed the relevance and applica-
bility of the co-simulation-based optimization method for understanding and predicting complex systems
while also bringing attention to the way in which the components interact. This means that the collab-
oration of diverse domains implies an effort of interoperability, and based on the analysis done over the
literature, we proposed the classification into three types of interoperability strategies: manual implemen-
tations, software collaboration standards, and frameworks that offer a multi-domain shared environment
for co-simulation.

From an optimization perspective, we found and classified the optimization methods used in the
literature database ( Figure 3.4). This classification allowed us to examine the characteristics of the
interaction between the co-simulation and optimization components to determine the three types of
interoperability strategies that are utilized in the literature to integrate co-simulation and optimization;
that is, manually, by software collaboration, and using co-simulation-based optimization frameworks.

We conclude that the black-box approach is a pertinent concept to study the interoperability between
co-simulation and optimization. This approach can collect co-simulation and optimization into a shared
conceptual environment, which is a reflection of the implementation environments present in the literature.

Another conclusion of the reviewing process of this chapter is linked to the interest in capitalizing on
the many applications by proposing frameworks that offer extensibility, modularity, pre-processing, and
interface handling capabilities that make possible the integration of co-simulation and optimization tools.
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In this chapter, we present the core contribution of this thesis, a general co-simulation-based optimiza-
tion framework that will provide a structured architecture to study and improve a complex system by using
a combination of a virtual representation of the system (co-simulation) and algorithms to optimize the
performance of the system. We first discuss the motivation of the framework proposed (Section 4.1.1),
then the assessment characteristics of the framework in subsection 4.1.2, followed by a description of the
framework (section 4.2) in terms of the components, interactions, and dynamics. We discuss the frame-
work scope and limitations in section 4.3. In section 4.4, we describe the software chosen to perform an
implementation case of the software framework.

4.1 Framework development and assessment

4.1.1 Motivation
The literature review performed in chapter 3 showed that there is a large amount of ad hoc implemen-

tations of co-simulation-based optimization, where we identify some structural patterns that are worth

43
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capitalizing on into one general framework proposal. The number of applications also shows the utility of
general guidelines that can be reused in future implementations. To reconcile the implementation efforts
of the literature, we propose a conceptual general framework; the idea is to avoid the further accumu-
lation of framework structures similar to each other by establishing a general architecture that collects
the lessons learned from existing applications and serves as a template for future implementations of the
methodology.

An exciting approach in the literature is the software framework (defined in 22), which aims to
provide a reusable way to replicate or expand the application of the method. This framework is intended
to formalize and make explicit the reuse of the architectural patterns found in the literature.

The generalization of the framework architecture is characterized by an emphasis on design patterns
in framework design and use [127]. The patterns found in chapter 3 are applied in more than one domain
and more than one application in the literature; these patterns are modularity (definition 11), flexibility
(definition 26), extensibility (definition 23), the interface component (definition 27), and pre-processing
(definition 28).

4.1.2 Development levels

The development of the framework follows the description provided in Table 4.1, where we see the
elements of framework development in contrast with the development of an application. This separation
is important to understand the level of abstraction in which the general framework proposed is positioned,
that is, the first level of the framework development called Abstract interface/ Design pattern. This means
that the general framework intends to describe the abstract interfaces and design patterns to be used as
guidelines for a co-simulation-based optimization framework implementation.

Table 4.1: Duality of concepts between application concept (left-hand column) and framework concepts
(right-hand column). Taken from [127].

Application Development Framework Development

Concrete Object ↔ Abstract Interface/Des. Pattern
The primary unit of design is the concrete ob-
ject: the design process begins by identifying
the concrete objects to be represented in the
application, and they remain the focus of de-
sign efforts.

The primary units of design are the interfaces
and design patterns: the design process begins
by identifying the abstract interfaces and the
design patterns, and they remain the focus of
design efforts.

Subsystem ↔ Framelet
Design complexity is mastered by breaking up
the application into subsystems. A subsystem
is primarily a cluster of related objects.

Design complexity is mastered by breaking up
the application into framelets. A framelet is
primarily a cluster of related abstract inter-
faces and design patterns.

Use Case ↔ Implementation Case
A use case describes a potential usage of the
application. Use cases can be used to specify
the application, to check the application de-
sign, and to describe its usage.

An implementation case describes a potential
usage of the framework. Implementation cases
can be used to specify the framework, to check
the framework design, and to describe its us-
age.

User Requirement ↔ Functionality
A user requirement describes an aspect of an
application and can be mapped to the appli-
cation’s architectural constructs.

A functionality describes an aspect of a frame-
work and can be mapped to the framework’s
architectural constructs.

In Table 4.1, we see that a method to assess the framework is by means of an Implementation case,
which is a particular iteration of the framework to describe the usage. In the same way, the implementation
case can be assessed by means of Use cases. In summary, from Table 4.1, we will focus on the description



4.1. Framework development and assessment 45

of an abstract interface, an implementation case, and use cases for the development and assessment of
the proposal. We decided on three key levels of development that will determine the logic followed in
the description of the framework as follows:

1. First level/architectural level: We refer to the product of this stage as the conceptual general
framework. Here, we describe the abstract interface and design patterns of the framework.

2. Second level/implementation level: In this level, we obtain an implementation case of the
conceptual framework from the first level. This involves the development of a framework imple-
mentation into a software environment.

3. Third level/application level: In this level, we find the use cases developed using the framework
implementation of the second level. This involves the development of a practical application that
makes use of the implementation case to solve a problem and describe the usage of the framework.

To further illustrate the relation between these three levels, we propose example 11, where we define
the development of a printer general framework.

Example 11. (Example of the relation of abstract interface, implementation case, and use case.) Let’s
consider the problem of passing digital images or text onto paper. For this problem, a printer is a possible
solution with many possible structures. However, if we want to propose a general structure of a printer,
we can think about the three levels of development illustrated in Figure 4.1.

1. First level: we describe the general structure and design patterns of a printer. For example, we
decide that a printer requires components such as a paper feed tray, a paper output tray, an ink
cartridge cover structure, and a control panel.

2. Second level: we perform an implementation case of the structure proposed, where we build a printer
using the guidelines from the first level.

3. Third level: we perform use cases to showcase the usage of the implementation case. In this exam-
ple’s context, we use the printer built in level 2 to print different images and text.

4.1.3 Assessment of the framework using levels

The assessment of the co-simulation-based optimization framework is crucial for describing how we
can validate that the proposed framework is achieving its intended purpose. This assessment is performed
from the third level towards the first level as seen in Figure 4.1. The accountability of the framework’s
contribution must be demonstrated to the extent possible in this thesis work. We start in the third level,
that is, the application level, where we develop use cases that pose complex systems to be improved using
the software implementation. The results obtained at this level are limited to the optimization insights
into the complex systems under study.

The assessment of the framework in the second level, that is, the implementation level, consists of
the comparison of the use cases’ performance, which means that we can assess the performance of the
implementation case by analyzing the execution performance of the different use cases. The results of
this level are interesting to argue the advantages of the framework structure of the co-simulation-based
optimization implementation.

Finally, the assessment of the first level, the architectural level, refers to the advantages perceived in
the framework development as a result of following the abstract interface and pattern designs suggested
in the conceptual general framework. The conclusions of this assessment show the importance of the
architectural patterns found in the literature.
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Figure 4.1: Illustration of the difference between the abstract interface, the implementation case, and the
use cases for the framework. Using Example 11 as a reference for the illustrations (own authorship).

4.2 Conceptual General Framework description

In this section, we present the structure of the Conceptual General co-simulation-based optimization
framework, which is the main contribution of this thesis. The framework aims to capitalize on the
findings of the state-of-the-art review on section 3.5. We propose a conceptual framework that integrates
co-simulation and optimization; each component will be described along with the information flow coming
in and out. The structure proposed intends to unite the efforts of researchers using co-simulation-based
optimization by offering a conceptual, domain-independent, and generalized architecture to guide the
implementation process.

The conceptual framework that we present is represented in Figure 4.2, where we compile all the
components and information involved in the co-simulation-based optimization process. Blue squares
represent the main components of the framework, red arrows show the information requirements for the
optimization process to start, and black arrows show the information flow of the optimization process.
We recognize three major components (optimization, interface, and co-simulation).

The framework is represented with a component-based structure as seen in Figure 4.2. We use a
modular/Black-box structure following the tendency of other frameworks (see modularity column in Ta-
ble 3.7). This approach is an appropriate tool to describe the co-simulation-based optimization process
abstractly while maintaining each domain’s particularities. Another relevant detail included in the frame-
work is the identification of the pre-processing information required to launch an optimization process
(right side of Figure 4.2). We identify these elements to point out the key elements to be worked on
during a software framework implementation. We describe each component in terms of the elements that
compose it and the way it exchanges information with others.

4.2.1 Co-simulation component

The first component is co-simulation, which contains the multi-model of the target complex system.
At the bottom of Figure 4.2, the co-simulation component shows the general structure of a co-simulation,
which contains the coupled sub-models that form the multi-model (defined in 6). The co-simulation
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Figure 4.2: Co-simulation-based optimization Framework.

process consists of the execution of the multi-model, where the global system behavior can be measured.
We define the notation of the process associated with the co-simulation component as Cosim(·). The
role of the co-simulation in the framework is defined by its relation with the optimization process; this
interaction focuses on the execution of scenarios of the co-simulation that generate measurements that can
be interpreted as indicators and compared for optimization purposes. This means from the framework’s
perspective, the co-simulation process is defined as:

Cosim(N, Ics) = O⃗cs. (4.1)

where the tuple (N, Ics) contains the scenario description of the co-simulation, and vector O⃗cs contains
the behavior of the indicators, which is the output to be sent to the optimization process. Now, we
explain the general characteristics of these input and output values.

The co-simulation scenario description is embedded into 2 elements, the multi-model structure N ,
and the multi-model parameter values Ics. For the definition of the multi-model structure N , we recall
the same equation mentioned in Definition 10 to highlight the relevant elements for the framework as
follows:

N = ⟨X,Y,D, {Md|d ∈ D}, EIC,EOC, IC, Select⟩. (4.2)

Where each element is already described in Definition 10. For the co-simulation component, we consider
the possibility of varying the multi-model structure as follows:

• The set of DEVS sub-models {Md|d ∈ D}. We can exchange a model d from the set Md that has
the same external structure (i.e., input X and output Y elements) but different internal dynamics.
This variation has the advantage of not affecting any of the other structural elements of the multi-
model (provided the external structure is compatible), making it a very interesting feature of the
co-simulation component to be explored by the optimization.

• It is also possible to consider the variation of the elements EIC, EOC, or IC. However, the
way that this variation would impact the feasibility of the multi-model and the exploration of the
optimization process is not yet clear to us. It requires further analysis.

We therefore define the elements N and Ics as the variable elements of the co-simulation for the
scenario description. The set Ics contains values representing the initial parameters values of the co-
simulation, that is {I1cs, . . . , Ijcs, . . . , Ipcs} where Ijcs is the value of the parameter j which has a domain
Dom(Ijcs) ∈ R with j ∈ {1, 2, . . . , p}.



48 Chapter 4. Co-simulation-based optimization Framework proposal

In the context of the framework, we use the domain definition of the real numbers R to generalize the
interaction as numerical values.

The outgoing flow of information for this component is the co-simulation results, which represent
the behavior of one or more variables of the co-simulation. We define the outputs as a vector O⃗cs that
contains a set of n values representing the behavior of the key variables of the co-simulation, that is
(O1

cs, . . . , O
i
cs, . . . , O

n
cs) where Oi

cs with i ∈ {1, 2, . . . , n}.
The variable types for output values are numerical records obtained from the co-simulation behavior.

Depending on the information that we want to obtain from the co-simulation, we can obtain single
numerical results, time series results, or non-feasible co-simulation reports. The domain of each possibility
is described as:

• The final single value of a variable of the co-simulation, with the domain Dom(Oi
cs) ∈ R.

• A time-series of the variable’s value, considering the co-simulation’s time t ∈ {1, 2, . . . ,m}, then
the domain is Dom(Oi

cs) ∈ Rm, where m is the total time-steps of the co-simulation.

• For the possibility of infeasibility of the co-simulation, the domain is defined as Dom(Oi
cs) ∈ {null}.

4.2.2 Optimization component

The optimization component contains the optimization algorithm, which is chosen based on the neces-
sities and characteristics of the problem. Nonetheless, as mentioned in Section 3.4, various optimization
methods are employed in co-simulations, all following a general strategy of providing a set of parame-
ters or scenarios to test until a specified stopping criterion is met, thereby terminating the process and
providing the chosen optimal result. This component is intended to work with black-box optimization
algorithms (described in Definition 13). We recall Equation 2.3 that represents an optimization problem
as

min or max ObjFunc(X⃗) (4.3)

where ObjFunc(·) represents the objective function to be maximized or minimized. However, we men-
tioned two types of optimization problems (parametric and control) [10]. The first type is the parametric
optimization, where the vector X⃗ from equation 4.3 is defined as a set of q parameters. Each value Xk

with the index k ∈ {1, 2, . . . , q} represents a parameter. The set of parameters is represented by the
vector

X⃗ = (X1, . . . , Xk, . . . , Xq). (4.4)

The second type is control optimization, which handles dynamic systems that change over time. The
objective is to choose a set of actions to move the system along a desirable path [10], for this case, X⃗ in
equation 4.3 is defined as

X⃗ = (µ(1), . . . , µ(k), . . . , µ(|S|) (4.5)

where S denotes the states of the system and |S| the number of states in the system, µ(k) refers to the
action taken in state k.

Black-box optimization

As seen in equation 4.3 the optimization process depend on the calculation of ObjFunc(·) (commonly
referred to as the objective function), however, in the context of co-simulation based optimization, the
calculation of the objective function is bounded to the execution of the co-simulation, this means that
the objective function has no analytical form, but it consists on a function applied to the outputs of the
co-simulation. This approach is the same as the one used to describe the simulation-based optimization
dynamics in Figure 2.10, where we see on the right side the simulation that generates a performance
based on some scenarios passed by the optimization algorithm in the left side.

We use the definition of black-box optimization given in subsection 2.3.3 as the approach to be
implemented in the framework. In black-box optimization, the description of the optimization strategy is
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compiled in the optimization algorithm; for this reason, we can define the general form of the optimization
process by modifying equation 4.3 as

min or max ⃗Iopt (4.6)

where ⃗Iopt is the vector containing indicators obtained from the objective function as (I1opt, . . . , Iropt) where
Iaopt with a ∈ {1, . . . , r} represents the a−indicator. These indicators are numerical values contained in
the domain Dom(Iaopt) = R. Note that in cases where r > 1, the optimization algorithm needs to support
multi-objective optimization problems.

The calculation of the indicators is achieved using the objective function with the results of the
co-simulation, which defines the link between the co-simulation and optimization components as follows:

⃗Iopt = ObjFunc(O⃗cs) (4.7)

using the vector O⃗cs described in equation 4.1. This link between the co-simulation and the optimization
components is delegated to the interface component. It is important to remember the consideration from
black-box optimization about the possibility that the vector ⃗Iopt contains an invalid output (null), which
is managed by flagging the result as +∞ for minimization problems, and −∞ for maximization problems.

Optimization component generalization

The objective of the optimization component is to apply the algorithm to the indicators to obtain the
next scenario to be tested in the co-simulation. This means that the process performed in the optimization
component can be represented as

Algorithm( ⃗Iopt) = Oopt. (4.8)

With the set Oopt = {O1
opt, O

2
opt, . . . , O

s
opt} containing s elements that represent the outputs of the

algorithm that provide the necessary information to describe a co-simulation scenario (see Figure 2.10).
Additionally, we consider the possibility of sub-model variation within the co-simulation as described in
Figure 2.11 as part of the scenario description; however, to maintain the generality of the optimization
component, we maintain all the set Oopt elements as numerical values (we propose the use of natural
numbers as category codes, that is, just as labels, not magnitudes, to refer to the sub-model variants
to be used), the responsibility of translating these values into parameter and/or sub-model variation is
relegated to the interface component. Thus, the domain of the set Oopt is defined as

Dom(Ob
opt) =

{
R, if parameter value
N, if model variant value.

(4.9)

Where b ∈ {1, 2, . . . , s} and Ob
opt represents the value of the b−th element of the scenario description.

Each element represents either a parameter value or a numerical label of the variant sub-model to be
used in the multi-model (the label equivalence must be defined beforehand).

We define the translation process between scenario description Oopt to multi-model and parameter
values (N, Ics) as the setup(·) function. We use the following notation for this process:

Setup(Oopt) = (N, Ics). (4.10)

The product of the setup process is used to generate the multi-model to be co-simulated (Equation 4.1).
However, to maintain the black-box structure proposed in the framework, the optimization component
only handles the algorithm process from Equation 4.8; the remaining responsibility of translation between
components from Equation 4.10 is part of the interface component.

4.2.3 Interface component

The previously described two components are constantly exchanging information, which is mainly
centered in the equations 4.10 and 4.7, where the processes of setup and objective function calculations
are performed. The challenge involved in these two processes is the translation of the information from
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one component to another while ensuring compatibility. This is necessary when the output values of one
component have a different domain from the input values of the other.

Table 4.2 summarizes the processes happening in the framework; the first column contains the name
of the component where the process occurs, the second and third columns show the inputs and outputs of
the process, respectively, along with the mathematical notation defined, and the fourth column contains
the process mathematical notation. Note that the interface component contains the two processes that
transform the output information into the input information. This loop-like process is already illustrated
in Figure 4.2. However, we propose a direct representation of the workflow using the mathematical
notation from equations 4.1, 4.7, 4.3, and 4.10 in Figure 4.3.

Table 4.2: Processes, outgoing and incoming information representation for the framework components.

Component Inputs → Notation Outputs → Notation Internal process

Co-simulation Multi-model,Parameters → N, Ics Results → O⃗cs Cosim(·)
Optimization Indicators → ⃗Iopt Scenario → Oopt Algorithm(·)
Interface Results → O⃗cs Indicators → ⃗Iopt ObjFunc(·)
Interface Scenario → Oopt Multi-model,Parameters → N, Ics Setup(·)

Figure 4.3: Mathematical notation of the workflow for the Co-simulation-based optimization Framework
proposed in Figure 4.2. During the optimization, some elements are required to be defined from the
beginning and stay fixed (in red), others that also require an initial value but that will vary during the
optimization process (in blue), and elements that do not require initialization (in green).

As a consequence of the co-simulation and optimization components’ generalization, the intermedi-
ate component has the broadest role in the framework, as it needs to reconcile two large-scale tools. We
attempt to delimit the implementation workflow to the interactions ( the optimization input ⃗Iopt and out-
puts Oopt), the co-simulation inputs Isc, N and outputs O⃗sc), and component processes (the co-simulation
Cosim(·), the Algorithm(·), the Setup(·), and the objective function ObjFunc(·). The developer’s effort
to make a general framework is limited to the elements in the interface component; the idea is to handle
the co-simulation and optimization components as independent exchangeable modules (a plug-and-play
approach).

