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Abstract

Machine intelligence greatly impacts almost all domains of our societies. It is profoundly
changing the field of mechanical engineering with new technical possibilities and processes.
The education of future engineers also needs to adapt in terms of techniques and even skills.

Using the design of electro-mechanical actuators as a common thread, this work explores
the many-facets of automated design: modeling, optimization, and education, and looks for
the prerequisites essential to its successful application.

The journey starts by building a modular and integrated model. It focuses on the prediction
of system-level specifications that yield high added-value for decision-makers and shorten
the path from the model to the final product. Combined with multiobjective evolutionary
algorithms (MOEAs) and visualization tools, the model forms an automated design tool
that helps engineers and decision-makers to rapidly get important insights into their design
task. Its potential and benefits are validated through two specific applications. The results,
however, also highlight a gap between the reported performance of optimizers on common
benchmark problems and the actual performance on these problems.

To further develop optimizers, appropriate and realistic benchmark problems are needed. A
subset of the integrated design model is used to formulate a new test suite called MODAct,
composed of 20 constrained multiobjective optimization problems (CMOPs) with variable
levels of complexity. In addition, numerical approaches to evaluate the constraint landscape
of CMOPs are introduced and applied to identify the differences in features of MODAct
against 45 benchmark problems from literature. Further, the convergence performance of
three algorithms on the same problems highlights the key role of constraints and, specifi-
cally, the number of simultaneously violated constraints in MODAct problems.

In a next step, existing constraint handling strategies suitable for MOEAs along with a newly
proposed technique for many-constraint problems are evaluated. Their parameters are tuned
for different problems. The performance of the various configurations further highlights the
difference between MODACct and other benchmark problems and show the highly compet-
itive results of the proposed constraint handling technique on realistic design problems.

As the technical limits are removed, the impact of automated design on the work of future
engineers should be considered. On the one hand, the development of professional skills
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by students working on team project in different settings has been evaluated thanks to 205
students from three classes. Explicitly addressing these skills within the project seems key
to support stronger and broader learning, suggesting changes that do not require a full cur-
riculum redesign. On the other hand, nine groups (33 students) have been asked to design
an actuator using a conventional approach followed by an automated design approach. The
actuators suggested by students using the automated tool outperform the designs obtained
through the traditional approach. Six groups even suggest solutions cheaper, three of which
are also smaller, than the product of experienced industry engineers. Students proved thus
capable of leveraging the tool within a short time. The analysis of their mistakes suggests
possible improvements for future tools. As these students leave university, they carry the
hope to see such methods spread in industry.

Keywords: integrated design, design optimization, design automation, computational think-
ing, professional skills, engineering education
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Résumeé

L’intelligence artificielle a un impact considérable sur de nombreux domaines dans nos so-
ciétés. 'ingénierie mécanique n'est pas épargnée et voit 'apparition de nouvelles techniques
et de nouveaux procédés. La formation des futurs ingénieurs doit s’adapter a cette nouvelle
réalité, en changeant les techniques, mais aussi les compétences enseignées.

En utilisant la conception d’actionneurs électromécaniques comme fil conducteur, ce tra-
vail explore les nombreuses facettes de la conception automatisée de systemes : modélisa-
tion, optimisation et éducation. Il recherche en particulier les conditions nécessaires a une
utilisation réussie.

Le travail commence par la construction d’'un modele intégré modulaire. Les prédictions
des spécifications au niveau systeme sont privilégiées puisqu’elles apportent une forte va-
leur ajoutée pour les décideurs et réduisent la distance entre le modele et le produit fini.
Un outil de conception automatisé est créé en combinant ce modele a des algorithmes évo-
lutifs multiobjectifs et & des outils de visualisation des résultats. Cet outil vise a présenter
rapidement aux ingénieurs et aux décideurs des informations pertinentes sur leur travail de
conception. Le potentiel et les avantages de I'outil sont validés par deux exemples concrets.
Toutefois, les résultats mettent également en évidence un écart dans les performances des
algorithmes d’optimisation entre des problemes de référence et des problémes de concep-
tion.