Following the modular approach for the structure of the framework is possible due to concepts such
as the black-box optimization and coupled models under the DEVS formalism. These concepts are
compatible with the modular approach and are used to develop an environment for co-simulation-based
optimization. The Black-box Optimization and Coupled DEVS concepts are established methods for
studying and improving systems. With this approach, we can reuse Black-box Optimization and Coupled
DEVS models to implement the framework, thereby relegating the majority of the implementation work
to the interface component.
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4.2.4 Pre-processing
We discussed the relevance of the pre-processing concept proposed for the framework for multi-domain

optimization of nearly zero energy building [4], where, in addition to the co-simulation and optimization
components, the identification of the information needed to launch the process was considered as a useful
part of the framework (see Figure 3.6a). We include this feature in the general framework definition by
considering the pre-processing information of our process dynamics. For this, we take the red and blue
values in Figure 4.3 that ensure the self-sustaining execution of the process. These values are the fixed
process values and the process that requires an initial value, but will vary along the process. This means
that for the framework proposed, the dynamic is as follows:

1. The optimization configuration, where all the information necessary to set in motion the opti-
mization is provided (pre-processing), including the algorithm configuration (Algorithm(·)), the ob-
jective function (ObjFunc(·)), the setup process (Setup(·)), the co-simulation process (Cosim(·)),
and the initial scenario to be used (Oopt) which is equivalent to the multi-model and the initial
parameter values (N, Ics). We identify these elements within Figure 4.3 in red and blue.

2. The optimization execution, where the launched optimization process follows the loop-like in-
formation flow from Figure 4.3. Throughout the execution, the static processes (in red) modify the
dynamic values (in blue and green) until the optimization is finished.

3. Optimization finalization, where the optimization algorithm stops and we can obtain the optimal
results, particularly we are interested in the tuple Oopt, ⃗Iopt, which contains the minimal or maximal
value obtain in the objective function, along with the co-simulation scenario description that achieve
it.

In the framework dynamics, we identify the pre-processing information as the optimization configu-
ration, that is, the elements Algorithm(·), ObjFunc(·), Setup(·), Cosim(·), Oopt, N , and Ics). Further-
more, we decided to exploit this generalization to simplify the configuration of several co-simulation-based
optimization configurations by batching processes using this pre-processing information compilation.

The intention of including the pre-processing definition in the framework is to ensure the framework’s
applicability across diverse use cases, as the definition of an experiment configuration structure will
simplify the interaction of the user with the framework implementation by reducing the configuration
effort to a few elements that define the complex system (co-simulation) that will be improved (using a
particular optimization method).

4.3 Framework scope and limitations

The definition of this framework is the result of collecting and analyzing the individual contributions
of co-simulation-based optimization in different domains from the literature. The framework is built to
support the construction of co-simulation-based optimization by unifying the collective progress in the
co-simulation-based optimization field (findings from the state-of-the-art in section 3.5).

The advantage of domain-specific frameworks is that they include features of interest to the domain
that facilitate the work of the implementation process. In the case of this Conceptual General Framework
(CGF), we define the domain-specific focus on the co-simulation-based optimization domain. However,
we get far from a domain-specific contribution when talking about the complex system domains (e.g.,
fluid, solid, electric, or control dynamics), as the framework aims to be applied to any complex system
regardless of the domains internally interacting. This contrast seems to present the framework from two
competing interests; however, we present the CGF with the intention of working as a support tool for the
application of the co-simulation-based optimization method. This means that existing domain-specific
frameworks can also benefit from the CGF contribution by using the architecture proposed to exploit the
potential of the co-simulation-based optimization method.

The CGF was built using the inductive reasoning method to understand the conceptual configuration
of the ad hoc frameworks and establish a general structure guideline. An appropriate generalization of
the conceptual structure serves as a validation of the existing ad hoc applications and offers guidance
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to future implementations. The framework can be used to explore the optimization potential within
co-simulation or to challenge previously positioned frameworks to validate the chosen structure and/or
identify areas for improvement.

A limitation of the framework is the fact that the definition of the co-simulation structure variation
needs to be reduced to sub-model labeling to facilitate the sub-model exchange process, while ensuring
the generality of the architecture

The main limitation of the CGF is that the claimed generality can only be truly validated through
several implementations from different multidisciplinary teams; this means that the use cases developed
in this thesis, by themselves, are insufficient to confirm the full extent of the framework’s generality. Still,
we perform an implementation case and use cases with the objective of it being the first step towards the
validation of the contribution of the CGF. The idea is to present use cases that showcase the maximum
of the contributions to the co-simulation-based optimization method.

4.4 Implementation case

In this section, we describe the implementation case performed, which consists of the software decisions
made to develop the framework implementation case. The objective is to have a software framework
built using the CGF guidelines to assess the architecture potential for applying co-simulation-based
optimization. The framework implementation is performed using a combination of the Java programming
language [185] and the MECSYCO software [186] to develop a software framework for co-simulation-based
optimization.

4.4.1 Software framework implementation

In Figure 4.4, we present the structure of the implementation case. The overall environment is hosted
in the Eclipse platform, which uses one or more plug-ins to create a modular structure. The Eclipse
Workbench offers a desktop development environment, which aims to achieve seamless tool integration
and controlled openness by providing a common paradigm for the creation, management, and navigation
of workspace resources [187] (in line with the modularity structure from the framework, as we intend to
follow the black-box approach defined in 11 for the implementation). Eclipse is interesting for us due to
its high compatibility with the Java programming language and MECSYCO, with a robust approach for
project development (in line with the extensibility key property found in the literature, Definition 23).

4.4.2 Co-simulation component implementation: MECSYCO Software

We chose MECSYCO as the tool to be implemented in the co-simulation component, which is due
to its rigorous approach to co-simulation. MECSYCO uses an architecture that incentivizes modularity,
domain flexibility, and extensibility, which are three of the framework objectives. Now, we describe the
way in which MECSYCO implements these three elements.

The co-simulation description in MECSYCO uses a formalization of the Agents and Artifacts paradigm
for the representation of a multi-model (also known as a coupled model described in Section 2.2.3) [188].
MECSYCO uses a DEVS wrapper strategy, which means that instead of directly writing or transforming
the models into DEVS, it provides the additional elements necessary to bridge the models with the
DEVS abstract simulation structure [189]. The MECSYCO approach uses the DEVS formalism as the
co-simulation guideline [190] to ensure the modularity of the DEVS coupled models as described in
Definition 10. We intend to leverage this conceptual fidelity to exploit the modularity compatibility
within the co-simulation component with the general framework implementation.

The construction of a multi-model in MECSYCO allows for including heterogeneous models, that
is, models coming from different external software that require the definition of their DEVS wrapper
to be included in multi-models in a transparent manner. MECSYCO counts with implemented DEVS
wrappers for the MAS simulator NetLogo [191], the telecommunication network simulators NS-3 and
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Figure 4.4: Software framework implementation structure, showing the implementation tools used to
handle each of the components as well as the overall framework environment platform. For the optimiza-
tion and co-simulation components, we illustrate the possibility of containing several elements to choose
from to perform the optimization process.

OMNeT++/INET [192, 193], the import/export FMU standard (Definition 21) [194, 189, 195], Java-
based model artifacts coded in Java [6], Neural Network API exchange using ONNX [196], SQL [197],
and MATLAB/Simulink [197]. This model heterogeneity showcases the extensibility (Definition 23) and
domain flexibility (Definition 26) of the MECSYCO software, which increases the compatibility with
the framework approach. Furthermore, integrating a new simulator in MECSYCO requires defining the
wrapper by means of 5 functions. Once done, the new simulator behaves like a DEVS atomic model [191].

The MECSYCO co-simulation file uses the XML format and can be executed using a Java-based
launcher. This description file includes details on the co-simulation, multi-model, and atomic models.
The approach of the framework is modularity, which we exploit in the co-simulation component by leaving
the generation of the co-simulation file (XML) to MECSYCO (which means that no additional develop-
ment is needed for the co-simulation component in this implementation), and the Java-based launcher
configuration is relegated to the interface component; this means that the co-simulation iteration and
execution are processes that require development efforts to make the integration of MECSYCO into the
framework; these processes are handled from the Cosim Interface, which is located in the interface com-
ponent and explained in subsection 4.4.4.

For this implementation case, we use the Java version of MECSYCO [186], which is deployed in the
Eclipse environment as seen at the bottom of Figure 4.4.

4.4.3 Optimization component implementation

To implement the Black-box optimization concept into the software framework, we use a Java imple-
mentation of the concept, that is, a Java class that operates as a black-box optimization algorithm. For
this, we propose the class structure from the UML diagram in Figure 4.5; the algorithm implemented (we
use AlgorithmX as an example) has some parameters dependent on the algorithm logic requirements
(examples will be shown in the use cases in the next chapter), and at least three methods:
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• The stopping criterion method is a validation method usually included in the logic of an optimization
algorithm. This method determines if the optimization process has finished, returning a Boolean
value {True, False}.

• The finish method is in charge of the instructions necessary to conclude the optimization process,
for example, the log generation of the scenarios tested along with the results obtained per scenario,
and the identification of the optimal scenario found.

• The iteration method is the method that will be called in each iteration of the optimization process
to calculate the new scenario. It calls the previous two methods to determine when and how to
execute the end of the optimization process.

Figure 4.5: Java class UML diagram of the general structure of any black-box optimization algorithm
implemented into the framework.

We are particularly interested in the iteration method, as the majority of the algorithm definition is
defined in this method. The advantage of a programming language like Java is the possibility of using
plugins to include external tools such as the Hexaly optimization service [198]. Hexaly is an open-source
service for optimization that offers a Java-based API to define and solve optimization problems. We
focus on the external functions feature, which is conceived for solving black-box optimization problems;
therefore, we can implement the API request in the iteration method to effectively implement the Hexaly
plugin into the framework implementation case.

4.4.4 Interface component implementation
The implementation of the interface component is in charge of organizing the internal interfaces,

launchers, and user interface. We present the general structure of the interface component implementation
in Figure 4.6. We see that the interface component is divided into two parts: the iteration launcher and
the batch configuration helper.

The iteration launcher contains the core functionality of the interface, which is the connection of
the co-simulation with the optimization component, and the co-simulation-based optimization launcher
(called cosim-opt launcher). The batch configuration helper is an additional functionality of the interface
component that proposes the use of a co-simulation-based optimization description to batch the exe-
cution of several instances; this is the result of the pre-processing information identification defined in
subsection 4.2.4.

Optimization Interface implementation (Optimizer Interface)

We present at the right of Figure 4.6 the optimization component implemented into a Java class (as
discussed in subsection 4.4.3) that is handled by an specific optimization interface, this means that for
every algorithm included in the framework, it is necessary to perform the algorithm class and its respective
interface, the AlgorithmX class in the graph represents the generalization discussed in Figure 4.5 that
contains the logic of the algorithm, and the optimizer interface serves as the connector between the
algorithm and the interface component. This is the location of the objective function ObjFunc(·) that
we described in Equation 4.7. In the general framework’s definition of the optimization component
(subsection 4.2.2), we mentioned the importance of the objective function for the optimization algorithm.
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For this reason, the optimizer interface has the capability of using the algorithm as a Java class and
to calculate the objective function value Iopt based on the co-simulation outputs Ocs (the ObjFunc(·)
dynamics within the framework were already described in Table 4.2 and Figure 4.3).

Co-simulation interface implementation (Cosim Interface)

In the same way as the optimization component, the co-simulation interface is represented at the left
of Figure 4.6. We discussed in subsection 4.4.2 that the interface component is in charge of handling
(configuration and launching) of the co-simulation process. This is done in the Cosim interface, which
serves as the connector of the interface component with the co-simulation component. Notably, in this
interface, we find the Setup(·) process described in Equation 4.10 responsible for translating the algorithm
scenario description Oopt into the multi-model N and parameters Ics that will be used in the co-simulation
process.

Figure 4.6: Overview of the interface implementation, the different internal interfaces converge to the
co-simulation-based optimization process launcher (cosim-opt launcher).

Iteration launcher (Cosim-opt launcher)

In Figure 4.6, we represent the launcher of the co-simulation-based optimization process with the
class Cosim-opt launcher, which uses the co-simulation and optimization interfaces previously defined to
integrate the methods in the same loop process formally. Further validation processes for the compatibility
of the co-simulation domain and/or the optimization algorithm can be defined within the interfaces, which
would allow the iteration launcher to remain generic and would relegate the particular validations of each
module to its own interface method.

On one hand, the implementation of the optimization component was performed using an object-based
definition per algorithm; the interface also requires the definition of an optimizer interface per algorithm
(which needs the algorithm parameters to instantiate it). On the other hand, the use of the MECSYCO
software facilitates the interface task at the point of making possible the use of a unique co-simulation
interface that requires the MECSYCO co-simulation file to initialize and launch any co-simulation. This
modular definition allows the use of other co-simulation tools if necessary.

The co-simulation-based optimization launcher (cosim-opt launcher in Figure 4.6) is where the main
loop of the process is executed, that is, the iterative optimization process seen in the framework structure
from 4.3. To launch this loop, we require as parameters: the algorithm to be used (needed to instantiate
the correct optimizer interface file), and the cosim file (used to instantiate the correct co-simulation using
the cosim interface). With these parameters set, the launcher can be initialized and launch the loop
process.
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Batch configuration helper

The batch configuration helper is included in this implementation as a tool for simplifying the ex-
ecution of several iterations of the process, which is made possible by the pre-processing information
identification (see Definition 28 and subsection 4.2.4). This means that we have generalized the process
to the point that we can describe a co-simulation-based optimization (Cosim-Opt) process iteration with
a few key elements. The result of this generalization is the possibility of generating a queue of Cosim-Opt
iterations, which can be executed in series.

For the implementation performed, we chose the JavaScript Object Notation (JSON) as a lightweight
data-interchange format [199] to be used for the definition of the Cosim-Opt interactions. The structure
proposed for the description is shown in the following example.

Example 12. Let’s consider the optimization of a single co-simulation using two different algorithms.
For this, we define the pre-processing information as:

• Co-simulation file: MECSYCO-cosim-file.xml.

• Co-simulation parameters:

– CSparam1.
– CSparam2.

• Optimization objective value: Objective1.

• The algorithm keyword with its respective parameters and arbitrary value as an example:

– algorithm1:
∗ Algo1Param1: 0.1.
∗ Algo1Param2: 0.01.
∗ Algo1Param3: 1.0.

– algorithm2:
∗ Algo2Param1: 0.5.
∗ Algo2Param2: 0.08.

We put in bold the elements that are directly included in the configuration file. To describe the two
Cosim-opt iterations, we define the following batch configuration file.

1 {
2 "optimization_instances" : [ {
3 "opt_name": "algorithm1",
4 "opt_parameters" : {
5 "indicators" : [ "Objective1" ],
6 "cosimulation_parameters" : [ "CSparam1", "CSparam2" ],
7 "Algo1Param1" : 0.1,
8 "Algo1Param2" : 0.01,
9 "Algo1Param3" : 1.0

10 },
11 "experiment_path" : "MECSYCO -cosim -file.xml"
12 }, {
13 "opt_name": "algorithm2",
14 "opt_parameters" : {
15 "indicators" : [ "Objective1" ],
16 "cosimulation_parameters" : [ "CSparam1", "CSparam2" ],
17 "Algo2Param1" : 0.5,
18 "Algo2Param2" : 0.08
19 },
20 "experiment_path" : "MECSYCO -cosim -file.xml"
21 } ]
22 }
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The simplification of the description proposed with the batch configuration JSON helps the user focus
on the important elements to be set in a cosim-opt process configuration; however, the correct generation
of the JSON file remains the user’s responsibility. For this reason, we suggest the development of a
graphical user interface (GUI) to guide the user along the cosim-opt batch creation.

4.5 Conclusions

In this chapter, we defined the co-simulation-based optimization framework, whose structure comes
directly from the architectural patterns found in the literature in chapter 3. These elements are flexibil-
ity, extensibility, modularity, pre-processing, and the interface component. The structural elements, such
as the modularity (with a separation in boxes of the components), pre-processing (listing the informa-
tion requirements), and the interface component (intermediate component to handle the communication
between co-simulation and optimization), are visible in Figure 4.2.

However, the extensibility and flexibility characteristics of the framework depend on the implemen-
tation process; for this reason, we include the implementation use, which presented the co-simulation
software working under a black-box architecture as a multi-disciplinary approach to include flexibility
into the software framework. Additionally, we presented the implementation case of the framework in a
highly versatile environment, that is, a Java-based environment, where the co-simulation and optimiza-
tion components are implemented and encapsulated as usable Java objects. The core implementation
effort is focused on the interface component, where we define interfaces that allow the use of the other
components as plugins (as seen in Figure 4.6). The result of the implementation is a co-simulation-based
optimization framework, where the user interactions converge in the interface component, mainly for the
configuration of a Cosim-opt process (in the Iteration Launcher) and for the configuration of a Cosim-opt
batch (in the Batch Configuration Helper).

We provided the general architecture of the framework with components and information flow in
Figure 4.2, the notation used for the processes and interaction is summarized in Table 4.2, the dynamics
of the framework using the mathematical notation in Figure 4.3, and finally the implementation case
architecture in Figure 4.4. Nevertheless, to fully understand the utility of the framework, we require
applications that can showcase the usage of the different framework implementation features. For this,
we present use cases intended to explore the functionalities of the framework while studying and improving
some complex systems; the definition and assessment of the use cases are provided in the next chapter.
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In this chapter, the assessment of the framework is presented. For this, we describe the use cases
used to test and showcase the functionalities of the framework, and then we perform the analysis of
the results to compare against the literature the contributions achieved. First, we present the use cases
developed in the co-simulation component implementation in section 5.1. Second, we present the use cases
developed in the optimization component implementation in section 5.2. Third, we describe the usability
of the interface component for creating experiments with the use cases in section 5.3, which showcases
the simple usability of the software framework implemented for co-simulation-based optimization. Next,
we start the assessment of the results obtained from the use cases in 5.4, which is done across the three
levels of development described in subsection 4.1.2.

5.1 Co-simulation component use cases

The co-simulation component is handled with the MECSYCO software discussed in subsection 4.4.2,
which offers the tools to develop a co-simulation. The idea is to showcase the flexibility of the framework
by developing three use cases, which correspond to three co-simulations of different complex systems
to be studied and improved. We provide a description of the target system, the scenario description
characteristics, and the optimization objective for each use case.

59
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5.1.1 First co-simulation use case: house thermal control

The first use case intends to showcase a complex system studied using co-simulation. For this, we
consider a straightforward problem of the control of the internal temperature of a house, part of the
MECSYCO tutorial examples [186, 190, 200]. With this use case, we use the ability of MECSYCO to
represent a complex system in a multi-model. We describe the details about the multi-model, then the
way that each scenario of the co-simulation is defined, and finally, the optimization interest of the complex
problem.

Multi-model

The target system (Definition 1) of the first co-simulation use case is a house’s air conditioning control
system. We adapted a co-simulation [25] that includes the interactions between the house temperature
behavior, the outside temperature (weather), an air conditioning system, and the occupancy of the house.
Figure 5.1 shows the way the interconnected sub-systems represent the house thermal regulation system.
Each sub-system is described as follows:

Figure 5.1: Use case 1: house air conditioning co-simulation.

• The first model represents the thermal behavior of the house, this means that it is a model that
generates the indoors temperature of the house, this value is affected by external factors such as
the external temperature that interacts with the walls of the house and the air conditioner system
of the house that introduces cold or hot air into the house to modify the house temperature. The
house model is developed in Open Modelica [126], then exported using the Functional Mock-up
Interface (FMI) standard [107], and finally imported into the Eclipse environment to be used in the
MECSYCO multi-model.

– (Inputs) ETt: Exterior temperature at moment t. Pt: power consumption used at moment t.

– (outputs) Tt: internal temperature of the house at moment t.