Afin d’améliorer ces algorithmes, des problémes de référence appropriés et réalistes sont né-
cessaires. A cette fin, un sous-ensemble du modele de conception intégrée est utilisé pour
formuler une nouvelle suite de tests appelée MODACct. Cette derniére est composée de 20
problémes d’optimisation multiobjectifs sous contraintes avec des niveaux de complexité
variables. En outre, des méthodes numériques pour évaluer la morphologie de 'espace de
recherche sont formulées et utilisées pour identifier les différences entre les caractéristiques
de MODACt par rapport a 45 problemes de référence tirés de la littérature. De plus, les perfor-
mances de convergence de trois algorithmes sur ces mémes problémes mettent en évidence
le role clé des contraintes, et en particulier, le nombre de contraintes simultanément violées
dans MODAct.

Dans un second temps, une nouvelle technique de gestion des contraintes adaptée aux al-



gorithmes évolutifs et pensée pour les problémes fortement contraints est décrite. Elle est
comparée a de nombreuses stratégies existantes de gestion des contraintes. Pour s’assurer
des meilleures performances, les parametres de toutes ces méthodes sont ajustés selon une
procédure de méta-optimisation. La comparaison de la convergence des diverses configura-
tions met a nouveau en évidence une différence entre MODACct et les problémes de référence.
De plus, la nouvelle méthode représente le meilleur compromis en matiére de performance
sur 'ensemble des problémes d’optimisation considérés.

A mesure que les limitations techniques sont supprimées, le travail des ingénieurs ainsi
que la formation des futurs ingénieurs se retrouvent impactés par la conception automa-
tisée. D’'une part, le développement de compétences dites professionnelles des étudiants
a travers leur travail sur deux types de projets d’équipe a été évalué grace a 205 étudiants
de trois cours. Leur apprentissage était plus solide et plus complet quand ces compétences
étaient abordées explicitement en cours. Ces résultats suggerent qu’il est possible de favo-
riser 'apprentissage de compétences transversales sans forcément revoir completement les
programmes d’études. D’autre part, neuf groupes (33 étudiants) ont été invités a concevoir
un actionneur en utilisant d’abord une approche conventionnelle, puis des méthodes de
conception automatisée. Les actionneurs suggérés par les étudiants issus de l'outil automa-
tisé surpassent les solutions obtenues par I'approche traditionnelle. Six groupes proposent
méme des solutions moins cofiteuses, dont trois sont également plus petites, que le produit
industriel, congu par des ingénieurs expérimentés. Les étudiants ont prouvé qu’ils étaient
capables d’utiliser le potentiel de l'outil en un temps relativement court. L’analyse de leurs
erreurs suggere des améliorations possibles pour de futurs outils. En quittant I'université,
ces étudiants emportent avec eux 'espoir de voir de telles méthodes s’installer dans 'indus-
trie.

Mots-clés : conception intégrée, conception optimale, conception automatisée, pensée com-
putationnel, compétences transversales, formation des ingénieurs
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Allons, a mes dépens

je vois que l'on veut rire.

Il en peut cotter cher. Eh bien! soit.
J’y consens.

Raoul (Les Huguenots, G. Meyerbeer)

Introduction

ACHINE INTELLIGENCE!—also referred to as artificial intelligence (AI)—has
seen a sharp extension of its capabilities and its outreach to the general pub-
lic over the past decade. Not a single day passes without announcements
of the launch of new Al-powered tools: from trivial photo filters in social

media apps to conservation and monitoring of forests—e.g., the TreeSatAl project by TU
Berlin [180]—to diagnostic and prognosis tools for healthcare practitioners —e.g., [74, 88,
177, 196]. Initially thought to be limited to the automation of routine tasks, machine intel-
ligence is extending into creative domains [21, 22, 69, 163, 164]. Its impact could be deep
and affect the kind of skills required in numerous professions including the engineers [57].

The Al revolution has also hit the traditionally conservative field of mechanical engineer-
ing [129]. In combination with AI, advanced manufacturing—among which 3-D printing—
robotics, and electronics are transforming the way people interact, build or create products.
For example, electric and autonomous cars have disrupted the automotive industry, once
driven by purely mechanical considerations [4]. The electricity market once dominated by
rotating conversion machines sees an uptake of different technologies using photovoltaic
and other electrochemical processes.

The promise of these revolutions is to be able to solve increasingly complex problems and
tackle the challenges posed for example by climate change. Pushing systems to their limits
and improving their efficiency requires considering the systems as a whole and breaking the
barrier of disciplines [159]. Especially since humans struggle to cope with coupled effects
and lack system-level awareness [199], machine intelligence seems capable to open up new
perspectives. However, for these opportunities to be successful, all their ingredients need to
match and engineers should take the risk to seize the moment.

Machine intelligence is used here as a generic concept describing all kinds of uses of computer programs to
perform intelligent tasks. The definition of intelligence is purposely omitted in this work, since it is debated for
humans [55, 168], let along machines [120].
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Figure 1.1: Comparison of (A) the ‘Systematic Approach’ by Pahl et al. [134] with (B) a
schematic representation of its application in practice.

1.1 Background

1.1.1 Design and optimal design

Design is a complex decision-making process whose aim is the selection of a set of suitable
entities to form a system capable of performing a function [137]. While some see it as a mys-
terious and creative process only, design has and is being extensively studied [10], and sev-
eral authors suggested descriptions of the process and recommendations [44, 62, 134, 181].
In the German engineering school [134] for example, this process undergoes several steps:
1. task clarification, 2. conceptual, 3. embodiment, and 4. detail design, see Figure 1.1(A).
The first step aims at understanding and refining the design task and the associated spec-
ifications. The conceptual design step is a divergent thinking step where creative working
principles that could fulfill the task are sought. The embodiment and detailed design phases
are successive convergent steps, where concepts are put into physical form, refined and de-
tailed up to having all production documents. These steps should, in theory, be performed
in order, with iterations only within each step [92].

Such description seems to suggest an overly simplistic linear process, which is far from re-
alistic. Decisions taken throughout the stages have sometimes complex implications, re-
quiring repeated feedback loops to progress. The role of the stakeholder or client is also
neglected, implying that the requirements are to be settled before the design process starts.
Yet, in practice, discussions with the client move along the process and can in turn trigger
loops as specifications are clarified and refined, see Figure 1.1(B). Others go further and lay
the analysis at the center of the process since it informs every step [75].
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Since design is a decision-making process, it is legitimate to look into how, ideally informed,
decisions are taken. Traditionally, after generating—synthesizing—several physical config-
urations, their performances with respect to the specifications are evaluated. This evalu-
ation can be done through prototypes [90] or based on engineering science and its mod-
els [137]. Once knowledge is gained about the configurations, the “best” option is selected.
While the concept might seem intuitive, there a few subtleties behind what is “best”, and its
formal definition forms the field of optimal design.

Papalambros and Wilde [137] define design optimization “as the selection of the ‘best’ design
within the available means”. When designs can be described by a vector of n design variables
X = [xy,Xy,..,X,], design optimization can be formally transposed into a mathematical
optimization problem, arbitrarily defining the “best” as the one having the smallest objective
value:

min fx)
xX€ES8
subjectto gi(x) <0, j=1,2,..,p (1.1)

h(x)=0, k=1,2,..,q

where f is the selection criterion or objective, S the design space, and the “available means”
are described by p inequality and q equality constraints. Feasible or valid designs satisfy all
p + q constraints, and the set of all feasible solutions forms the feasible space # C §.

Given that one is capable of formulating numerical objectives and constraints, finding the
optimal design comes down to solving the optimization problem Eq. (1.1). While designs
could also be evaluated experimentally with prototypes, this definition suggests nowadays
the use of computer models. The latter are very convenient since they allow the prediction
of many designs without having to build the real systems. Models are an abstraction and
are generally derived based on assumptions and care must be given to find a good balance
between modelling level, model computation speed, and accuracy.

One might be tempted to go for the most detailed models possible. The caveat is, however,
that one should consider the final goals of design optimization. In this context, the numer-
ical constraints and objective serve to order the design and select the “best”. So, it is the
correct delimitation of the feasible space and the order of the solutions that is paramount.
Detailed models are often complex, computationally expensive, and therefore, currently,
limited in their scope. This often leads to a segregated design approach: components of a
system are considered and optimized individually. Multiple iterations are then required to
converge on the whole product [197]. Further, this approach does not guarantee that an op-
timal system will be obtained when sub-components are coupled—i.e., they depend on each
other, which is often the case for mechanical systems. Indeed, Schiffmann [159] showed that
the seasonal efficiency of a heat pump system could be increased by 12 points when, instead
of a segregated approach, an integrated design approach was followed. Integrated models
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Figure 1.2: Introductory example to multiobjective optimization showing the trade-off be-
tween price and portability for some generic smartphone, tablet, laptop, and desktop com-
puter.

consider a system as a whole, and since design task specifications often express constraints
at the system-level, fewer assumptions are needed to ensure that a valid system is found.