• The weather model provides the exterior temperature value to the house; these values are provided
in a CSV file containing the weather of the city of Nancy, France, from December 13th to 19th,
2021.

– (Inputs) No inputs.

– (outputs) ETt: Exterior temperature at moment t.

• The air conditioning model decides whether to turn on or off the acclimatization system based
on the current state of the house and the acceptable temperature boundaries of the system to cool
or heat the house. The air conditioning system also considers the occupation of the house in the
decision; that is, if the house is not empty, the air conditioning system remains off. The model is a
Java-based code that follows the logic presented in Figure 5.2. This model has the output
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– (Inputs) Tt: internal temperature of the house at moment t.

– (outputs) Pt: power consumption used at moment t.

– (Parameters) Tmin and Tmax: Represent the interval of the acceptable temperature boundaries
for the house.

• The occupancy model is a report of the presence of people in the house model. This model
provides the state of a house in terms of the absence of occupants or the presence of one or more
occupants (a binary value {0, 1}). This model is a Comma-Separated Values (CSV) file that contains
the report of occupancy of a house during one week.

– (Inputs) No inputs.

– (outputs) Ot occupation of the house at moment t.

Figure 5.2: Air conditioner controller logic flowchart (taken from [5]).

Scenario definition and optimization objectives

Using the model described, we have the opportunity to test several scenarios to study the behavior
of the air conditioner system under different configurations. We choose to define as a decision variable
the configuration of the air conditioner model, concretely, the minimal and maximal temperatures (see
values in Figure 5.2 as Tmin and Tmax), which renders this a parametric optimization problem. More
details on the configuration of this multi-model can be found in [5].

To assess the air conditioner performance in the multi-model, we define 2 indicators: the total comfort
is calculated with the equation

Comffinal =

N∑
t=1

|Tref − Tt|Ot, (5.1)

where the house’s internal temperature during the co-simulation is represented with Tt, Tref is the ideal
indoor temperature of the house (we take Tref = 24, 5 as the reference temperature for the use case
experimentation), Ot refers to the occupation value taken from the occupation model, t is the index
of the timestamp of the co-simulation, which is executed during N = 604800 seconds. This equation
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measures the difference between the ideal and the real temperature when the house is occupied to obtain
a comfort indicator.

The second indicator is the consumption of the multi-model, using the electric power consumption of
the air conditioner model as

Consufinal =

N∑
t=1

Pt, (5.2)

where Pt is the power used by the air conditioning system at the second t of the co-simulation. Finally,
we can define the objective function as f1 with the equation

min f1(Tmin, Tmax) = w1 Comffinal + w2 Consufinal, (5.3)

where we combine the indicator functions from equations 5.1 and 5.2 into one objective function to be
minimized. We use w1 = 1 and w2 = 1

300 to represent the weight coefficients for each indicator in
the optimization process. The objective is to reduce the scale of the consumption value and have both
indicators on the same scale; this way, they have approximately the same weight in the optimization
process.

5.1.2 Second co-simulation use case: autonomous micro-grid

The second use case intends to showcase MECSYCO’s ability to couple and reuse models as black-
boxes. For this, we reuse a co-simulation developed during a Phd thesis [6]. The multi-model used in this
co-simulation is particularly interesting as it uses nesting to reuse models within models without affecting
the resulting co-simulation properties.

Multi-model

The target system of this use case is a network of autonomous houses connected to a shared storage
system, that is, a co-simulation that represents the interactions between four houses that generate elec-
tricity through wind turbines, a coupling module, and a smart storage system that stores the surplus
energy generated and provides electricity to the houses when the generated energy is not enough. This
co-simulation is the result of the PhD thesis [6] and is shown in Figure 5.3. The multi-model contains
three different systems interconnected and described as follows:

Figure 5.3: Use case 2: micro-grid co-simulation (adapted from [6]).
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• The Autonomous House model is itself a multi-model, which is represented in Figure 5.4c. This
multi-model is composed of three elements:

– A smart house multi-model, which is illustrated in Figure 5.4a, where we see a similar
configuration from the multi-model of the first use case, which is intentional, as we are reusing
the indoor temperature model, the A/C controller model, and the weather models described
in section 5.1.1. Note that in this case, the occupation model is not used; also, a smart module
(which refers to a handling system in charge of making the decisions over another model) is
added for the autonomous handling of the energy supply and demand.

– A smart source multi-model, which is illustrated in Figure 5.4b and shows the connection
between a wind turbine energy generator and a smart module.

– A coupling module to handle the communication between the other two multi-models.

The idea is to have several iterations of this model in the multi-model to represent a shared network
formed with several houses close to each other.

– (Inputs) Ini
t: Power instruction for the i model iteration at moment t.

– (outputs) Powi
t: Power at moment t from the iteration i of the model.

• The Storage System model keeps the surplus energy from the houses to be provided in moments
of high demand. This model generates a relevant output, that is, the amount of energy stored at
the end of the co-simulation represented as ESfinal, and it requires the storage system’s maximal
capacity as a parameter represented as SC.

– (Inputs) InSt: Power instruction for the storage System at moment t.
– (outputs) PowSt: Power of the storage System at moment t. ESt: Energy stored in the system

at moment t.
– (Parameters) SC: Represent the storage system’s maximum capacity.

• The Coupling model handles the equilibrium seeking in terms of energy for the system using
a bidirectional constant communication between all the components. This model decides how to
distribute the generated energy between the houses to meet the offers and demands from the houses.
The model can decide when to store the surplus energy generated or to use the energy stored.

– (Inputs) PowSt: Power of the storage System at moment t. Powi
t: Power at moment t from

the iteration i of the model.
– (outputs) InSt: Power instruction for the storage System at moment t. Ini

t: Power instruction
for the i model iteration at moment t.

(a) Smart house multi-model. (b) Smart source multi-model.
(c) Autonomous house multi-
model.

Figure 5.4: Multi-models nested in the second use case co-simulation

The models of this use case were implemented using Java-based coding and Open Modelica models in
combination with MECSYCO. More details of each model can be found in [6].
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Scenario definition and optimization objectives

The multi-model presented in Figure 5.3 requires the value of the energy storage capacity SC to be
used as a parameter in the co-simulation, which generates as output the energy stored at the end as
ESfinal. We use these values to calculate the state of charge as

SoCfinal = ESfinal/SC. (5.4)

We set the objective function f2 for this use case as finding the optimal Storage Capacity (SC) value
to minimize the state of charge at the end of the co-simulation; however, to avoid the under- or over-sizing
of the storage system, we set a penalty function to find the optimal storage capacity that minimizes the
energy leftover at the end. The objective function f2 is defined as

min f2(SC) = SoCfinal + p · g(SoCfinal) · (−SC) (5.5)

where the penalty factor is p = 0.001 and penalty function is g(SoCfinal) =
1

1+SoCfinal
.

5.1.3 Third co-simulation use case: Hy2Car

For the last use case, we intend to study and improve a complex system coming from a real-life problem;
for this, we intervene in the Hy2Car project [201]. The Hybridized Hydrogen Car (Hy2Car) project was
launched as a research initiative aimed at exploring a direct hybrid fuel cell (FC) and supercapacitors
(SC) as an energy source for a vehicle.

The idea of using co-simulation-based optimization to study and improve the vehicle’s design stage
is to provide a platform for testing, validating, and optimizing the vehicle’s performance. The expected
study should consider electric, physics, control, and geographic domains to simulate and optimize the
Hy2Car behavior. This work is a product of the collaboration of Professor Rael and engineering students
Stanislas Mezureux and Vinicius Kamiya, who contributed to the design of several models.

Multi-model

The target system (Definition 1) of the third co-simulation use case is the vehicle using a combination
of fuel cell and supercapacitor as an energy source [202]. We developed a multi-model with the objective
of dividing the study of the vehicle into different sub-systems, as shown in Figure 5.5. The development of
the multi-model is the result of the collaborative work with Professor of Electrical Engineering Stephane
Rael. We describe the general purpose of each model as:

• The engine model focuses on the mechanical behavior of the vehicle, i.e., the way that the engine
translates a certain power supplied from the energy source into the movement of the wheels of the
vehicle.

• The Hybrid source model represents the behavior of the energy source, which combines the energy
supply from a fuel cell and a supercapacitor [202].

• The driver model intends to make decisions over the vehicle to accelerate or decelerate depending
on an objective velocity.

• The path model represents the path being traveled by the vehicle.

In the following, we describe the sub-models in detail for reproducibility reasons.

Using the division in sub-systems from Figure 5.5, the development of the co-simulation multi-model
is performed in MECSYCO. The multi-model obtained is shown in Figure 5.6 using the notation defined
in Figure 2.7. Each of the sub-models is described as follows:
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Figure 5.5: Use case 3: Hybrid vehicle sub-systems.

Figure 5.6: Use case 3: Multi-model structure for the Hybrid vehicle.

• The engine model MB represents the mechanical behavior of the vehicle, mainly focusing on the
engine, which uses a certain road inclination (input port XB1 : θ) and amount of power (input port
XB2 : Pow) to generate velocity (output port YB1 : vel). The model calculates the change in the
vehicle’s velocity based on the previous velocity and the input information using the equation

vt =
√
v2t−1 +∆v2t . (5.6)

This equation calculates the velocity of the car at the moment t of the simulation. Where the
calculation of ∆v2t is performed with the equation

∆v2t = [
2

m
Pmeca − 2 g vt−1sin(α)−

2

m
fr(vt−1)]∆t. (5.7)

Where we have values representing parameters and inputs. The parameters are: m, which is the
total mass of the vehicle, and it is one of the co-simulation parameters to be defined in the scenarios,
the gravity g, and the friction function fr(v) that depends on the previous velocity and is calculated
using the equation

fr(v) = β1 v + β2 v
2 + β3 v

3 (5.8)

where β1, β2, β3 are the coefficients of the friction function. For the Hy2Car project, we received
the parameter values shown in Table 5.1 for the testing and optimization processes.

The inputs are represented as: Pmeca as the power used, described as input port XB2 : Pow in the
multi-model figure, and α is the inclination of the path defined as input port XB1 : θ, which has a
positive value when the car is going uphill and negative for downhill.
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Table 5.1: Parameter values for test simulations of the car model.

Parameter Symbol Value [units]

Gravity acceleration g 9.81 [m · s−2]
Friction coefficient β1 0 [kg ·m · s−2]
Friction coefficient β2 7.2 [kg · s−1]
Friction coefficient β3 0.45 [kg ·m−1]

• The driver model MC takes as a reference the average velocity of the route to modify the current
velocity of the car. We implement a PI controller to serve as the driver’s behavior.

Definition 29. (PI Controller.) The Proportional-Integral (PI) control is a very popular control
method. The model uses a Proportional action to either stabilize or enhance the convergence of an
expected output. However, proportional control alone cannot remove the output steady-state offset
when load disturbances affect the model. Therefore, an integral action is included to remove the
steady-state offset [203].

The PI controller can modify an outgoing value (output port YC1 : CMDE) to modify the value
of another port, often called a real signal (input port XC2 : vel), to approach a desired value, often
called a reference signal (input port XC1 : vel∗). We will use the average speed of each route as
a reference to change the velocity of the car. The expected behavior is an overall driving style of
average speed.

The implementation of the PI controller is developed in a Java-based model that defines the output
value PIout (represented as the output port YC1 : CMDE) as

PIout = ke(t) +
k

T

t∑
1

e(t)dt. (5.9)

Where k and T are known as the gain factor and integration time constant, respectively; to obtain
the expected driving behavior, we set these parameters as k = 3 and T = 0.333. e(t) is the error
obtained by calculating the difference between the reference value Rt and the measured value Vt,
that is,

e(t) = Rt − Vt. (5.10)

Where the reference value is calculated with

Rt =
1

2
·m · ref2, (5.11)

and the measured value is calculated with

Vt =
1

2
·m ·mes2, (5.12)

where the value ref comes from the input port XC1 : vel∗, the value mes comes from the input
port XC2 : vel, and m is the mass of the vehicle (same parameter from the engine model). The
idea is to regulate the difference between the kinetic energies. By using the kinetic energy instead
of the velocities, we linearize the output of the controller with respect to the control model input
(mechanical power).

• The path model MA is a model that contains the trip path to follow between two geo-located
points (latitude, longitude, and altitude) representing the start and end points of the trip. The
trip model calculates a path between the points and provides the road inclination (output port
YA2 : θ in Figure 5.6) and the average velocities for each segment of the trip as a reference to
the driver to adapt the velocity accordingly (output port YA1 : vel∗). The model implemented is



5.1. Co-simulation component use cases 67

a Java-based simulation that uses the OpenRoute service API [204] to obtain the path from the
geo-located points A to B, the distance, and the average velocity of each trip segment. For the
use cases testing, we use the trip from the ENSEM School in Nancy (latitude = 48.653053062204,
longitude = 6.148272853885205, altitude = 124.3 [MASL]) to the train station in Nancy (lat =
48.69024512353616, lon = 6.174054070300207, altitude = 217 [MASL]).

• The Hybrid source model MD is in fact a coupled model that we describe in detail in Figure 5.7,
where we illustrate the following sub-models:

– The source model MF is a model that contains the power source model, the current power
source model corresponds to a fuel cell coupled with supercapacitors. Data obtained from
collaboration with Professor Stephane Rael to define the fuel cell behavior. This data provides
the voltage for a single cell as a function of the current density Jcell, so the total voltage of
the fuel cell (output port YF4 : V fc) is defined as

V fc = f(Jcell) ·Nfc. (5.13)

Function f and value Jcell are taken from the data file provided by the Hy2car project, Nfc
is the number of cells in series, which is calculated as

Nfc =
28000

Afc
. (5.14)

The calculation of the current of the fuel cell (output port YF3 : Ifc) is performed using

Ifc = Afc · Jcell. (5.15)

Where Jcell is the same value from equation 5.13, and Afc is the active area of the cell
(same variable from equation 5.14), which, alongside Nfc, are the parameters that define the
maximum Power of the fuel cell Pfcmax with the equation:

Pfcmax = 0.45[W · cm−2] ·Afc[cm2] ·Nfc. (5.16)

With the 0.45[ W
cm2 ] representing the maximal power density of a cell.

The voltage of the supercapacitor (output port YF2 : V sc) is calculated with

V sc = V fc− (Rw · Ifc), (5.17)

where V fc is the same as in equation 5.13, Rw = 3, 5mΩ is the connection resistance between
the fuel cell and the storage, and Ifc comes from equation 5.15. Additionally, we have the
constitutive equation of the storage device as

V sc = V c− (Rc · Ns

Np
· Isc), (5.18)

where V c is the voltage across the capacitive element, Rc = 0.15mΩ is the internal series
resistance of the supercapacitor, Np represents the number of supercapacitors placed in parallel
(this is another design parameter of the model), Ns represents the number of supercapacitors
placed in series, defined by the equation

Ns = 1 + floor(Nfc · E0/V cnom), (5.19)

where the floor(·) function takes the integer part of a value, Nfc is the same used in equation
5.16, E0 is the the open-circuit voltage of a cell (considered as E0 = 0.972[V ] for the project),
and V cnom is the nominal voltage of a supercapacitor element (consider as V cnom = 3[V ] for
the project). And Isc is defined by equation

Isc = −(C · Np

Ns
) · ∂V c

∂t
, (5.20)
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where C = 3400[F ] is the internal capacity of the supercapacitor, and Np, Ns, and V c are the
variables from equation 5.18.
Finally, the current coupling equation

Ih = Ifc+ Isc, (5.21)

where Ifc is taken from equation 5.15, and Isc is the current of the supercapacitor from equa-
tion 5.20.

This model is developed using the software OpenModelica [126] and then exported using the
FMU standard to be directly imported into the MECSYCO co-simulation software.

– The control model ME is a model that contains the controller of the source model. This
model is the way to make the source respect the constraints of the hybrid source system. The
model defines the current nominal values Ihnom, Iscnom, the maximum load voltage V scmax,
which is defined by

V scmax = V scnom, (5.22)

where we use V scnom as the highest value that can be given to V scmax. For the minimum
discharge voltage V scmin is defined as

V scmin = V fcnom −Rw · Ifcnom. (5.23)

Where Rw is the value from equation 5.17, V fcnom is the nominal voltage of the fuel cell,
defined by

V fcnom = Nfc · V cnom, (5.24)

with V cnom representing the nominal voltage of a cell unit (the value is set as V cnom = 3[V ]
for the Hy2car tests), and Ifcnom is defined using the equation 5.15 but using the nominal
value of Jcell.
The model calculates the power supplied by the power source using constraints and the power
requested by the driver model through the input port XE1 : CMDE. With this value and the
actual voltage of the supercapacitive storage device (input port XE2 : V sc), we calculate the
output port YE2 : Ih∗ using the equation

Ih∗ =
Phnom CMDE

V sc
, (5.25)

where:
∗ Phnom is the nominal power from the hybrid source. In general, the term ”nominal´´

refers to the normal continuous power that a device is designed to provide under standard
operating conditions, without suffering overheating or abnormal deterioration. This value
is calculated with the equation

Phnom = Ihnom · V scnom, (5.26)

where Ihnom is a parameter that is constrained by the fact that we want to maintain the
same proportion from a base value where Nfc = 280 is assumed, which gives a value of
Ihnom = 125[A]. Therefore, to maintain this inverse proportion, we use the equation:

Ihnom = 125 · 280

Nfc
. (5.27)

Also, V scnom is calculated with

V scnom = V cnom ·Ns, (5.28)

where V cnom is the same value from equation 5.24 and Ns represents the number of
supercapacitors placed in series (defined in equation 5.19).
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∗ The top part of the fraction (Phnom CMDE) is limited by interval [λvPhmin, Phmax]
previous to the application of equation 5.25.

· Phmin represents the minimal power that the hybrid source can provide at a certain
moment in time. We note that Phmin < 0, since the physical interpretation of Ph is
the power provided by the source, the −Phmin value represents the maximum power
that the hybrid source can receive (the battery is recharging). This value is calculated
with the equation:

Phmin = max(−1 · V sc · Ihnom, Pfc+ Pscmin) (5.29)

where Pfc is defined by the input ports XE3 = Ifc and XE4 = V fc as

Pfc = V fc · Ifc, (5.30)

and Pscmin is defined by

Pscmin = V sc ·min(0,max(−Iscnom,
V sc− V scmax

10
· Iscnom)). (5.31)

The Iscnom is equal to
Iscnom = Np · Icnom (5.32)

with Icnom = 140[A] for the Hy2car testing, and Np is the number of parallel branches
in the storage system (used as a design parameter of the co-simulation).

· Phmax represents the maximal power that the hybrid source can provide at a certain
moment in time; this value depends on the equation:

Phmax = min(V sc · Ihnom, Pfc+ Pscmax), (5.33)

where Pfc is defined in equation 5.30, and Pscmax is defined by

Pscmax = V sc ·max(0,min(Iscnom,
V sc− V scmin

10
· Iscnom)). (5.34)

· λv is a limitation for energy recovery at low speed, it is defined as

λv = min(K · vel, 1), (5.35)

with K = 0.1 and the velocity vel in [km · h−1] for the Hy2car testing.
∗ After the calculation of equation 5.25, the result is limited by the interval [−Ihnom, Ihnom],

using the value Ihnom from equation 5.26.
The source current demanded (Ih∗) by the car will modify the source value of Ifc, Isc, V fc,
and V sc, which will be used to calculate the electrical power provided to the round model
using the equation

Pelec = Ih ∗ V sc. (5.36)

Finally, we are assuming that the current regulation has a unit transfer function, which means
that

Ih = Ih∗. (5.37)

For the Hy2Car, the modelling of the current regulation is not necessary in the short term;
however, it is expected to be added later.

– The energy loss model MG is a model that handles the electro-mechanical conversion effi-
ciency (associated with energy losses induced by the conversion of the electrical power Powelec

into the mechanical power Pow). For the Hy2Car project, we use the value η = 0.95 as
a conversion factor. This model calculates the output port YG1 : Pow, which follows the
equation

Pow =

{
Pelec

η , if Pelec < 0

Pelec · η, if Pelec ≥ 0.
(5.38)
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Figure 5.7: Hybrid Energy model Multi-model structure.

Scenario definition and optimization objectives

For the scenario description, we recapitulate the design variables present in the multi-model, which
are the area of each fuel cell Afc, the number of fuel cells in series Nfc, and the number of branches
in parallel in the supercapacitor Np. These parameters are found in the source MF and control ME

models. However, the modification of these parameters can affect the total mass of the vehicle, which is
the parameter m found in the engine model MB . We define the total mass of the vehicle as a function of
the values Afc, Nfc, Ns, and Np from models MF and ME , by using the equation

m = 1000 + (mAfc ·Afc ·Nfc) + (Np ·Ns ·msc), (5.39)
where mAfc = 0.003[kg · cm−2] is the coefficient to calculate the mass from the area and number of fuel
cells, and msc = 0.75[kg] is the mass of each supercapacitive element. The values of these parameters
are not yet validated, but we will use them for testing purposes; however, the multi-model will rest as a
Hy2car project asset to test in the future with validated values for the coefficients.

The optimization parameters are therefore Afc, Nfc, and Np. By trying different combinations of
these parameters, we expect to explore the behavior of the vehicle.

The multi-model shown in Figure 5.6 contains many sub-models with different mathematical equa-
tions, from which we have a particular interest in the energy performance of the vehicle; for this, we set
as indicators of the vehicle’s performance the consumption and efficiency of the hybrid energy source of
the Hy2Car. We start with the final State of Charge (SoC) as an indicator to be maximized, which is
calculated as

SoCfinal = 100 · (V scfinal/V scnom). (5.40)
The second indicator is the vehicle efficiency in terms of consumption and distance traveled, which

we want to minimize; for this, we use the equation

Performfinal =

∑T
t=1(Powt ·∆t)
distfinal

(5.41)

Finally, the objective function f3 is the combination of equations 5.40 and 5.41 using the weight
coefficients w1 = 1 and w2 = −1 to bring the same scale and optimization direction to both indicators.
We intend to search for the optimal configuration of the Hy2Car under the conditions set in the parameters
of the project using the equation:

min f3(Afc,Nfc,Np) = w1 · Performfinal + w2 · SoCfinal. (5.42)
The meaning of the objective function equation is that the optimal configuration of the vehicle results
in the improvement of the energy consumption efficiency while increasing the energy saved at the end of
the trip.
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5.2 Optimization component use cases

The optimization component contains the optimization algorithms, which are restricted to algorithms
compatible with the black-box optimization structure (as described in subsection 4.2.2). We performed
the implementation of three algorithms as use cases to show the usage of the optimization component.

5.2.1 First optimization use case: Simulation-based optimization algorithm

Simulation-based optimization refers to the optimization of an objective function by the definition of
a relatively small sample of scenarios to simulate and compare, that is, scenarios with variation of some
parameters/policies to achieve an optimal value [10]. This method is also referred to as ranking and
selection or scenario analysis, and it is widely used in simulation-based optimization [205]. Despite the
simplicity of this algorithm, it is very useful when dealing with complex simulations or co-simulations.
The literature review used the simulation-based optimization in 43 of the 96 articles found (representing
44% of the literature sample).

With the objective of generalizing the algorithm, we describe the algorithm in terms of a few pa-
rameters that define the optimization algorithm configuration, that is, simplifying the definition of the
optimization scenarios to four elements.

• The number of scenarios to be tested Nsb.

• The set Oopt that contains the values for the scenario description (recalling the framework notation
used to represent the scenario description in subsection 4.2.2).

• The initial values for the set elements, represented with the set Oinit
opt .

• The step for each a-th element from the set Oopt represented as stepa. For example, for a set with
three elements Oopt = O1

opt, O
2
opt, O

3
opt, there are the same number of steps assigned to each element

step1, step2, and step3.

In the MECSYCO software implementation, the initial values Oinit
opt are included in the multi-model

definition, which means that they are set in the co-simulation component.
The implementation of this algorithm is performed in a Java-based class following the structure

established in Figure 4.5. We describe the application of this algorithm to each of the co-simulation use
cases described in section 5.1.

Application to the co-simulation use case 1

To apply this algorithm to the first co-simulation use case (subsection 5.1.1), the definition of the
parameter values is done by modifying the interval of accepted temperature (Tmin, Tmax) and observing
the optimization results of the objective function 5.3. We set the algorithm parameters as Nsb = 12,
Oopt = {O1

opt : Tmin, O
2
opt : Tmax}, Oinit

opt = {16.0, 28.0}, step1 = 0.5, and step2 = −0.5. The resulting
scenario generation for the co-simulation use case 1 is presented in Table 5.2.

Application to the co-simulation use case 2

Regarding the second use case (subsection 5.1.2), we define the amount of iteration at Nsb = 20, the
only parameter to be set is the maximum capacity of the battery Oopt = {O1

opt : SC} with an initial value
of Oinit

opt = {280.000} and the step as step1 = −5000, this means that the initial value is gradually reduced
to study the behavior of the objective function. The generated scenarios from these configurations are
displayed in Table 5.3.
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Scenario Tmin [º Celsius] Tmax [º Celsius]

1 16.0 28.0
2 16.5 27.5
3 17.0 27.0
4 17.5 26.5
5 18.0 26.0
6 18.5 25.5
7 19.0 25.0
8 19.5 24.5
9 20.0 24.0
10 20.5 23.5
11 21.0 23.0
12 21.5 22.5

Table 5.2: Scenarios for the simulation-based algorithm in the co-simulation use case 1.

Scenario Storage capacity [W] Scenario Storage capacity [W]

1 280000 11 230000
2 275000 12 225000
3 270000 13 220000
4 265000 14 215000
5 260000 15 210000
6 255000 16 205000
7 250000 17 200000
8 245000 18 195000
9 240000 19 190000
10 235000 20 185000

Table 5.3: Scenarios for the simulation-based algorithm for co-simulation use case 2.

Application to the co-simulation use case 3

We apply this algorithm to explore the third co-simulation use case (described in subsection 5.1.3),
to define the configuration of the hybrid vehicle, we follow baseline values for the parameters provided
by Professor Rael. We vary slightly from this configuration to understand their influence on the energy
performance of the vehicle.

With this purpose, we define for the first part the number of iterations as Nsb = 5, the set Oopt =
{O1

opt : Afc,O
2
opt : Nfc,O

3
opt : Np}, the initial values as Oinit

opt = {200, 140, 1}, and the step as step1 = 0,
step2 = 0, and step3 = 1, which means that we start by increasing the number of parallel supercapacitors
from 1 to 5 and maintaining static values for the other two parameters. For the second part, we use the
same parameters except the initial values, which now change to Oinit

opt = {100, 280, 1}. The generated
scenarios from these configurations are displayed in Table 5.4.

5.2.2 Second optimization use case: Gradient descent algorithm

The gradient descent optimization algorithm uses the gradient of the result obtained from the co-
simulation to explore possible scenarios [206]. The gradient descent algorithm uses parametric optimiza-
tion to adjust one or more parameters to obtain an optimal value. It calculates the gradient on the results
of the co-simulation iteratively to find the slope of the function curve and approach the optimal value,
using n to notate the number of iterations of the algorithm. The gradient descent logic is widely known;
however, since we performed a coded implementation of the algorithm, we include the definition followed
during the implementation process. We define the algorithm with the equation

⃗Oopt→n+1 = Oopt→n − ψ∇ ⃗Iopt→n. (5.43)
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Scenario Afc Nfc Np

1 200 140 1
2 200 140 2
3 200 140 3
4 200 140 4
5 200 140 5
6 100 280 1
7 100 280 2
8 100 280 3
9 100 280 4
10 100 280 5

Table 5.4: Simulation scenarios for the simulation-based algorithm in the co-simulation use case 3.

Where we reuse the notation used in chapter 4 as follows

• Oopt and I⃗opt recall the notation used in equation 4.8. We notice that the application of the gradient
depends on other methods of the framework, such as ObjFunc(·) from equation 4.7 and Cosim(·)
(from equation 4.1). Nevertheless, the advantage of the black-box optimization approach is that
the algorithm is not concerned with these functions (it is the function of the interface component).
We can simplify the calculation of the gradient in the special case where only one parameter is
considered (when the size of the vector Oopt is 1), and using the scale factor S with the equation

∇ ⃗Iopt→n =
⃗Iopt→n − ⃗Iopt→n−1

Oopt→n −Oopt→n−1
· S. (5.44)

However, when the size k of the vector O⃗opt is k ≥ 2, the calculation of one iteration of the algorithm
includes k partial executions of the co-simulation. We consider the function iter(·) that depends
on ⃗Oopt→n to generate ⃗Iopt→n. With this, we see the partial iterations in the equation

∇ ⃗Iopt→n = ∇iter( ⃗Oopt→n) =


∂iter

∂ ⃗O1
opt→n

( ⃗Oopt→n)

...
∂iter

∂ ⃗Ok
opt→n

( ⃗Oopt→n)

 . (5.45)

• ψ represents the learning rate.

The algorithm generalization is performed using the following parameters:

• ψ ∈ R+ represents the learning rate from equation 5.43, which defines the velocity of adaptation of
the gradient function.

• The scale parameter S is used to keep a similar dimension between the parameters and the objective
function values.

• The stopping criteria Pc is the threshold under which the algorithm stops the calculation of the
gradient, that is, when the equation

( ⃗Iopt→n − ⃗Iopt→n−1) > Pc (5.46)

is true, the algorithm stops exploring.

The implementation in the framework is performed in a Java-based class following the structure
established in Figure 4.5. The application of the gradient descent algorithm to the use cases only requires
the definition of the parameters to be used in each case; we define the values shown in Table 5.5.
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Cosim Use case Parameters Initial values Learning rate ψ Stopping criteria Pc Scale S

1 Tmin, Tmax 24.2, 24.7 0.002 0.01 0.1
2 SC 280000 0.5 0.01 5000.0
3 Afc,Nfc,Np 100, 140, 2 0.5 0.01 10.0

Table 5.5: Gradient descent parameters for the co-simulation use cases.

5.2.3 Third optimization use case: LocalSolver-Hexaly

This use case carries a particular interest for the framework’s extensibility feature, as we intend to
link an external optimization tool to the framework, which means that the implementation effort is much
less than the implementation process of the previous algorithms; however, it will bring a big contribution
to the framework by leveraging an external optimization tool.

We decided to use the optimization solver offered by Hexaly (previously known as LocalSolver) [207],
which was implemented in the framework environment, maintaining the defined structure from Figure 4.5.
The Hexaly solver has already been used in the literature [208], and by different companies listed on the
Hexaly website [198].

For the black-box approach of the framework, we use the object-oriented Java API of the Hexaly
solver; we particularly exploit the Hexaly external functions feature, which allows us to use the co-
simulation execution as an external function that the solver can call. The interest we set in Hexaly is
due to the compatibility of the optimization strategy with the framework architecture.

The implementation of the Hexaly allowed us to exploit additional features of the solver that are not
implemented in the other two algorithms, that is, the possibility of adding constraints to the optimization
problem. The addition of constraints remains optional (with the exception of the lower and upper bounds
of each parameter, which are mandatory); however, simple constraints can help the solver converge to
an answer compared to an unconstrained search space. The generalization of the algorithm is performed
with the following algorithm parameters:

• Parami represents the name of the i−parameter of the co-simulation.

• loweri represents the lower bound of the i−parameter.

• upperi represents the upper bound of the i−parameter.

• P represents the precision to be considered in the solution.

• The exploration constraint for the algorithm is defined with two elements, from which only one is
necessary to provide:

– The maximum number of iterations Itmax.

– The time limit given in seconds tlim.

In Table 5.6, we see the algorithm parameters used for the experiment on each of the co-simulation
use cases. We see the utility of the constraints in the first use case, where the constraint Tmin < Tmax

prevents the algorithm from exploring illogical scenarios of the co-simulation.

Cosim Use case Parami loweri upperi P Itmax tlim Constraints

1 Tmin, Tmax 16.0 , 16.1 27.9, 28.0 0.01 - 120 Tmin < Tmax

2 SC 200000 300000 0.01 30 - -
3 Afc,Nfc,Np 100 , 140, 1 200, 280, 5 0.01 100 1200 -

Table 5.6: Hexaly parameters for the co-simulation use cases.
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We defined the optimization configuration for all the use cases in Tables 5.2, 5.3, 5.4, 5.5, and 5.6.
This completes all the setup information required to start launching the co-simulation-based optimiza-
tion experiments. Now, we present the way in which this configuration is handled in the framework
implementation to launch the experiments, which is mainly located in the interface component.

5.3 Configuration of the experiments with the Interface compo-
nent

As described in subsection 4.2.3, the interface component is the intermediary between the co-simulation
and optimization components. The interface is in charge of passing the information from the co-simulation
to the optimization algorithm and serving as the configuration tool for the user. The structure of the
interface component implementation was presented in 4.4.4.

The objective of the interface component is to organize the process configuration, which, if we did
not have an interface component, trying to generalize the process, we would have ad hoc interfaces as
shown in Figure 5.8. The intended modularity of the framework is shown in the interface component
implementation shown in Figure 5.9, where we see the same elements described in the implementation
of Figure 4.6. The implementation structure deployed is the result of the conceptual general framework
guidelines, which allowed us to configure experiments in a simple manner, rather than developing ad hoc
interfaces for each cosim-opt configuration.

Figure 5.8: Overview of the use cases connected with ad hoc interfaces.

Each of the arrows going throughout the interface component requires the configuration of the
launcher; this means that all the implementation effort has been condensed into a single document.

5.3.1 Usability of the interface component
In Figure 4.6, we discuss the batch configuration helper part of the interface component, whose purpose

is the simplification of the interaction of the user with the framework; however, the user can still interact
with the framework in 3 points.

• At Cosim-opt launcher, the user can directly create a cosim-opt launcher configuration and
execute it. This interaction demands from the user knowledge of the Java programming language,
as it requires going into a .java file and changing the values of 7-10 variables to later execute the
Java file Cosim-opt launcher.

• At the Batch interface, the user can configure a JSON file (with the structure described in
subsection 4.4.4) containing the description of 1 or more cosim-opt descriptions, which are launched
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Figure 5.9: Overview of the use cases connected with the interface component from the implementation
case developed for this thesis. We use red arrows to represent the connection between components, and
green arrows for the connection between elements from the same component.

in series using the cosim-opt launcher. This interaction demands from the user a basic understanding
of the JSON format to correctly modify the description file, and the capability of executing the
Java file Batch interface.

• Using the Graphical User Interface (GUI) to create the batch of cosim-opt iterations. This
interaction only demands that the user fill in the fields asked for in the GUI form.

5.3.2 Graphical User Interface structure and application

The structure of the Graphical User Interface (GUI) is presented in Figure 5.10, where we intend to
summarize the relevant information to be decided by the user when configuring a co-simulation-based
optimization experiment:

1. The co-simulation to be used. Due to the modularity of the framework, all the co-simulations
available in the implementation are reachable in the same folder, which simplifies the task of the
GUI of exploring the co-simulation files (field 3 of the Figure 5.10).

2. The optimization algorithm to be used. For this, the same principle applies, as the framework
is organized in a manner that the algorithms are available in the same environment (under the
structure defined in Figure 4.5) and should be reachable by the GUI (field 1 and field 2 for the
algorithm configuration).

3. The co-simulation and optimization component links, which are the indicators and parameters
keyword to be used (fields 4 and 5 of the Figure 5.10).

4. The possibility of including the sub-model variation defined in Figure 2.12 (in field 6 from Fig-
ure 5.10).

5. We also include the possibility of creating a queue of co-simulation-based optimization processes
(this batching can be configured using the fields 7 and 8 from the figure).
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6. Finally, the GUI can generate the JSON file containing the batch configuration to be executed as
defined in example 12 (fields 9 and 10 from the figure).

Figure 5.10: Overview of the GUI of the framework aiming at simplifying the input of the co-simulation-
based optimization iteration description.

The screenshots shown in Figure 5.11 and Figure 5.12 illustrate the result of applying the modular
approach. This allows us to see that the interface component can reach all of the use cases that were
developed in the framework, which allows us to create a co-simulation-based optimization iteration using
any combination of use cases.

Figure 5.11: GUI implementation of the optimizer options implemented in the optimization component.

5.4 Framework Assessment

For the assessment of the framework, we recall Figure 4.1, where we propose the assessment flow to be
conducted starting from the use case scale towards the abstract interface. To follow this order, we start in
the third level/application level of development, where we can assess the results of the optimization
processes.
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Figure 5.12: GUI implementation of the co-simulation options implemented in the co-simulation compo-
nent.

5.4.1 Framework assessment: Application level

At this level, we intend to study and improve (in terms of a particular objective function) a complex
system, and for this reason, we are interested in indicators such as the feasibility, which depends on
software resources usage (was the improvement process finished?), and the optimal configuration perfor-
mance (was the complex system improved?). The interest is mainly in the scenario description used to
obtain the best result from the objective function.

With these elements, we are capable of drawing conclusions about the behavior of the complex system
and the way that we can improve the performance of the systems in terms of the objective function.
Additionally, in case of unfeasibility or poor optimization results, we can conclude on the conditions that
make the problem not fit to be solved under the use case configuration.

To start the validation of this research, we now present the results of the study and improvement
of the complex systems included in the use cases. For that, we perform an analysis of the optimization
results focused on making explicit the improvement opportunities for each complex system.

Framework application to the co-simulation use case 1

The first use case defined in subsection 5.1.1 is optimized using the 3 different algorithms described
in section 5.2. We generate one batch with the 3 cosim-opt instances that can be seen in Appendix C.

In Figure 5.13, we present the results of the optimization process using the simulation-based opti-
mization algorithm, where we use the scenarios already established in Table 5.2. The 12 cases show a
non-linear behavior that gives an optimal value of f1 = 1847, which corresponds to the scenarios from 1
to 7. This gives us a first insight into the model performance, which appears to have an optimal zone
when tmin ≤ 19 and tmax ≥ 25.

From the Figure 5.13, we can appreciate the considerable size of the search space that 2 parameters
bring to the problem; it was necessary to do a projection of 3 axes to include both parameters and the
objective function, where it is visible that the exploration performed was only a diagonal. With a bi-
dimensional search space, the simulation-based algorithm is not robust enough to explore the function’s
behavior. The algorithm is useful to provide an initial look at the optimal values.

The next algorithm applied to this use case is the Gradient descent, which in this case is a multi-
parametric optimization (Tmin, Tmax), using the algorithm parameters described in Table 5.5, and for
this case the partial derivatives are used (equation 5.45). The resulting exploration performed is shown in
Figure 5.14, where we observe an interesting difference between the exploration of the parameters. The
Tmin parameter is highly explored by the gradient, which even found a convex curve when Tmax ≈ 24.6.
However, the exploration of the Tmax parameter was just explored in 3 points different from Tmax ≈ 24.6,
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Figure 5.13: Results of the co-simulation-based optimization process using co-simulation use case 1 and
the Simulation-based algorithm.

which suggests that the partial derivative of the parameter Tmax found a minimum in a few iterations,
but the algorithm continued solving the partial derivative of the parameter Tmin.