1.1.2 Multiobjective optimization

As an example, consider the selection of a smart device using the principle of optimal design.
The available options are a smartphone, a tablet, a laptop and a desktop computer. The
price of the device is often an important criterion. Assuming the prices of these devices
are CHF 1200, CHF 700, CHF 2200 and CHF 1500, respectively, it would mean that, in this
example, the tablet should be selected. It is, however, obvious that such devices cannot be
compared solely by price. Considering another criterion such as portability, the best device
would probably be the smartphone. If one wanted to optimize both objectives, on could for
example combine the objectives using weights:

f(x) = wy - cost(x) + w, - portability(x) (1.2)

This approach is simple, but selecting the weights is difficult. If both objectives are equally
important, one could set w; = w, = 0.5, but the price and portability have different scales
and units. If portability is a score between 0 and 1, and both objectives are conflicting with
each other, these weights would actually favor the price.

Instead of deciding the trade-off through weights a priori, another approach is to consider
both objectives simultaneously through a multiobjective optimization (MOO) approach.
Figure 1.2 shows how in the example, the devices are spread in a price-portability map,
the objective space in this case. From it, it seems clear that in such a case the smartphone
and the tablet are both optimal solutions representing different trade-offs, while the laptop
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and the desktop computer are so-called dominated solutions.

More formally, in a MOO setting, the optimization problem Eq. (1.1) is rewritten as:

min F@) = [/, ), s fn()]"

xe

subjectto gi(x) <0, j=1,2,..,p (1.3)
h(x)=0, k=1,2,..,q

where now f : § — R™ is a vector of m > 1 objective functions. MOO compares solu-
tions using the concept of Pareto optimum [45, 138], which leads to the notion of Pareto
dominance [26].

Definition 1.1 (Pareto dominance). x; is said to weakly Pareto dominate x,, written x; <
x,, if and only if Vi € {1,...,m}, fi(x;) < fi(x,). x; is said to Pareto dominate x,, written
X; < X,, if in addition, there exists one i € {1, ..., m} for which fi(x;) < fi(x,).

The optimum of a multiobjective optimization problem becomes thus a set of solutions: the
Pareto optimal set P*, which is the set of all non-dominated solutions, i.e.,

Pri={x*eS|Ixes:x<x"} (1.4)
The image of P* in the objective space is called the Pareto front PF*.

Engineers often have to make compromises between conflicting interests in order to find
a solution most suitable with respect to the specifications. MOO is ideal to handle such
situations, since it gives insights into the trade-offs within a problem. As such, it promotes
informed decision-making.

In general, however, solving the global optimization problem (1.3) is difficult. Engineering
problems can be particularly challenging, since the objectives and constraints can be compu-
tationally expensive to calculate, offer no guarantee about continuity or convexity, and their
behavior cannot be inferred a priori from equations—at least for simulation-based models.
For such problems, diverse stochastic meta-heuristics have been successfully applied [26].
Contrary to most deterministic optimizer derived from gradient-descent methods, stochastic
meta-heuristics are biased random search algorithms and have therefore minimal require-
ments about the nature of the optimization problem. Their downside is their convergence,
which is not always repeatable. While some algorithms have a theoretical convergence guar-
antee at t — oo, this is not the case for all algorithms and depends on the chosen heuris-
tics [7].

Among all the meta-heuristics for MOO, the field of evolutionary computation has been ex-
tremely active in recent years proposing numerous multiobjective evolutionary algorithms
(MOEAs). Some examples include evolutionary strategies like MO-CMA-ES [185], genetic
algorithms like NSGA-II [37], differential evolution like MOEA/D-DE [103], ant colony op-
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timization like MO-ACO [109], or particle swarm optimization like MOPSO [23]. Algo-
rithm 1.1 shows the major steps of a generic elitist MOEA. Most of the algorithms follow
indeed a similar skeleton, but differ in the specific sub-functions. Despite the richness of al-
gorithms, NSGA-II by Deb et al. [37] remains very popular among engineers, mostly because
its source code is available, and it has few parameters.