Figure 5.14: Results of the co-simulation-based optimization process using co-simulation use case 1 and
the Gradient descent algorithm.

The Figure 5.14 shows that the optimal minimization result found is f1 = 299 with the param-
eters Tmin = 24.3 and Tmax = 24.8. We see a big improvement in the minimization compared to the
simulation-based algorithm; the gradient was effective in exploring blindly the 2-dimensional search space.

Next, we apply the Hexaly algorithm to this use case using the algorithm parameters described in
Table 5.6. The resulting exploration performed is shown in Figure 5.15, where we observe an exploration
pattern much more spread. Given the boundaries defined as Tmin ∈ [16.0, 27.9] and Tmax ∈ [16.1, 28.0], we
can observe that Hexaly tries to explore solutions along the boundaries and then follow some descending
gradients to find the optimal solution.

The solution found in Figure 5.15 is f1 = 292 (objective function defined in equation 5.3) with the
parameters Tmin = 24.3 and Tmax = 24.88. This is an interesting result because it found a solution very
close to the one obtained from the Gradient descent algorithm; however, it is slightly better. The spread
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Figure 5.15: Results of the co-simulation-based optimization process using co-simulation use case 1 and
the Hexaly algorithm.

exploration of the search space gives more reliability to the value found and gives more insights into the
objective function behavior, that is, we can observe that there is a region with near-optimal values when
Tmin ≈ 24.

The conclusion of the house thermal control problem is that to optimize the comfort and consumption
of the house under the conditions defined for the optimization, the recommended temperature limits for
the A/C controller are [24.3, 24.88]. To find this value, we find equally useful the gradient descent and
Hexaly algorithms. The simulation-based algorithm was not very useful in this use case, due to the
unknown and bi-dimensional nature of the search space.

Framework application to the co-simulation use case 2

The second use case described in subsection 5.1.2 is optimized using the three algorithms. We present
the results from each algorithm, starting from the simulation-based optimization algorithm described
in subsection 5.2.1. For the simulation-based algorithm, 20 scenarios were defined in Table 5.3, which
produced the results shown in Figure 5.16, where the Y-axis shows the value of the objective function
f2(SC) (defined in equation 5.5).

Figure 5.16: Results of the co-simulation-based optimization process using co-simulation use case 2 and
the simulation-based algorithm.
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The optimal (minimal) value from the objective function is f2(SC) = −215 using the parameter value
MaxCapacity = SC = 215000, which corresponds to scenario 14. The results show that the performance
of the storage system according to the objective function starts too high; however, the function has a
pivot point around scenarios 13 and 14, where the function starts to increase again.

The next optimization process for the second co-simulation use case uses the same objective function,
but the second algorithm, which is the gradient descent algorithm described in subsection 5.2.2. We use
the algorithm parameters shown in Table 5.5 and in the JSON file in Appendix D. The results of the
optimization process are shown in Figure 5.17, which used the same layout configuration as Figure 5.16.

Figure 5.17: Results of the co-simulation-based optimization process using co-simulation use case 2 and
the gradient descent algorithm.

The optimal (minimal) value from the objective function shown in Figure 5.17 is f2(SC) = −209 using
the parameter value MaxCapacity = SC = 209008, which corresponds to scenario 16. The results show
similar exploration points to the ones set for the simulation-based algorithm, but we see the behavior of
the algorithm of following the gradient direction, that is, we see the starting value very high, then the
step taken grows as it approaches the minimum; however, it surpasses the minimum, which changes the
direction of the gradient, causing the algorithm to go back until it reaches a point where the stopping
criterion is reached. The use of the gradient descent for this use case is very useful for the exploration of
the behavior of the objective function when we completely ignore the shape of the objective function; it
is, however, possible to fall into a local minimum value.

The final optimization process for the second co-simulation use case uses the same objective function,
but the third algorithm, which is the Hexaly implementation described in subsection 5.2.3. We use
the algorithm parameters shown in Table 5.6 and in the JSON file in Appendix D. The results of the
optimization process are shown in Figure 5.18 using the same layout configuration as Figure 5.16, except
for the notation of the scenario number over each point in the graph; the reason for this is the fact that
the Hexaly solver exploration system is a black-box (the company solver is a product sold in the marker,
which means the exploration mechanism is a secret), we observed that the algorithm sometimes revisits
the same point, which made the graph not readable and therefore we decided to not include the scenario
number notation for this algorithm.

The optimal (minimal) value from the objective function shown in Figure 5.18 is f2(SC) = −218
using the parameter value MaxCapacity = SC = 219529.7, which was used during scenarios 13, 18, 25,
30, 32, and 33. The results show that the Hexaly exploration system pays attention to the boundaries
given as parameters (Table 5.6) and it explores the interval in an efficient way, shown by the optimal
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Figure 5.18: Results of the co-simulation-based optimization process using co-simulation use case 2 and
the Hexaly algorithm.

value found (the best from the 3 algorithms).
The conclusion of the study and improvement of the autonomous micro-grid complex system is that,

for the parameters defined in the co-simulation, the optimal size of the storage system should be close
to SC = 219529.7, depending on the actual values available in the market. To reach this conclusion,
we observed that the Hexaly and Gradient Descent are powerful self-sufficient exploration algorithms;
however, Hexaly was capable of finding a more precise answer for the optimization problem.

Framework application to the co-simulation use case 3

We perform the optimization of use case 3 (described in subsection 5.1.3) using the algorithms to
explore the performance behavior of the model. We start with the simulation-based algorithm, which
has the scenarios defined in Table 5.4. We evaluate the results using the objective function f3 defined in
equation 5.42. The result of the scenarios is shown in Figure 5.19, where we see on the horizontal axis the
value of the parameter Np, as the other parameters are fixed, the values for each scenario can be found
in Table 5.4.

The simulation-based optimal value obtained in Figure 5.19 is the scenario 2 where the parameters
are Np = 2, Afc = 200, and Nfc = 140; producing a value of f3(Afc,Nfc,N : p) = −305.5. The
behavior of the objective function does not seem clear, as the values go up and down on different scales.
The optimal value found is the result of the scenarios proposed by the Hy2Car Professor Stephane Rael.

The next optimization process is performed using the gradient descent algorithm using the config-
uration defined in Table 5.5. The results are shown in Figure 5.20, where we see the result of the 9
scenarios explored. To illustrate the exploration, we generated a 3D figure where each axis is one of the
parameters. Using color-coded points, we represent the value of the objective function f3, the scale on
the right contains the conversion of the colors for the f3 values.

The optimal value obtained in Figure 5.20 is the scenario 3 where the parameters are Np = 9,
Afc = 104, and Nfc = 142; producing a value of f3(Afc,Nfc,Np) = −69.8. According to Professor
Rael, while this configuration is possible, the solution is not better than the previous algorithm, and the
space that 9 parallel supercapacitor branches take would affect the comfort of the vehicle owner, as it
would be necessary to use space from the vehicle trunk.

We observe that the exploration of the search space was wide; notably, we notice that the gradient
led the Afc value to Afc = 1, which is not a realistic value in the context of its representation (a cell
with an active area of 1 cm2 is too small for the source of the vehicle). Then the gradient performed the
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Figure 5.19: Results of the co-simulation-based optimization process using co-simulation use case 3 and
the simulation-based algorithm.

Figure 5.20: Results of the co-simulation-based optimization process using co-simulation use case 3 and
the gradient descent algorithm. The 3 axes of the graph represent each of the parameters, and the color
of the points represents the objective function value (f3) using the scale on the right.
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same operation on the Nfc value, resulting in the two green points in the middle of the figure, which
triggered the stopping criterion of the algorithm.

The interesting conclusion from this algorithm’s exploration is that the gradient descent produced
scenarios that are not physically feasible. This means that the gradient is challenged when working in
highly restricted problems, which is understandable, as it follows the mathematical gradient exclusively
to decide on the scenarios, not the physical feasibility.

The last optimization process is performed using the Hexaly algorithm using the configuration defined
in Table 5.6. The results are shown in Figure 5.21, where we use the same illustration technique as the
gradient descent results.

Figure 5.21: Results of the co-simulation-based optimization process using co-simulation use case 3 and
the Hexaly algorithm. The 3 axes of the graph represent each of the parameters, and the color of the
points represents the objective function value (f3) using the scale on the right.

In Figure 5.21, the optimal value for the objective function is f3(Afc,Nfc,N : p) = −203.9, obtained
with the parameters Np = 5, Afc = 101, and Nfc = 140. We can also observe that the majority of the
exploration is found when Afc ≈ 100, which is the lower bound of this variable, suggesting that the best
scenarios are found when the active surface of the cell tends to be smaller. It is also interesting that the
value found by Hexaly is still not superior to that of the simulation-based algorithm, which highlights
the complexity of the 3-dimensional search space of the objective function.

The conclusion of the study and improvement of the Hy2Car vehicle is that, with the current model,
we can suggest the configuration of Afc = 200, Nfc = 140, andNp = 2 produces the optimal performance
of the vehicle, that is, minimizing the ratio of energy used per kilometer and maximizing the energy left
in the storage at the end of the trip (logic behind the function 5.42). However, we mentioned that some of
the values used in the study are not validated by the Hy2Car project, which means that the main result
of this study is the multi-model development and implementation in the framework, which can be further
tuned with validated parameters to find the real optimal values (exploiting the algorithms available in
the framework) to be used in the design of the vehicle.

Conclusions of the application level

The combination of the 3 co-simulation use cases and the 3 algorithm use cases generated 9 different
experiments, which bring insights into the behavior of the different complex systems in terms of the
objective functions defined. The application of the framework led to many insights found in the 9
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optimization processes.

Study case Optimization method Results

1 Simulation-based Figure 5.13
1 Gradient descent Figure 5.14
1 Hexaly Figure 5.15
2 Simulation-based Figure 5.16
2 Gradient descent Figure 5.17
2 Hexaly Figure 5.18
3 Simulation-based Figure 5.19
3 Gradient descent Figure 5.20
3 Hexaly Figure 5.21

Table 5.7: Study cases results.

We present Table 5.7 as a compilation of the results obtained in the application level of the framework.
The 9 figures show different behaviors and search strategies, which showcase the importance of including a
variety of algorithms (recalling the No free lunch theorem described in Definition 25). Also, the necessity
of variety in co-simulations to challenge the generality of the framework’s usability.

The conclusion of the application level of the framework is that when working with complex systems,
the behavior of an objective function can be highly unpredictable; therefore, the exploration of solutions
with several strategies is a useful approach to improving complex systems. This multi-strategic exploration
is possible thanks to the framework’s modular approach to integrating the co-simulation and optimization
tools.

5.4.2 Framework assessment: Implementation level
The assessment of the second level (i.e., implementation level described in subsection 4.1.3) is per-

formed by comparing the performance of the different use cases in terms of:

• Best algorithm per use case.

• Run-time per experiment.

• Number of iterations of the co-simulation per experiment.

In Table 5.8, we compile all the experiments’ performance to be compared. The first column assigns an
experiment number to each of the optimization processes performed for reference purposes. The second
and third columns show the co-simulation and optimization use case per experiment.

Then, the fourth column shows the experiment run-time, which is measured from the launching of the
optimization process until the optimal value is returned. The experiments were run on a computer with
an Intel Xeon W-2223 processor running at 3.6 GHz, using 64GB of RAM, running Windows version 11
Enterprise. We can see that the co-simulation use cases 2 and 3 are heavy in comparison with the first
use case. This is evident in experiment 3, where 212 co-simulations of use case 1 were executed, with an
overall execution time that is still faster than 33 executions of use cases 2 (experiment 6) or 3 (experiment
8).

The fifth column shows the number of scenarios executed by the algorithm, that is, how many co-
simulation executions were performed for the algorithm to decide on the optimal value. We can see
the impact of including multiple parameters in the gradient descent, which resulted in many extra co-
simulation executions to solve the derivatives and generate the next scenario (visible in experiments 2
and 8). We also see that for the co-simulation use cases 1 and 2, more scenarios tested by the algorithm
resulted in better optimal values, which means that the exploration depth is rewarded with better results.
However, for the third co-simulation use case, this is not consistent with the simulation-based algorithm,
whose success is credited to the domain-specific knowledge of the person proposing the scenarios to test.
Apart from that algorithm, we see that the extra exploration effort of the Hexaly algorithm was rewarded
with a better result closer to the one obtained with the simulation-based algorithm.
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Experiment Cosim Use case Algorithm Run-time [sec] Scenarios Optimal value

1 1 Simulation-based 6.7 12 1847
2 1 Gradient descent 72.7 52 (154)* 299
3 1 Hexaly 121.6 212 292
4 2 Simulation-based 589.8 20 -215
5 2 Gradient descent 672.8 22 -209
6 2 Hexaly 973.1 33 -218
7 3 Simulation-based 375.6 10 -305.5
8 3 Gradient descent 1211.7 9 (33)* -69.8
9 3 Hexaly 1340.2 37 -203.9

Table 5.8: Comparison of the experiments’ performance in terms of run-time, number of scenarios, and
optimal value found. *: In the case of the gradient descent algorithm, when multiple parameters are used,
there is a necessity for partial derivatives, which implies additional co-simulations. In the parentheses,
we include the total number of co-simulation executions, including the partial derivative calculations.

The last column contains the optimal value obtained in each experiment; this value is useful to
visualize the expected trade-off between algorithm depth and the optimal value found. This is the main
challenge when choosing the algorithm to use in an optimization problem. In general, we can conclude
on some elements that can help decide on which algorithm to choose for a particular problem:

• Simulation-based:

– Recommended for an initial exploration of the search space.

– Useful with highly constrained problems.

– Recommended in problems with the availability of a domain expert who can suggest interesting
scenarios to explore.

• Gradient descent:

– Benefit of being widely known and accepted in the optimization community.

– Not recommended with highly constrained problems (it requires a gradient descent variant
that considers constrained optimization problems [209]).

– Problems with many parameters, which will increase the scenario calculation due to the partial
derivatives calculation.

– The objective function has to be feasible at all points in a defined interval. This means that
the algorithm can have trouble with integer-defined parameters.

• Hexaly:

– Private solver that requires a license to access its services.

– Good performance in the experiments performed in this thesis.

– Simple integration to the framework due to the API standard (compatible with black-box
approach).

Another conclusion for the implementation level comes from the run-time analysis of the experiments,
which is that if the co-simulation execution run-time is relatively low, it is worth using several optimization
strategies to explore the search space. However, with heavy co-simulation, it is recommended to exploit
mathematical optimization heuristics, such as gradient descent or commercial solvers, such as Hexaly. It
is worth noting that in the context of complex systems, it is highly expected for the co-simulations to be
heavy, as the co-simulation approach encourages complex multi-model implementations.

The main result obtained at the implementation level was the simplification of the process of cre-
ating and launching the different co-simulation-based optimization experiments. This is visible when
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considering that all the results and analyses obtained so far were generated with only 3 standardized files
(included in Appendices C, D, and E). The objective of the framework implementation was to experience
the simplification of the process; this was achieved by using the GUI shown in Figure 5.11 to generate
the JSON files that launch the whole process.

5.4.3 Framework assessment: Architectural level

The final assessment level is the level where we can analyse the performance of the abstract interface
and design patterns included in the Conceptual General Framework proposed. For this, we retake the
5 main insights found in the literature review performed in chapter 3, and we present each element’s
influence in the results obtained.

Modularity

We implemented the modularity in the framework by following a black-box approach when handling
the main elements of the process (co-simulation, optimization, and interface). This approach is an appro-
priate method for defining modular architectures that include entities with unknown internal behavior,
known inputs, outputs, and parameters. The correct implementation of a black-box architecture has the
potential to handle diverse co-simulation domains combined with diverse optimization methods.

The results of this modularity are seen in the creation of the experiments 5.12, and in the appendices
C, D, E. The creation of the 9 experiments described in Table 5.8 was possible by only modifying between
6 and 8 fields; an example of this is the difference between the configuration of experiments 1, 4, and 7
from Table 5.8. We gather those configurations in Figure 5.22 for comparison. From these experiment
configurations, we see highlighted in yellow the values that differ between configurations. The figure
shows that it is possible to change between co-simulation use cases with the same algorithm by only
changing 4 elements (the parameters, iterations, steps, and the co-simulation file name).

In general, we summarize the items that need to be changed to alternate between co-simulation or
algorithms, as follows (we include the examples from the experiments performed with the use cases):

• A path to point at the file containing the co-simulation (e.g., CompleteHouseCosim.xml, com-
pleteAutonomousHouseNetwork_Opt.xml, hy2carOptim.xml).

• Keywords that reference values from the co-simulation file:

– The indicator value keyword (e.g., objective)

– The co-simulation parameter keywords (e.g., minTemp, maxTemp, maxCapacity, Afc, Nfc,
Np_sc)

• A keyword to refer to the algorithm to use ( e.g, simulationbased, gradientdescent, Hexaly).

• Keywords and values to set the algorithm parameters ( e.g, iterations:12, steps:[0.5, -0.5], learn-
ing_rate:0.002, stop_criteria:0.01, etc).

The generalization of the components allowed us to change from one optimization method or co-
simulation to another with only a few parameters to change. The advantage is that the optimization
algorithms and co-simulations use the same source code, which means that the modular approach allows
the algorithms and co-simulations to be easily interchangeable.

Domain flexibility

The results obtained in the application level (subsection 5.4.1) provided a deeper understanding of
the complex system studied (i.e., house internal temperature, smart grid system, and hybrid source
vehicle). Nevertheless, the success of the domain flexibility approach of the framework is only validated
by the reuse of the architecture proposed in future applications across diverse domains. The validation
of this framework is an effort that requires the involvement of more research teams that implement the
framework and can further challenge the advantages of the proposal in this thesis. The extent of the
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Figure 5.22: Comparison of the configuration files that describe experiments 1, 4, and 7 from Table 5.8.
All the text is the same for the files, with the exception of the text highlighted in yellow.

flexibility validated in this thesis is shown with the 3 co-simulation use cases developed (i.e., thermal
control, electric grid design, vehicle design), in addition to the articles from Table 3.7, which are the
frameworks where we found the importance of the flexibility domain approach (i.e., mobility, energy,
electric, buildings, aerodynamics, cruise control, etc).

Extensibility

The ability to easily accommodate new features [7] of the framework is a key element in handling
the heterogeneity of the components in co-simulation-based optimization. To demonstrate this feature
in the framework, we used the MECSYCO software and included optimization algorithms in different
ways. We observed the extensibility of MECSYCO with the compatibility of the software to integrate
models imported from external software (e.g., OpenModelica with the FMU exporting standard, API
service using the CSV format, Java-based models, among others). The extensibility of the optimization
component was observed with the use cases, where we developed hard-coded algorithms (simulation-
based and gradient descent), and we also used a third-party optimization solver implemented into the
framework (Hexaly).