Algorithm 1.1 Generic elitist evolutionary algorithm

1: Ry < INITIALIZEPOPULATION

2:t<0

3: while Stopping criterion not met do

M; < SELECTPARENTS(R)

Q; < VARIATE(M,) [> Crossover & Mutations
EVALUTEFITNESS(Q;)

Ry < RU

P .1 < SELECT(R;)

t—t+1
return B

R AN

Further, most available MOEAs have been developed for unconstrained optimization prob-
lems [122] and need additional constraint handling strategies (CHSs) to cope with con-
straints [24, 38, 58], a must for mechanical design problems. Recent results have however
reported that their performance on real problems was unreliable, although the same algo-
rithms and CHSs have good performance on typical benchmark problems of the field [59,
142]. Indeed, the latter problems have been shown to be too simple and unrealistic in gen-
eral [173].

It is worthwhile mentioning that there are also deterministic multiobjective optimization
algorithms. MO-DIRECT is a parameterless Lipschitzian optimizer [188, 195], but it is not
adapted to constrained optimization. NOMAD is a general nonlinear optimizer based on
adaptive mesh search, but it is limited to biobjective problems [6, 101]. They are thus not
suitable for the applications considered in this work.

1.1.3 Automated design

Design automation is a broad field encompassing different concepts and dates back sev-
eral decades—the first Design Automation Conference (DAC) from the American Society
of Mechanical Engineering (ASME) took place in 1974 [126]. In this work, design automa-
tion refers to the automation of part of the design process by means of computational de-
sign synthesis (CDS), and it is seen as a superset of design optimization. CDS approaches
support engineers by generating and evaluating numerous alternatives early in the design
stages [15], see Figure 1.3. Their goal is to speed up and formalize steps of the process with
the intent to increase the knowledge about a design task by easing feedback loops, and to
allow clients to better participate throughout the process. The desired side effect is to free
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engineers from tedious and repetitive tasks to allow them to focus on creative tasks [19].

With the advances in computers, it is nowadays even possible to consider design automation
past routine tasks and to have it tackle the creative process of generating concepts [69].
Recently, researchers have been able to obtain creative behavior using generative adversarial
networks (GANs), allowing machines to explore beyond known designs [21, 22]. Combined
with rapid manufacturing, such tools could help drastically reduce the time needed from
the definition of a design problem to the first touchable prototypes.

While research is making steady progress, the simplest form of automated design are barely
used in industry as reported by several authors in 2016 [190], 2018 [153], and 2020 [154].
The technology transfer to industry is hampered by (i) a lack of awareness of existing meth-
ods and challenges to identify potential tasks [153], (ii) a lack of published methods and
applicable guidelines [190], (iii) limited knowledge about the currently applied design pro-
cess [154], and (iv) general mistrust in automated processes [190]. The benefits, however,
are important, especially for companies with established technologies, mostly doing design
variants based on updated specifications or requirements from new customers. Tailored
tools fitted to their application could help boost initial design phases and cut down the time-
to-market, a powerful economic argument. To promote such practices, Rigger et al. [154]
proposed a methodology to conduct workshops and training sessions to guide engineering
teams to identify opportunities and implement automated design approaches.

1.1.4 Engineering education

Both the lack of transfer to industry and the fear of engineers to be replaced by automation
is an important motivation to look at how the education of future engineers can be adapted.
In addition to increasing awareness about existing design automation methods, the skill set
of future engineers should be reviewed. Indeed, Frey and Osborne [57] estimated the like-
lihood for jobs to get computerized and linked it to the required skills. They found that the
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more the jobs required skills such as “social perceptiveness”, “negotiation” or “originality”
the less susceptible to computerization they were.

Many engineering accreditation bodies have already recognized the need to include “pro-
fessional skills” in engineering education programs [162, 191]. Although the many names
referring to “professional skills”"—like “21%* Century” or “soft” skills—suggest there is no
unique set of skills under these labels, there is a consensus on the need for engineering
education to address domains beyond strictly engineering and science, including elements
of ethics, social responsibility and organizational aspects [96, 191]. Such skills also appear
prominently as needs for engineers in alumni and employer surveys [16, 29, 86].