The idea was to leverage different co-simulation and optimization tools to maximize the reach of the
framework. As seen in Table 3.1, diverse domains are combining co-simulations with optimisation to
improve complex systems. This is why any contribution to the co-simulation-based optimization method
is for the benefit of many domain researchers.
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Pre-processing

We defined the pre-processing as the information required beforehand to start the co-simulation and
optimization processes, but in the framework, we intend to combine both methods into one method called
co-simulation-based optimization. For this, we define the general structure of the pre-processing informa-
tion, which allowed us to propose a standardization of the information in a simple format (JSON chosen
for the implementation, but others can be further tested), shown in Example 12. This standardization
allowed us to launch 9 experiments with only 3 JSON files, where only some fields needed to be changed;
we also exploited this generalization to queue the experiments in a batch structure, and finally, we de-
veloped a GUI to simplify the co-simulation-based optimization batch creation. Something as simple as
enunciating the pre-processing information resulted in a standardization of a process that led to a user
interface that makes the use of the framework simple.

Interface component

This research work started with the question illustrated in Figure 2.13, that is, what is the composi-
tion and dynamics of that intermediate step between co-simulation and optimization. This led us to a
literature review that collected some architectural patterns to be taken into account when defining the
intermediate component. Finally, we proposed a general structure of the framework where the majority
of the efforts to include modularity, extensibility, flexibility, and pre-processing are condensed into the
interface component.

The correct implementation of the interface component allows the combination of any co-simulation
with any black-box optimization algorithm. The interface’s main capability is the ability to run a co-
simulation-based optimization process and then exchange the co-simulation and/or optimization compo-
nents with little effort.
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Chapter 6

Conclusions and Future Work

The context of this thesis is the growing presence of product complexity in the industry, which is
expanding the need to understand and improve the behavior of systems while considering the internal
complexity. A complex big-picture problem can be studied by combining the deep knowledge of various
discipline experts through interdisciplinary collaboration. This calls for tools such as co-simulation and
optimization that, combined, can serve as a means to study and improve complex systems.

The research question that motivated the research is how we can combine in a general manner co-
simulation and optimization?. For this, we review the literature for a state-of-the-art on the co-simulation-
based optimization method, which, to our knowledge, does not exist in the literature.

The first contribution of this thesis was the development of a state-of-the-art review of the co-
simulation-based optimization method, where we provide an overview of approaches with a wide and
heterogeneous landscape of optimization strategies and domains involved in the co-simulation, that is,
we found more than 25 different algorithms and 14 disciplines being combined in different ways within
each document.

The second contribution was a new classification of the co-simulation application, where we identified
that the way a co-simulation is developed can follow an inductive reasoning modeling process (Bottom-up
approach), starting from small models to build a big complex model, or a deductive reasoning modeling
process (Top-down approach), which starts from a complex system and builds the components as smaller
models connected.

The third and core contribution of this thesis is a generic framework for co-simulation-based optimiza-
tion. The literature review showed the presence of ad hoc implementation and domain-specific frame-
works for the field; however, this is the first framework attempting to provide a global decision support
for the implementation of co-simulation-based optimization with a domain-independent approach. For
the construction of the framework, we integrate the design patterns found in the literature review. The
framework includes a modular, domain-flexible, and extensible architecture, with an interface component
and pre-processing. The framework implements the black-box and coupled DEVS models formalisms to
include the parametric and structural (sub-model variation potential) optimization process. The structure
is divided into the co-simulation, optimization, and interface components. The novelty of the framework
proposed is the generalization approach of the architecture. To assess the extent of the generalization
success, we performed a software framework implementation along with 3 co-simulation use cases, com-
bined with 3 optimization algorithms. The implementation allowed us to confront the advantages of the
co-simulation component (the tool for studying the use cases), the optimization component (the tool for
the improvement of the use cases), and interface components (where all the efforts to handle the interac-
tions between the other components are condensed).

The assessment of the framework is performed in three levels. For the application level, we focus on
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the use case results, which means we display the improvements achieved on each complex system after
using the 3 algorithms. For the implementation level, we provided conclusions about the characteristics
of each component’s implementation by finding the optimal configuration for each use case under the
conditions of each co-simulation; that is, for the house thermal control problem, we find the parameters
that improve the comfort and reduce the energy consumption. For the autonomous micro-grid, we find
the optimal storage system size that minimizes the leftover energy production while avoiding the under-
dimensioning of the storage. And for the Hy2Car project, we find the optimal configuration of the hybrid
source system that improves the efficiency of the energy consumption in terms of the energy used and
generated. For the co-simulation component, we identified the effect of the co-simulation computational
resource requirements on the optimization results. For the optimization component, we considered the
No Free Lunch Theorem (Definition 25) as a motivation to include several optimization methods, which
allowed us to identify the conditions that make each algorithm more suitable for a certain type of prob-
lem. The interface component produced a notable result of the simplification of the co-simulation-based
optimization process, which is the possibility to change from one algorithm to another, with only 3-4
keywords needing to be modified, and to change from one co-simulation to another; also, only 3-4 fields
need to be modified. For the architectural level, we identified the diversity of domains included (domain
flexibility), the number of software tools working on the same shared environment (extensibility), and
the capacity of the framework to exchange co-simulation or algorithms (manifestation of the modularity)
by changing between 7-10 keywords (pre-processing) in a single file or graphic interface (interface com-
ponent).

This thesis has contributed to the scientific community through two major publications. A conference
paper was presented at the 35th European Modeling & Simulation Symposium (EMSS 2023), where the
proposed framework was demonstrated using two representative use cases: residential thermal control and
a micro-grid system [5]. Furthermore, a journal article providing a comprehensive state-of-the-art review
on co-simulation-based optimization was submitted to ACM Computing Surveys. The article received an
initial decision of major revision and is currently under its second round of peer review.

During the framework assessment, we mentioned some limitations of the framework structure and
implementation. First, we mention the possibility of varying the structure of the multi-model used in
the co-simulation component; in this description, we proposed the variation of the sub-models and the
variation of the coupling structure of the multi-model. We included the conceptual strategy to use the
sub-model variation in the optimization process; it is already possible to perform this kind of optimization
by using the batching function of the framework to optimize a co-simulation under different structures.
However, it was not included in the experiments developed for the thesis, which leaves this interesting
feature without validation. We mentioned the idea of the variation of the coupling structure, but we did
not attempt a conceptual or practical definition, as its influence on the black-box optimization methods
is not clear to us.

The research problem treated in this thesis opened perspectives that require further research, that is,
challenges in the short-term, mid-term, and long-term.

• Short-term:

– The Hy2Car study can still be extended to include more details of the hybrid source behavior,
especially in terms of the trade-off between the energy source configuration and its conse-
quences in the vehicle performance on the road. This will produce more meaningful insights
for the vehicle design project.

– Consider a use case that exploits the sub-model variation feature of the framework. For
example, in the Hy2Car project, we included a driver model; however, we can include different
driving style models to assess the behavior of the vehicle under different driving scenarios.

• Mid-term: The application of the software framework implemented to study and improve a real
problem from the industry would be interesting. This would put the framework in the position of
combining several domain experts’ experience into a study that can be later improved and confront
the results with a team of experts.
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• Long-term: The validation process of this thesis for the framework was focused on parametric
optimization; however, it would be interesting to extend the framework validation process to the
control optimization category. For this, the definition of use cases that follow the control structure is
required (usually defined as Markov chain problems), in combination with control-based optimiza-
tion algorithms (usually referred to as dynamic programming methods). This process will possibly
challenge the implementation performed to ensure the intended generality of the framework.
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Résumé en français

Introduction

La complexité croissante des produits dans l’industrie nécessite de comprendre et de prédire le com-
portement des systèmes, compte tenu de leur complexité interne. Un problème complexe peut être étudié
en combinant les connaissances d’experts de différentes disciplines grâce à une collaboration multidisci-
plinaire. La complexité peut résider dans la structure d’un système, mais elle peut aussi résider dans l’œil
de l’observateur de ce système. Même lorsqu’un système est « intrinsèquement » simple, c’est-à-dire qu’il
peut être décrit en principe en termes simples, un observateur peut ne pas découvrir cette simple descrip-
tion et ne peut caractériser le système que de manière très complexe [15]. Pour gérer cette complexité
avec une approche multidisciplinaire, un outil capable de capturer les mécanismes essentiels du système
et de produire un comportement similaire est nécessaire. Nous nous intéressons à l’outil de simulation
pour développer cette représentation dans un environnement virtuel, cependant, dans certains cas une
simulation ne suffit pas à capter la complexité, c’est pourquoi nous avons recours à la co-simulation. La
co-simulation consiste en l’interconnexion de plusieurs simulations qui génèrent un comportement global
pouvant être combiné à une optimisation pour fournir des informations de haut niveau sur le système
avant un déploiement réel.

Le sujet de recherche de cette thèse est la combinaison d’outils de co-simulation et d’optimisation
comme méthode d’étude et d’amélioration de systèmes complexes. La co-simulation est définie comme
la théorie et les techniques qui permettent la simulation générale d’un système à travers la composition
de simulateurs [7]. Le résultat de la co-simulation est constitué de simulations couplées qui exécu-
tent un multi-modèle présentant un comportement similaire à celui du système étudié. Grâce à cette
co-simulation, il est possible de modifier ses paramètres et sa structure pour explorer d’éventuelles modi-
fications du système; pour ce processus d’exploration, des algorithmes d’optimisation capables de trouver
des configurations idéales peuvent être utilisés. Nous appelons cette méthode combinée «optimisation
basée sur la co-simulation»; cependant, dans la littérature, nous ne trouvons que des applications ad
hoc ou spécifiques à un domaine, ce qui signifie que le domaine manque d’une méthode d’intégration
systématique et indépendante du domaine pour une optimisation basée sur la co-simulation.

La structure du manuscrit commence par une introduction à la problématique de recherche, suivie
d’une revue de la littérature où la pertinence de la méthode d’optimisation basée sur la co-simulation
est questionnée, les types de simulation utilisés et les types de stratégies d’optimisation utilisées sont
également énoncés. En utilisant les résultats de la revue de la littérature, un framework général pour
l’optimisation basée sur la co-simulation est proposé, dans le but de définir la structure abstraite générale
à suivre pour tout domaine intéressé par l’utilisation de l’optimisation basée sur la co-simulation. Suite
à cela, une évaluation du framework est réalisée, dans laquelle une implémentation est réalisée dans un
framework logiciel, où nous effectuons la mise en œuvre de 3 études de cas de co-simulation, combinées
à 3 algorithmes d’optimisation. Enfin, les conclusions générales de la thèse sont présentées.
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Revue de la littérature

Nous effectuons une analyse préliminaire de la littérature concernant l’optimisation basée sur la co-
simulation. Pour cela nous utilisons l’équation de recherche suivante dans les bases de données Scopus,
Web of Science et DBLP

TITLE-ABS-KEY( (“co-simulation” OR “cosimulation” OR “coupled simulation” ) AND “optimization” ).

Le résultat de cette recherche, présenté dans la figure 3.1, montre le calendrier de publication. Il illustre
les premières études menées sur le sujet entre 2007 et 2009, suivies d’une augmentation du nombre de
publications au fil du temps. Le problème a pris davantage d’importance au cours des dix dernières
années, en particulier au cours des trois dernières, où le nombre est resté autour de 13. Cette tendance
démontre la valeur des résultats de l’enquête pour la poursuite des recherches sur le sujet et la nécessité de
combiner tous les efforts individuels, en particulier en ce qui concerne la méthodologie et les procédures
opérationnelles standards.

La répartition des publications par domaine est une autre analyse qui peut fournir des informations
générales sur la littérature. Nous présentons le tableau 1 provenant de l’outil d’analyse SCOPUS, qui in-
dique le nombre de publications relevant de chacun des domaines généraux définis dans l’indexation SCO-
PUS (une publication peut relever de plusieurs domaines). Le tableau montre que les principaux domaines
concernés sont l’ingénierie et l’informatique, et que les applications sont diverses, allant de la physique
et des mathématiques aux sciences naturelles et sociales. En raison du large éventail d’applications dans
tout le spectre de la recherche, la méthodologie d’optimisation basée sur la co-simulation a le potentiel de
bénéficier à un large éventail de domaines. Compte tenu de la nature multidisciplinaire de la méthodolo-
gie examinée dans cette étude, un examen plus approfondi des domaines et des méthodes dans lesquels
cette technique est actuellement appliquée est nécessaire.

Table 1: Nombre de publications par domaine de recherche, selon les catégories définies dans SCO-
PUS. Résultats obtenus à partir de SCOPUS après suppression manuelle des articles hors du champ
d’application de cette enquête à partir de l’équation de recherche en février 2024, avec un total de 85
publications.

Domaine Articles

Ingénierie 53
Informatique 34
Mathématiques 13
Physique et astronomie 12
Sciences de l’environnement 11
Science des matériaux 10
Énergie 10
Sciences agricoles et biologiques 3
Génie chimique 3
Sciences sociales 3
Sciences de la Terre et des planètes 2
Chimie 2
Sciences de la décision 1
Biochimie, génétique et biologie moléculaire 1

L’examen de la base de données des publications utilisant l’optimisation basée sur la co-simulation
a permis d’identifier des modèles dans les méthodologies suivies. Les différents modèles sont affinés en
classifications qui mettent en évidence les différences importantes entre les applications. La classification
complète est présentée dans Table 3.5 et Table 3.6, où nous classons les 96 documents trouvés à l’aide de
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l’équation

TITLE( (“co-simulation” OR “cosimulation” OR “coupled simulation” ) AND “optimization” )
AND PUBYEAR < 2024 ).

Chaque ligne contient un document et les colonnes sont définies comme suit :

• Approche de construction utilisée pour développer la co-simulation, les approches sont: i) l’approche
ascendante pour la construction d’une co-simulation utilise la méthode du raisonnement inductif
(l’approche inductive part du particulier pour aller vers le général, de sorte que des cas particuliers
sont observés puis combinés dans un ensemble plus large ou une affirmation générale [51]). Lorsque
nous appliquons cette méthode à l’étude d’un système complexe, nous arrivons à la définition
suivante : Approche ascendante pour la construction d’une co-simulation : construction d’une co-
simulation par le couplage de deux ou plusieurs simulations existantes de systèmes spécifiques à
un domaine qui interagissent dans un environnement partagé pour produire un comportement plus
large et général.

Et ii) l’approche descendante utilise la méthode du raisonnement déductif (l’approche déductive
est basée sur une théorie générale antérieure pour passer au spécifique, et donc, elle passe de la
théorie générale au spécifique [51]). L’application de la méthode du raisonnement déductif à la
co-simulation conduit à la définition suivante : Approche descendante pour la construction d’une
co-simulation : construction d’une co-simulation qui commence par l’étude du système complexe, en
utilisant la modélisation et la simulation pour décrire des sous-systèmes plus petits et interconnectés.

• Domaines de simulation présents dans la co-simulation, chaque co-simulation combine deux ou
plusieurs modèles, ces modèles sont définis du point de vue d’un domaine scientifique. Dans cette
colonne, nous mentionnons les domaines inclus dans la co-simulation.

• Le logiciel de simulation utilisé pour créer chacun des modèles de la co-simulation.

• La méthode d’optimisation.

• Le logiciel d’optimisation.

La principale contribution de cette revue, qui présente une analyse approfondie sur l’optimisation basée
sur la co-simulation, est de fournir une analyse de la manière dont la co-simulation et l’optimisation sont
mises en œuvre. Pour ce faire, nous passons en revue la littérature pour identifier les tendances émergentes
dans les stratégies proposées et arrivons à une abstraction générale des méthodologies. Cette abstraction
a montré que l’extensibilité, la normalisation de l’exportation/importation de modèles de simulation d’un
logiciel à un autre et des cadres de conception (frameworks) sont les principales approches pour aborder
les différentes disciplines impliquées dans l’optimisation basée sur la co-simulation, ainsi que les différentes
techniques d’optimisation disponibles.

Au cours du développement de cette recherche approfondie, nous avons apporté plusieurs contributions
pertinentes à l’optimisation basée sur la co-simulation, dont l’une est la classification de construction pour
les co-simulations, qui contribue à une meilleure compréhension du processus de modélisation d’un système
complexe, ce qui aide à identifier de nouveaux systèmes complexes pouvant bénéficier de la méthode de
co-simulation.

Du point de vue de l’optimisation, nous avons identifié et classé les méthodes d’optimisation utilisées
dans la base de données bibliographique (Figure 1). Cette classification nous a permis d’examiner les
caractéristiques de l’interaction entre les composants de co-simulation et d’optimisation afin de déterminer
les trois types de stratégies d’interopérabilité utilisées dans la littérature pour intégrer la co-simulation et
l’optimisation, à savoir manuellement, par collaboration logicielle et à l’aide de frameworks d’optimisation
basés sur la co-simulation. Nous concluons que l’approche « boîte noire » est un concept pertinent pour
étudier l’interopérabilité entre la co-simulation et l’optimisation. Cette approche permet de regrouper la
co-simulation et l’optimisation dans un environnement conceptuel commun, qui reflète les environnements
de mise en œuvre présents dans la littérature. Une autre conclusion de cette analyse de la littérature est
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Figure 1: Catégories d’optimisation et méthodologies spécifiques utilisées dans la base de données échan-
tillon (le nombre d’articles utilisant chaque méthode est indiqué en rouge entre parenthèses, voir tableau
3.5) et 3.6).

liée à l’intérêt de tirer parti des nombreuses applications en proposant des frameworks offrant des capacités
d’extensibilité, de modularité, de prétraitement et d’interfaçage qui rendent possible l’intégration des
outils de co-simulation et d’optimisation.

Nous nous appuyons sur les conclusions de cette revue de la littérature pour proposer un nouveau
framework général réutilisable, afin d’accélérer et de simplifier la mise en œuvre de l’optimisation basée
sur la co-simulation pour l’étude et l’amélioration de systèmes complexes. Nous utilisons des modèles
architecturaux existants pour proposer un framework général d’optimisation basé sur la co-simulation,
visant à fournir une structure flexible en termes d’algorithmes d’optimisation et de domaines de simula-
tion.

Cela a conduit à la principale contribution de cette thèse : un framework modulaire, flexible et
extensible pour l’optimisation basée sur la co-simulation, incluant un composant d’interface généralisé
pour gérer l’interaction entre la co-simulation et l’optimisation, ainsi qu’une définition des informations de
prétraitement nécessaires pour l’exécution simple de l’ensemble. Nous réalisons une implémentation sous
la forme d’un framework logiciel déployé dans un environnement Java, suivant les lignes directrices du
framework conceptuel, et étudions trois systèmes complexes hétérogènes (études de cas) en combinaison
avec trois algorithmes d’optimisation afin de démontrer la fonctionnalité du framework.

Proposition de framework général

Dans ce chapitre, nous définissons le framework d’optimisation basé sur la co-simulation, dont la
structure provient directement des modèles architecturaux trouvés dans la revue de la littérature. Ces
éléments sont la flexibilité, l’extensibilité, la modularité, le prétraitement et le composant d’interface. Les
éléments structurels, tels que la modularité (avec une séparation des composants dans des boîtes), le pré-
traitement (énumérant les besoins en informations) et le composant d’interface (composant intermédiaire
pour gérer la communication entre la co-simulation et l’optimisation).

Afin de garantir l’extensibilité et la flexibilité du framework quelle que soit son implémentation,
nous avons opté pour une architecture de type « boîte noire ». Pour illustrer son implémentation, nous
fournissons un exemple qui sert de fil conducteur. Nous présentons une mise en œuvre du framework dans
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un environnement basé sur Java, où les composants de co-simulation et d’optimisation sont encapsulés sous
forme d’objets Java. L’effort de mise en œuvre principal se concentre sur le composant d’interface, où nous
définissons des interfaces qui permettent d’utiliser les autres composants comme des plugins. Le résultat
est un framework d’optimisation basé sur la co-simulation, où les interactions de l’utilisateur convergent
vers le composant d’interface, principalement pour la mise en place d’un processus d’optimisation basé
sur la co-simulation (CS-O) et pour la mise en place d’un lot CS-O (dans l’assistant de configuration des
lots).

Le framework est représenté par une structure basée sur des composants. Nous utilisons une structure
modulaire/boîte noire, conformément à la tendance des autres frameworks issus de la revue de la littéra-
ture. Cette approche est appropriée pour décrire de manière abstraite le processus d’optimisation basé sur
la co-simulation tout en conservant les particularités de chaque domaine. Un autre détail pertinent inclus
dans le framework est l’identification des informations de prétraitement nécessaires au lancement d’un
processus d’optimisation. Nous identifions les composants de co-simulation, d’optimisation et d’interface
comme les principales entités interagissant dans le framework. En outre, la partie prétraitement du
framework compile toutes les informations nécessaires au lancement du processus d’optimisation.

La Table 2 récapitule les processus de traitement de l’information qui se déroulent dans le frame-
work ; la première colonne contient le nom du composant où le processus se déroule, les deuxième et
troisième colonnes indiquent respectivement les entrées et les sorties du processus, ainsi que la notation
mathématique définie, et la quatrième colonne contient la notation mathématique du processus. Notons
que le composant d’interface contient les deux processus qui transforment les informations de sortie en
informations d’entrée. Pour ce processus en boucle nous proposons une représentation directe du flux
à l’aide de la notation mathématique des équations (Cosim(N, Ics) = O⃗cs), ( ⃗Iopt = ObjFunc(O⃗cs)),
(Algorithm( ⃗Iopt) = Oopt) et (Setup(Oopt) = (N, Ics)) dans Figure 2.

Table 2: Processus, représentation des informations sortantes et entrantes pour les composants du frame-
work.

Composant Entrées → Notation Sorties → Notation Processus interne

Co-simulation Multi-modèle, Paramètres → N, Ics Résultats → O⃗cs Cosim(·)
Optimisation Indicateurs → ⃗Iopt Scénario → Oopt Algorithm(·)
Interface Résultats → O⃗cs Indicateurs → ⃗Iopt ObjFunc(·)
Interface Scénario → Oopt Multimodèle, paramètres → N, Ics Setup(·)

Figure 2: Notation mathématique des flux pour le framework d’optimisation basé sur la co-simulation.
Au cours de l’optimisation, certains éléments doivent être définis dès le début et rester fixes (en rouge),
d’autres nécessitent également une valeur initiale mais varient au cours du processus d’optimisation (en
bleu), et d’autres encore ne nécessitent aucune initialisation (en vert).

Nous avons présenté l’architecture générale du framework avec ses composants et le flux d’informations
dans Figure 2 et la notation utilisée pour les processus et les interactions est résumée dans Table 4.2.
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Néanmoins, pour bien comprendre l’utilité du framework, nous avons besoin d’applications qui peuvent
montrer l’utilisation des différentes fonctionnalités de mise en œuvre du framework. Pour cela, nous
présentons des cas d’utilisation destinés à évaluer les fonctionnalités du framework tout en étudiant et
en améliorant certains systèmes complexes.

Évaluation du framework

Définition des cas d’utilisation et des algorithmes de cosimulation

Nous présentons l’optimisation pour 3 études de cas. L’étude de cas n° 1 est définie comme l’optimisation
du système de climatisation afin d’améliorer le confort des occupants d’une maison. Dans l’étude de cas
n° 2, nous déterminons la capacité optimale du système de stockage d’un réseau de 4 maisons autonomes
afin de minimiser les pertes d’énergie. Dans l’étude de cas n° 3, nous développons l’optimisation basée sur
la co-simulation pour la conception d’un véhicule hybride à hydrogène (dans le cadre du projet Hy2Car).
Le résultat est la co-simulation du véhicule et les connaissances en matière d’optimisation contribuant à
la proposition optimale pour la configuration de la source hybride.

Cas d’Utilisation 1 : Système de Contrôle de la Température d’une Maison

Le premier cas d’utilisation démontre l’étude d’un système complexe par co-simulation, centré sur
le contrôle de la température interne d’une maison. En utilisant le logiciel MECSYCO, ce cas illustre
comment représenter un système multi-modèle. Le système cible est le contrôle de l’air conditionné
d’une maison, intégrant les modèles de températures interne et externe, le système de climatisation et
l’occupation de la maison. L’optimisation vise à améliorer le problème complexe de régulation thermique.

Cas d’Utilisation 2 : Réseau de Maisons Autonomes

Le deuxième cas met en avant la capacité de MECSYCO à coupler et à réutiliser des modèles sous forme
de "boîtes noires". Ici, un réseau de maisons autonomes, interconnectées à un système de stockage partagé,
est exploré. La co-simulation analyse les interactions entre quatre maisons générant de l’électricité via
des éoliennes et un module de stockage intelligent. Ce modèle, issu d’une thèse de doctorat, utilise
l’imbrication pour réutiliser des modèles sans affecter les propriétés de co-simulation.

Cas d’Utilisation 3 : Projet Hy2Car

Dans le troisième cas, nous étudions et améliorons un système complexe lié au projet Hy2Car, qui ex-
plore l’utilisation directe d’une pile à hydrogène hybride et de supercondensateurs comme source d’énergie
pour un véhicule. L’optimisation basée sur la co-simulation vise à tester et à valider le design du véhicule,
en simulant divers domaines (électrique, physique, contrôle, géographique) pour optimiser le comporte-
ment énergétique.

Algorithmes d’Optimisation 1 : Optimisation basée sur la simulation

L’optimisation basée sur la simulation utilise un échantillon limité de scénarios pour optimiser une
fonction objectif. Cette méthode, connue sous le terme de "ranking and selection", est utile pour les
simulations complexes. Elle a été appliquée dans 44% des articles examinés dans la littérature.

Algorithmes d’Optimisation 1 : Algorithme de Descente de Gradient

Cet algorithme ajuste les paramètres en utilisant le gradient des résultats de la co-simulation. Il
calcule itérativement le gradient pour approcher une valeur optimale. Bien que simple, la logique de
descente de gradient est essentielle pour l’optimisation paramétrique.
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Algorithmes d’Optimisation 1 : Intégration d’un Outil d’Optimisation Externe (Hexaly)

Ce cas d’utilisation est particulièrement intéressant pour l’extensibilité du framework, visant à lier un
outil d’optimisation externe au framework. L’implémentation du solveur Hexaly, offrant des améliorations
significatives, facilitera l’intégration avec un minimum d’effort par rapport aux algorithmes précédents.

Niveaux d’évaluation
Cette évaluation d’un framework logiciel comprend trois niveaux : le niveau d’application, le niveau

d’implémentation et le niveau architectural. Chacun de ces niveaux offre une perspective unique sur les
aspects de performance et d’optimisation des systèmes complexes.

Au niveau d’application, nous développons des use cases visant à améliorer des systèmes complexes
grâce à l’implémentation logicielle. Les résultats ici fournissent des aperçus d’optimisation, limités aux
systèmes étudiés, mettant en avant les solutions concrètes issues de la co-simulation.

Le niveau d’implémentation se concentre sur la comparaison des performances des différents use cases.
Cette analyse permet d’évaluer l’efficacité de chaque implémentation, fournissant des arguments solides
sur les avantages de la structure du framework pour l’optimisation basée sur la co-simulation.

Enfin, le niveau architectural aborde les bénéfices découlant de l’application d’interfaces abstraites et
de motifs de conception structurels. Les conclusions de cette analyse soulignent l’importance des choix
architecturaux, renforçant la maintenabilité et la flexibilité du framework. Ensemble, ces trois niveaux
forment une évaluation complète des capacités du framework logiciel.

Résultats au niveau de l’application
Nous présentons Table 3 comme une compilation des résultats obtenus au niveau de l’application du

framework. Les 9 figures montrent différents comportements et stratégies de recherche, qui soulignent
l’importance d’inclure une variété d’algorithmes qui rappelle le théorème « No free lunch » (Dans le
domaine de l’optimisation, le théorème « No Free Lunch » établit que pour tout algorithme d’optimisation,
toute performance élevée sur un type de problème est compensée par la performance moins élevée sur un
autre type [173].). Elles montrent également la nécessité de varier les co-simulations afin de remettre en
question la généralité de l’utilisabilité du framework.

Étude de cas Méthode d’optimisation Résultats

1 Simulation Figure 5.13
1 Descente de gradient Figure 5.14
1 Hexaly Figure 5.15
2 Simulation Figure 5.16
2 Descente de gradient Figure 5.17
2 Hexaly Figure 5.18
3 Simulation Figure 5.19
3 Descente de gradient Figure 5.20
3 Hexaly Figure 5.21

Table 3: Résultats des cas étudiés.

La conclusion du niveau d’application du framework est que, lorsqu’on travaille avec des systèmes com-
plexes, le comportement d’une fonction objectif peut être très imprévisible ; par conséquent, l’exploration
de solutions à l’aide de plusieurs stratégies est une approche utile pour améliorer les systèmes complexes.
Cette exploration multi-stratégique est possible grâce à l’approche modulaire du framework pour intégrer
les outils de co-simulation et d’optimisation.

Résultats au niveau de l’implémentation
L’évaluation du deuxième niveau (c’est-à-dire le niveau de l’implémentation) est effectuée en com-

parant les performances des différents cas d’utilisation en termes de :
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• Meilleur algorithme par cas d’utilisation.

• Durée d’exécution par expérience.

• Nombre d’itérations de la co-simulation par expérience.

Dans Table 4, nous compilons toutes les performances des expériences. La première colonne attribue
un numéro d’expérience à chacun des processus d’optimisation effectués à des fins de référence. Les
deuxième et troisième colonnes indiquent le cas d’utilisation de la co-simulation et de l’optimisation.

Expérience Cas d’étude Algorithme Temps d’exécution [s] Scénarios Valeur optimale

1 1 Simulation 6.7 12 1847
2 1 Descente de gradient 72.7 52 (154)* 299
3 1 Hexaly 121.6 212 292
4 2 Simulation 589.8 20 -215
5 2 Descente de gradient 672.8 22 -209
6 2 Hexaly 973.1 33 -218
7 3 Simulation 375.6 10 -305.5
8 3 Descente de gradient 1211.7 9 (33)* -69.8
9 3 Hexaly 1340.2 37 -203.9

Table 4: Comparaison des performances des expériences en termes de temps d’exécution, de nombre de
scénarios et de valeur optimale trouvée. *: Dans le cas de l’algorithme de descente de gradient, lorsque
plusieurs paramètres sont utilisés, il est nécessaire de calculer les dérivées partielles, ce qui implique des
co-simulations supplémentaires. Entre parenthèses, nous indiquons le nombre total d’exécutions de co-
simulation, y compris les calculs de dérivées partielles.

Enfin, la quatrième colonne indique le temps d’exécution de l’expérience, mesuré entre le lancement
du processus d’optimisation et l’obtention de la valeur optimale. Les expériences ont été réalisées sur
un ordinateur équipé d’un processeur Intel Xeon W-2223 cadencé à 3,6 GHz, avec 64 Go de RAM, sous
Windows version 11 Enterprise. Nous pouvons constater que les cas d’utilisation de co-simulation 2 et
3 sont lourds par rapport au premier cas d’utilisation. Cela est évident dans l’expérience 3, où 212
co-simulations du cas d’utilisation 1 ont été exécutées, avec un temps d’exécution global qui reste plus
rapide que celui des 33 exécutions des cas d’utilisation 2 (expérience 6) ou 3 (expérience 8).

Résultats au niveau architectural
Le niveau d’évaluation final est celui où nous pouvons analyser les performances de l’interface abstraite

et des modèles de conception inclus dans le framework général conceptuel proposé. Pour cela, nous
reprenons les 5 principales conclusions tirées de l’analyse documentaire et nous présentons l’influence de
chaque élément dans les résultats obtenus.

Nous avons mis en œuvre la modularité dans le framework en suivant une approche de type « boîte
noire » lors du traitement des principaux éléments du processus (cosimulation, optimisation et interface).
Cette approche est une méthode appropriée pour définir des architectures modulaires qui incluent des
entités dont le comportement interne est inconnu, mais dont les entrées, les sorties et les paramètres sont
connus. La mise en œuvre correcte d’une architecture de type « boîte noire » permet de traiter divers
domaines de cosimulation combinés à diverses méthodes d’optimisation.

Les résultats obtenus au niveau de l’application ont permis de mieux comprendre le système complexe
étudié (à savoir la température interne des maisons, le système de réseau intelligent et les véhicules à source
hybride). Néanmoins, la flexibilité du framework n’est validée que par la réutilisation de l’architecture
proposée dans de futures applications dans divers domaines. La validation de ce framework est un effort
qui nécessite la participation d’autres équipes de recherche qui mettent en œuvre le framework et peuvent
remettre en question les avantages de la proposition présentée dans cette thèse. L’étendue de la flexibilité
validée dans cette thèse est illustrée par les trois cas d’utilisation de co-simulation développés (à savoir,
le contrôle thermique, la conception du réseau électrique et la conception de véhicules).
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La capacité à intégrer facilement de nouvelles fonctionnalités [7] dans le framework est un élément clé
pour gérer l’hétérogénéité des composants dans l’optimisation basée sur la co-simulation. Pour démontrer
cette fonctionnalité, nous avons utilisé le logiciel MECSYCO et inclus des algorithmes d’optimisation de
différentes manières. Nous avons observé l’extensibilité de MECSYCO grâce à la compatibilité du logiciel
pour intégrer des modèles importés à partir de logiciels externes (par exemple, OpenModelica avec la
norme d’exportation FMU, le service API utilisant le format CSV, les modèles basés sur Java, entre
autres). L’extensibilité du composant d’optimisation a été observée avec les cas d’utilisation, où nous
avons développé et implanté des algorithmes (basés sur la simulation et la descente de gradient), et nous
avons également utilisé un solveur d’optimisation tiers implémenté dans le framework (Hexaly).

Nous avons défini le prétraitement comme les informations requises au préalable pour démarrer les
processus de co-simulation et d’optimisation, mais dans le cadre de cette thèse, nous avons l’intention
de combiner de manière générale les deux méthodes en une seule appelée « optimisation basée sur la
co-simulation ». Pour cela, nous définissons la structure générale des informations de prétraitement, ce
qui nous a permis de proposer une normalisation des informations dans un format simple (JSON choisi
pour la mise en œuvre, mais d’autres peuvent être testés ultérieurement), comme le montre l’exemple 12.
Cette normalisation nous a permis de lancer 9 expériences avec seulement 3 fichiers JSON, dans lesquels
seuls certains champs devaient être modifiés ; nous avons également exploité cette généralisation pour
mettre les expériences en file d’attente dans une structure par lots, et enfin, nous avons développé une
interface graphique pour simplifier la création de lots d’optimisation basée sur la co-simulation. Une chose
aussi simple que l’énoncé des informations de prétraitement a abouti à la normalisation d’un processus
qui a conduit à une interface utilisateur qui simplifie l’utilisation du framework.

Ce travail de recherche a débuté par la question illustrée dans Figure 2.13, à savoir quelle est la
composition et la dynamique de cette étape intermédiaire entre la co-simulation et l’optimisation. Cela
nous a conduits à une revue de la littérature qui a permis de recueillir certains modèles architecturaux
à prendre en compte lors de la définition du composant intermédiaire. Enfin, nous avons proposé une
structure générale du framework dans laquelle la plupart des efforts visant à inclure la modularité,
l’extensibilité, la flexibilité et le prétraitement sont condensés dans le composant d’interface.

La mise en œuvre correcte du composant d’interface permet de combiner n’importe quelle co-simulation
avec n’importe quel algorithme d’optimisation de boîte noire. La principale capacité de l’interface est de
pouvoir exécuter un processus d’optimisation basé sur la co-simulation, puis d’échanger les composants
de co-simulation et/ou d’optimisation avec peu d’efforts.

Conclusions

L’évaluation du framework a été réalisée à trois niveaux. Pour le niveau d’application, nous nous
sommes concentrés sur les résultats des cas d’utilisation, à savoir les améliorations obtenues sur chaque
système complexe après avoir utilisé les trois algorithmes. Au niveau de la mise en œuvre, nous avons tiré
des conclusions sur les caractéristiques de la mise en œuvre de chaque composant en trouvant la config-
uration optimale pour chaque cas d’utilisation dans les conditions de chaque co-simulation ; c’est-à-dire
que pour le problème de contrôle thermique de la maison, nous avons trouvé les paramètres qui améliorent
le confort et réduisent la consommation d’énergie. Pour le micro-réseau autonome, nous avons trouvé
la taille optimale du système de stockage qui minimise la production d’énergie restante tout en évitant
le sous-dimensionnement du stockage. Et pour le projet Hy2Car, nous avons trouvé la configuration
optimale du système de source hybride qui améliore l’efficacité de la consommation d’énergie en termes
d’énergie utilisée et générée. Pour le composant de co-simulation, nous avons identifié l’effet des besoins
en ressources informatiques de la co-simulation sur les résultats de l’optimisation. Pour la composante
d’optimisation, nous avons considéré le théorème « No Free Lunch » (définition 25) comme une moti-
vation pour inclure plusieurs méthodes d’optimisation, ce qui nous a permis d’identifier les conditions
qui rendent chaque algorithme plus adapté à un certain type de problème. Le composant d’interface a
produit un résultat notable en simplifiant le processus d’optimisation basé sur la co-simulation, à savoir
la possibilité de passer d’un algorithme à un autre en ne modifiant que 3 à 4 mots-clés, et de changer
d’une co-simulation à une autre en modifiant également seulement 3 à 4 champs. Pour le niveau architec-
tural, nous avons identifié la diversité des domaines inclus (flexibilité des domaines), le nombre d’outils
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logiciels fonctionnant dans le même environnement partagé (extensibilité) et la capacité du framework à
échanger des co-simulations ou des algorithmes (manifestation de la modularité) en modifiant entre 7 et
10 mots-clés (prétraitement) dans un seul fichier ou une seule interface graphique (composant d’interface).

Cette thèse a contribué à la communauté scientifique à travers deux publications majeures. Un article
a été présenté lors du 35e Symposium européen sur la modélisation et la simulation (EMSS 2023), où le
framework proposé a été démontré à l’aide de deux cas d’utilisation représentatifs : le contrôle thermique
résidentiel et un système de micro-réseau [5]. En outre, un article de revue fournissant une revue complète
de l’état de l’art sur l’optimisation basée sur la co-simulation a été soumis à ACM Computing Surveys.
L’article a reçu une décision initiale de révision majeure et fait actuellement l’objet d’un deuxième cycle
d’évaluation par les pairs.

Au cours de l’évaluation du framework, nous avons identifié certaines limites concernant à la fois la
structure et la mise en œuvre du framework. Nous avons souligné la possibilité de modifier la structure du
multimodèle utilisé dans le composant de co-simulation. Dans ce contexte, deux aspects ont été proposés:

• Variation des Sous-Modèles : Nous avons introduit la stratégie conceptuelle d’utiliser la variation des
sous-modèles dans le processus d’optimisation. Il est déjà possible d’effectuer ce type d’optimisation
en utilisant la fonction de traitement par lots du framework, ce qui permet d’optimiser une co-
simulation sous différentes structures. Cependant, cette fonctionnalité n’a pas été incluse dans les
expériences menées pour la thèse, laissant ainsi cette capacité sans validation.