As a consequence, many institutions have done significant efforts either to amend their cur-
riculum and introduce specialized courses [123] or to redesign their curricula by integrating
interdisciplinary team-based cornerstone and capstone projects [65, 77, 179], or by follow-
ing new approaches like the problem-based learning (PBL) or conceive-design-implement-
operate (CDIO) approaches [30, 46]. In all cases, the focus is set on active learning mainly
through projects. Multiple studies suggest that, despite these measures, the professional
skill sets of graduated engineers do still not match the expectations of employers [29, 86, 96,
147].

In addition to professional skills for interpersonal interactions, engineers of all fields also
need to prepare for increased interaction with machines and for this, they need “compu-
tational thinking” skills, a concept first formalized in 2006 by Wing [192]. It is defined as
the thought process that allows framing a problem such that it can be carried out by a com-
puter [66]. It puts the focus on the formulation of the problem as an important step [66] and
is closely related to problem-solving. Indeed, proper framing of design requirements has
been shown as an important factor on the outcome of the design process [18], even more
so, if machines perform part of the task. Similarly to problem-solving skills that are best
taught within disciplinary practice [191], “computational thinking” should become an im-
portant part of engineering education and the best approach to support its learning should
be investigated.

1.2 Electro-mechanical actuators

In order to address the various topics and issues related to automated design, the design
of electro-mechanical geared actuators will be the particular system considered, forming
the backbone of this work. Electro-mechanical actuators are systems used to control the
position of other components—e.g., valves, printer heads or gates. They are built around
a similar set of components—a motor, a gearbox, and a housing. They can nonetheless be
very different depending on their applications and requirements. Some examples are shown
in Figure 1.4.

The specific design task is twofold: (i) find the components—type of motor and gearbox
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Figure 1.4: Examples of automotive electro-mechanical actuators—courtesy of Johnson
Electric (JE).

technology—sometimes called configuration problem, and (ii) find their parameters that
satisfy a given performance at the output shaft for different specified operating points, while
ensuring mechanical integrity and packaging limitations. Actuators offer thus several re-
search opportunities:

1. The problem is generic enough to be applicable to many real applications.

2. They are relatively simple, easing their analysis. Yet, it is a coupled multi-disciplinary
system with the challenges associated to it.

3. Specifications are mostly set at the system level.

Most studies related to such systems have so far only focused on particular elements: the
gearbox [40, 67, 97, 106, 169], the electric motor [150] or the packaging of components [14,
64, 170]. There are, to the best of the author’s knowledge, no published work integrating
all three aspects. While it is sometimes needed to develop new motor architectures, or to
investigate specific gears, most actuator manufacturers rarely start from scratch, but rather
look for combinations of existing motors and adapt prior gearboxes to match new or updated
specifications. In this context, typical specifications only define the output performance and
a packaging form factor, which are both system-level constraints. Since motor, gearbox and
housing are all interdependent, the use of an integrated approach is important to suggest
qualitative and ready-to-use solutions.
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1.3 Problem statement

In summary, the following shortcomings have been identified:

. Actuator design is a complex task, for which automated and integrated approaches

are needed;

. State-of-the-art MOO algorithms struggle with real-world problems;

. Benchmark problems used to evaluate the performance of MOEAs are not realistic

and representative of constrained design problems;

. Automated design approaches are rarely used in industry;
. Too little is known about the impact of projects on the learning of professional skills;

. Students are underprepared for the upcoming challenges of Al-based design.

1.4 Goals and objectives

The goal of this thesis is to investigate three facets of design automation: modelling, opti-
mization, and education, and for each to discuss the challenges and develop new tools and
methodologies to address them. These topics are investigated using the design of geared
electro-mechanical actuators as a common thread. Whenever possible, generic and extend-
able approaches are preferred. The following objectives are set to attain this goal:

10

. Development of an integrated numerical model to predict the performance of many

geared electro-mechanical actuator configurations suitable for different applications;

. Implementation of an automated design tool based on multiobjective optimization

using the integrated model;

. Validation of the usefulness of the tool for real applications;

. Numerical assessment of realistic multiobjective problems and comparison to existing

benchmark;

. Formulation of a novel and more efficient constraint handling strategy for multiob-

jective optimization;

. Assessment of means to promote stronger professional skill learning of students;

. Assessment of the behavior of students when faced with a novel automated design

tool.
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1.5 Qutline of the thesis

The main body of this thesis is divided in four chapters.