• Variation de la Structure de Couplage : Bien que nous ayons évoqué l’idée de varier la structure de
couplage, nous n’avons pas tenté d’en fournir une définition conceptuelle ou pratique. L’influence
de cette variation sur les méthodes d’optimisation de boîte noire reste encore floue. Ces perspec-
tives soulignent des opportunités pour de futures recherches afin de valider et d’expérimenter ces
approches prometteuses.



Appendix A

Abbreviations

Table A.1: Abbreviations.

Abbreviation Full name

ANN Artificial Neural Networks
BCD Block Coordinate Descent
BFD Best-Fit Decreasing
CMA-ES Covariance matrix adaptation evolution strategy
CMOEA-MS Constrained multi-objective evolutionary algorithm with multiple stages
COBYLA Constrained Optimization By Linear Approximation
DEA Differential Evolution Algorithm
E-S EXTREMUM-SEEKING
FFD First-Fit Decreasing
FOA Fruit fly Optimization Algorithm
GDO Goal-Driven Optimization
GOBI Gradient-Based Optimization using Back-propagation to Input
IPOPT Interior-Point Optimizer
LWM Linear Weighted Method
MOR Model Order Reduction
MPC Model Predictive Control
NNIA Non-Dominated Neighborhood Immune Algorithm
NSGA-II Non-dominated Sorting Genetic Algorithm
OPF Optimal Power Flow
PSO Particle swarm optimization
RBFOpt Radial Basis Function Optimization
RSM Response Surface Methodology
SNOPT Sparse Non-linear Optimizer
TOPSIS Technique for Order Preference by Similarity to Ideal Solution
TS Tabu Search algorithm
VVO Volt-var optimization
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Appendix B

Software compilation

Table B.1: Software description (part 1 of 2).

Software Definition of the software Ref

Abaqus Finite Element Analysis Software [110]
Adams Multibody dynamics simulation [111]
ADS Advanced Design System, Electronic circuit simulation [155]
AMESim Thermo-hydraulic simulation software [121]
AMPERES Multi-Physics simulation for Electrochemical and Renewable Energy Storage [145]
ANSYS Engineering simulation software package [139]
AnnAGNPS Simulation software to evaluate management decisions on watersheds [210]
APECS Advanced Process Engineering Co-Simulator [157]
API REST Set of protocols for building and integrating applications software [211]
AQWA Hydrodynamic simulation for offshore and marine structures (Part of ANSYS) [212]
ARENA Discrete event simulation software [213]
Aspen Plus Process Simulation Software for the Chemical Industry [214]
CarSim Simulation Software of vehicle behavior [112]
COMSOL Software for Multiphysics Simulation [142]
CST 3D electromagnetic software for design, analysis and optimization [215]
C++ High-level and general-purpose programming language [216]
DAKOTA Software for optimization using advanced parametric analyses [168]
DNP3 Client-Master Simulator [217]
Docker OS-level virtualization to deliver software in packages called containers. [218]
DSHplus Dynamic simulation of fluid power systems [219]
Dymola Dynamic complex systems simulation [108]
Eclipse Integrated development environment (IDE) used in computer programming [220]
EDEM Discrete Element Method (DEM) Software [221]
EMTP-RV Electromagnetic Transients Program [222]
EnergyPlus Building simulation software [114]
ePHASORSIM Real-time transient stability simulation [223]
EXata CPS Network communications emulator [224]
FEKO Electromagnetic Simulation [225]
Flomaster Thermo-fluid simulation [122]
FLUENT Fluid simulation software (Part of ANSYS) [115]
FMI Functional Mock-up Interface standard for model exchange and co-simulation [107]
Forge Hot and cold forging simulation [109]
FrontFlow/Blue FEM solver for flow prediction in complicated geometries and resulting sound [226]
Gazebo 2D/3D robotics simulator [227]
GenOpt Optimization software that connects to external simulation programs [171]
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Table B.2: Software description (part 2 of 2).

Software Definition of the software Ref

Gleeble Thermal-Mechanical Simulators [156]
Grasshopper Software for Parametric Modeling of Structural Engineering [228]
GridLAB-D Power distribution system simulator [229]
GT-Power Engine performance simulation [116]
HFSS High-Frequency Structure Simulation Software (Part of ANSYS) [230]
HSPICE Industry’s ‘gold standard’ for accurate circuit simulation [231]
iFogSim Resource Management for IoT, Edge, and Fog Computing Simulation [232]
IPS Integrated Plasma Simulator Framework [169]
Isight Software for automating and optimizing simulation process flows. [170]
Java High-level, class-based, object-oriented programming language [185]
LabView Dynamic systems simulation [151]
Lingo Optimization Software for Linear, Non-linear, and Integer Programming [233]
LS-DYNA Multiphysics simulation software package (Part of ANSYS) [117]
LTspice Simulation Program with Integrated Circuit Emphasis [234]
MATLAB Numeric multi-paradigm programming language [131]
MicroGP A multi-purpose extensible self-adaptive evolutionary optimization tool [235]
Maxwell Low-Frequency EM-Field Simulation (Part of ANSYS) [236]
ModeFRONTIER Simulation software for process automation and optimization [118]
ModelCenter Multi-model optimization software (Part of ANSYS) [237]
MODFLOW Geological modular finite-difference simulation for groundwater flow [238]
MoM 3D planar electromagnetic (EM) simulator (part of ADS) [239]
MONSTER Microkernel for scabrous terrain exploring robots [240]
MotorCAD Electric Machine design simulation [241]
MOVES MOtor Vehicle Emission Simulator (MOVES) [242]
MT3DMS Transport Model for Simulation of Contaminants in Groundwater Systems [243]
NS-3 Discrete-event network simulator for Internet systems [244]
OPAL-RT Open Real-Time Digital Simulator [165]
OpenDSS Electric power distribution system simulator (DSS) [245]
OpenModelica Mathematical equations based modeling and simulation environment [126]
Opnet Network simulator [246]
Opossum Optimization Solver with Surrogate Models (Part of Grasshopper) [247]
OptiY Multidisciplinary design environment with modern optimization strategies [172]
OSCAR Pantograph/catenary interaction simulation software [248]
Particle Flow Code Discrete-Element Method simulation for synthetic materials [249]
Pro ENGINEER Simulation software for mechanical engineering design [250]
PSIM Electronic circuit simulation software package [251]
PyBoolNet Python package for the simulation of Boolean networks [252]
Python High-level, general-purpose programming language. [253]
RecurDyn Interdisciplinary computer-aided engineering software [120]
RSCAD Real-time simulation software [254]
RTDS Electromagnetic transient (EMT) simulations [255]
SDM Java program for System Dynamics models (.mdl) [256]
Sigrity PowerDC Electrical and thermal simulation software [144]
Simpack Multibody system Simulation [123]
Simplorer Multi-physics circuit simulator (Part of ANSYS) [257]
SimulationX Mechanical, hydraulic, pneumatic, electrical, and combined systems simulation [258]
Simulink Numerical simulation software [113]
Solcore Python-based library for modeling solar cells and semiconductor materials [161]
Solidworks Mechanical modeling en 2D y 3D [259]
Spectre Circuit simulator from Cadence [260]
SPEED Electric Machine Design Simulator [261]
SWAT Quasi-physically-based water quality simulator [262]
SystemC System design and verification language that spans hardware and software [263]
TRNFLOW Ventilation dynamics simulator [264]
TRNSYS Transient systems simulation [124]
UCEF Universal Cyber-Physical Systems Environment for Federation Simulation [265]
UG Advanced high-end Design, engineering, and manufacturing simulation software [266]
UM Dynamics of planar and spatial mechanical systems simulation [267]
VISSIM Microscopic traffic simulation software [268]
VISUM Macroscopic traffic simulation software [269]
VSI Fortran Implementation of the Fortran programming language software [270]
Xilinx Simulink add-on that enables the development of FPGA designs [271]
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Batch description for the first
co-simulation use case

1 { "optimization_instances" : [ {
2 "opt_name" : "SimulationBased",
3 "opt_parameters" : {
4 "indicators" : [ "Objective" ],
5 "cosimulation_parameters" : [ "minTemp", "maxTemp" ],
6 "iterations" : 12,
7 "steps" : [ 0.5, -0.5 ]
8 },
9 "experiment_path" : "Experiments/CompleteHouseCosim.xml"

10 }, {
11 "opt_name" : "GradientDescent",
12 "opt_parameters" : {
13 "indicators" : [ "Objective" ],
14 "cosimulation_parameters" : [ "minTemp", "maxTemp" ],
15 "learning_rate" : 0.002,
16 "stop_criteria" : 0.01,
17 "scale" : 0.1
18 },
19 "experiment_path" : "Experiments/CompleteHouseCosim.xml"
20 }, {
21 "opt_name" : "Hexaly",
22 "opt_parameters" : {
23 "indicators" : [ "Objective" ],
24 "cosimulation_parameters" : [ "minTemp", "maxTemp" ],
25 "lower_bounds" : [ 16.0, 16.1 ],
26 "upper_bounds" : [ 27.9, 28.0 ],
27 "precision" : 0.01,
28 "time_limit" : 120.0,
29 "constraints" : [ {
30 "op" : "<",
31 "lhs" : "minTemp",
32 "rhs" : "maxTemp"
33 } ]
34 },
35 "experiment_path" : "Experiments/CompleteHouseCosim.xml"
36 }]
37 }
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Appendix D

Batch description for the second
co-simulation use case

1 {
2 "optimization_instances" : [ {
3 "opt_name" : "Simulationbased",
4 "opt_parameters" : {
5 "indicators" : [ "Objective" ],
6 "cosimulation_parameters" : [ "maxCapacity" ],
7 "iterations" : 20,
8 "steps" : [ -5000.0 ]
9 },

10 "experiment_path" : "Experiments/completeAutonomousHouseNetwork_Opt.xml"
11 },{
12 "opt_name" : "GradientDescent",
13 "opt_parameters" : {
14 "indicators" : [ "Objective" ],
15 "cosimulation_parameters" : [ "maxCapacity" ],
16 "learning_rate" : 0.5,
17 "stop_criteria" : 0.01,
18 "scale" : 5000.0
19 },
20 "experiment_path" : "Experiments/completeAutonomousHouseNetwork_Opt.xml"
21 }, {
22 "opt_name" : "Hexaly",
23 "opt_parameters" : {
24 "indicators" : [ "Objective" ],
25 "cosimulation_parameters" : [ "maxCapacity" ],
26 "lower_bounds" : [ 200000.0 ],
27 "upper_bounds" : [ 300000.0 ],
28 "precision" : 0.01,
29 "iterations" : 30
30 },
31 "experiment_path" : "Experiments/completeAutonomousHouseNetwork_Opt.xml"
32 }]
33 }
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Appendix E

Batch description for the third
co-simulation use case

1 { "optimization_instances" : [ {
2 "opt_name" : "SimulationBased",
3 "opt_parameters" : {
4 "indicators" : [ "Objective" ],
5 "cosimulation_parameters" : [ "Afc", "Nfc", "Np_sc" ],
6 "iterations" : 5,
7 "steps" : [ 0.0, 0.0, 1.0 ]
8 },
9 "experiment_path" : "Experiments/hy2carOptim.xml"

10 }, {
11 "opt_name" : "SimulationBased",
12 "opt_parameters" : {
13 "indicators" : [ "Objective" ],
14 "cosimulation_parameters" : [ "Afc", "Nfc", "Np_sc" ],
15 "iterations" : 5,
16 "steps" : [ 0.0, 0.0, 1.0 ]
17 },
18 "experiment_path" : "Experiments/hy2carOptim.xml"
19 }, {
20 "opt_name" : "GradientDescent",
21 "opt_parameters" : {
22 "indicators" : [ "Objective" ],
23 "cosimulation_parameters" : [ "Afc", "Nfc", "Np_sc" ],
24 "learning_rate" : 0.5,
25 "stop_criteria" : 0.01,
26 "scale" : 10.0
27 },
28 "experiment_path" : "Experiments/hy2carOptim.xml"
29 }, {
30 "opt_name" : "Hexaly",
31 "opt_parameters" : {
32 "indicators" : [ "Objective" ],
33 "cosimulation_parameters" : [ "Np_sc", "Afc", "Nfc" ],
34 "lower_bounds" : [ 1.0, 100.0, 140.0 ],
35 "upper_bounds" : [ 5.0, 200.0, 280.0 ],
36 "precision" : 0.01,
37 "iterations" : 100,
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38 "time_limit" : 1200.0
39 },
40 "experiment_path" : "Experiments/hy2carOptim.xml"
41 }]
42 }
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Abstract

The growing presence of product complexity in the industry is expanding the need to understand
and predict the behavior of systems while considering the internal complexity. A complex big-picture
problem can be studied by combining the knowledge of discipline experts through interdisciplinary col-
laboration. We present a tool to study complex systems that uses interdisciplinary collaboration to
capture the essential mechanisms of the system and produce a similar behavior, known as co-simulation.
The result of the co-simulation process is a complex model that can be combined with optimization to
offer high-level insights into the system before a real-life deployment is needed. This combination of
methodologies is known as co-simulation-based optimization and is already present in the literature, as
shown by the 96 articles using co-simulation-based optimization found in the literature review conducted.

The literature review produced findings such as a new classification of the co-simulation application,
where we identified that the way a co-simulation is developed can follow an inductive reasoning modeling
process (Bottom-up approach), starting from small models to build a big complex model, or a deductive
reasoning modeling process (Top-down approach), which starts from a complex system and builds the
components as smaller models connected. Another result of the review is a wide and heterogeneous
landscape of optimization strategies and domains involved in the co-simulation, that is, we found more
than 25 different algorithms and 14 disciplines being combined in different ways within each co-simulation.

We leverage the findings of the literature review as challenges to propose a new general framework
that can be reused for a faster and simpler implementation of co-simulation-based optimization for the
study and improvement of complex systems. We use the architectural patterns found in the literature to
propose a general co-simulation-based optimization framework that intends to provide a flexible structure
in terms of optimization algorithms and simulation domains.

This led to the main contribution of this thesis, a modular, domain-flexible, and extensible frame-
work for co-simulation-based optimization that includes a generalized interface component to handle the
interaction between co-simulation and optimization, and a definition of the pre-processing information
required to launch the process in a summarized and simplified manner. We perform an implementa-
tion as a software framework deployed in a Java-based environment following the conceptual framework
guidelines, and finally, we study three heterogeneous complex systems (case studies) in combination with
3 optimization algorithms to showcase the functionality of the framework.

We analyze the results of the case studies’ optimization. For case study 1, we optimized the air-
conditioning system to improve the comfort of the occupants of a house. In case study 2, we found the
optimal capacity of the storage system of a network of 4 autonomous houses to ensure minimum energy
loss. In case study 3, we developed the co-simulation-based optimization for the design of a hydrogen
hybrid vehicle (part of the project Hy2Car). The result is the co-simulation of the vehicle and the
optimization insights that contributed to the optimal proposal for the hybrid source configuration.

We assess the big picture contribution of the thesis, which is the relevance of the architecture proposed
when working with different complex systems being studied in the same environment. The proposed archi-
tecture achieved the optimization with three different algorithms of the three case studies, which required
the configuration of a single configuration file, completely avoiding the necessity for code modification to
launch an experiment, effectively simplifying the study and improvement of the target complex systems.

Keywords: Co-simulation, optimization, general framework, black-box approach, complex systems.



Résumé

La complexité croissante des produits dans l’industrie conduit à la nécessité de comprendre et de pré-
dire le comportement des systèmes tout en tenant compte de leur complexité interne. Un problème global
complexe peut être étudié en combinant les connaissances d’experts de différentes disciplines via une
collaboration interdisciplinaire. Nous présentons un outil permettant d’étudier des systèmes complexes,
utilisant la collaboration interdisciplinaire pour saisir les mécanismes essentiels du système et produire un
comportement similaire, connu sous le nom de co-simulation. Le résultat du processus de co-simulation
est un modèle complexe, pouvant être combiné avec l’optimisation pour offrir des informations de haut ni-
veau sur le système préalablement à un déploiement réel. Cette combinaison de méthodologies est connue
sous le nom d’optimisation basée sur la co-simulation et est déjà présente dans la littérature, comme le
montrent les 96 articles utilisant l’optimisation basée sur la co-simulation.

L’exploration de la littérature a permis d’aboutir à certaines conclusions, telles qu’une nouvelle clas-
sification des applications de co-simulation. Nous avons identifié la manière dont une co-simulation est
développée peut suivre un processus de modélisation par raisonnement inductif (approche ascendante),
partant de petits modèles pour en construire de plus complexes ; ou un processus de modélisation par
raisonnement déductif (approche descendante), partant d’un système complexe et construisant les compo-
sants sous forme de petits modèles connectés. Un autre résultat de cette analyse est le large et hétérogène
panel des stratégies d’optimisation et des domaines impliqués dans la co-simulation. En effet, nous avons
trouvé plus de 25 algorithmes différents et 14 disciplines combinés de différentes manières au sein de
chaque co-simulation.

Nous nous appuyons sur les conclusions de la littérature pour proposer un nouveau cadre général
réutilisable, afin d’accélérer et de simplifier la mise en œuvre de l’optimisation basée sur la co-simulation
pour l’étude et l’amélioration de systèmes complexes. Nous utilisons des modèles architecturaux existants
pour proposer un cadre général d’optimisation basé sur la co-simulation, visant à fournir une structure
flexible en termes d’algorithmes d’optimisation et de domaines de simulation.

Cela a conduit à la principale contribution de cette thèse : un cadre modulaire, flexible et extensible
pour l’optimisation basée sur la co-simulation, incluant un composant d’interface généralisé pour gérer
l’interaction entre la co-simulation et l’optimisation, ainsi qu’une définition des informations de prétraite-
ment nécessaires pour l’exécution simple de l’ensemble. Nous réalisons une implémentation sous la forme
d’un cadre logiciel déployé dans un environnement Java, suivant les lignes directrices du cadre conceptuel,
et étudions trois systèmes complexes hétérogènes (études de cas) en combinaison avec trois algorithmes
d’optimisation afin de démontrer la fonctionnalité du cadre.

Nous analysons les résultats de l’optimisation pour chaque cas. Pour l’étude de cas n° 1, nous opti-
misons le système de climatisation afin d’améliorer le confort des occupants d’une maison. Dans l’étude
de cas n° 2, nous déterminons la capacité optimale du système de stockage d’un réseau de 4 maisons
autonomes afin de garantir une perte d’énergie minimale. Dans l’étude de cas n° 3, nous développons
l’optimisation basée sur la co-simulation pour la conception d’un véhicule hybride à hydrogène (dans le
cadre du projet Hy2Car). Le résultat est la co-simulation du véhicule et les connaissances en matière
d’optimisation contribuant à la proposition optimale pour la configuration de la source hybride.

Nous évaluons la contribution globale de la thèse, à savoir la pertinence de l’architecture proposée
lorsqu’on travaille avec différents systèmes complexes étudiés dans le même environnement. L’architecture
proposée a permis d’optimiser les trois études de cas à l’aide de trois algorithmes différents, nécessitant
la configuration d’un seul fichier de configuration et évitant ainsi complètement le besoin de modifier le
code pour lancer une expérience, simplifiant efficacement l’étude et l’amélioration des systèmes complexes
cibles.

Mots-clés: Co-simulation, optimisation, architecture générale, approche boîte noire, systèmes complexes.
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