Chapter 2—Automated Design of Electro-mechanical Actuators introduces the de-
veloped integrated model for the design of geared electro-mechanical actuators. The gen-
eral architecture to build an integrated model from modular components is presented. The
chapter shows how computer graphics techniques can be applied to consider system-level
constraints such as packaging or ease of assembly. The obtained model is then coupled to a
multiobjective optimizer and to an interactive result visualization tool to form an automated
design framework. The potential of the latter is investigated through several case studies.

Chapter 3—Realistic Benchmark Problems details how a subset of the previously pre-
sented model is used to derive MODACct: a novel constrained multiobjective optimization
test suite focused on constraints. Further, the chapter introduces existing and new tools to
quantify the constrained search space even for not explicitly formulated problems such as
many “real-world” problems. The tools are used to compare MODACt to constrained multi-
objective optimization problems (CMOPs) from literature. A convergence study on the same
problems using NSGA-II, NSGA-III, and C-TAEA highlights further differences to published
CMOPs. The chapter emphasizes the key role constraints and in particular the number of
constraints simultaneously violated play in MODACct.

Chapter 4—An Improved Constraint Handling Strategy: cEpsilon investigates the ef-
fectiveness of several published CHSs. Based on observations from the number of simul-
taneously violated constraints of MODAct problems, a novel per-constraint e-constrained
method, called cEpsilon, is introduced and evaluated. An automatic algorithm configura-
tion approach is applied to generate several configuration variants of the considered CHSs.
In total, 12 configurations are tested using 64 problems. The analysis suggests the new cEp-
silon CHS to be the most competitive technique for different test suites.

Chapter 5—Educating Future Engineers presents two studies conducted with students to
(i) investigate their learning of professional skills through two different kinds of projects and
(ii) understand the impact on design of the use of machine intelligence. Using a question-
naire in a pre-post design, the changes in the students’ self-efficacy beliefs regarding profes-
sional skills are evaluated. The results obtained from Bachelor students having worked on
an in-course project are compared to the ones from Master students having worked on a cap-
stone project. The comparison allows identifying differences between the two formats. The
effect of machine intelligence is studied by asking students to perform a design task once
using a traditional approach and a second time using an automated design tool. A special
online modelling platform is developed and used by students to access the component and

11
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the integrated models, as well as an optimizer. An analysis of the suggested actuators and
the requests in the online platform highlights important differences in the products and in
the design process.

12
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Automated Design of
Electro-mechanical Actuators

LECTRO-MECHANICAL ACTUATORS are small systems used in various applica-
tions where position control or rotational motion is required. They have the
advantage to be relatively simple systems. Yet, they are multi-disciplinary cou-
pled systems that require iterative work to be designed, even for experienced

engineers. Indeed, actuators can be composed of different technologies and components,
that need to be selected, optimized, and positioned to form a functional system, which also
has to satisfy several constraints, see Figure 2.1. Design automation offers the promise to
design an electric machine and a gearbox, and to package all the components in a single

motor

DC
motor

control

Figure 2.1: Multiple ways to make one actuator, actuator image courtesy of JE.

Various pieces of research have tackled the components of this problem: electric motor
optimization [150], gearbox design [40, 67, 97, 106, 169] or packaging [14, 64, 170]. The
latter, in particular, is a difficult problem both for computers and human engineers [14].

13
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Modern computer graphics technologies, such as ray tracing, have enabled efficient methods
to be developed [64]. Stochastic meta-heuristics are the optimization method of choice in
all of these studies.

This chapter exposes how all the components are assembled to build an integrated model of
an actuator that performs component-specific simulations and a system-level analysis. More
than component modelling accuracy, the focus is on modelling system-level constraints,
since those are the requirements defined by the customers. Through the use of 3-D meshes
to represent the components within a whole system, packaging or ease of automated assem-
bly can be considered in the model. Following the modelling details, several case studies are
presented to highlight the potential and advantages.

Part of the content of this chapter has been published in:

C. Picard and J. Schiffmann. “Automated Design Tool for Automotive Control Actu-
ators”. In: IDETC-CIE2020. ASME 2020 International Design Engineering Technical
Conferences and Computers and Information in Engineering Conference. Volume 11B:
46th Design Automation Conference (DAC), Aug. 17, 2020. DOIL: 10.1115/DETC2020-
22390

C. Picard and J. Schiffmann. “Realistic Constrained Multiobjective Optimization Bench-
mark Problems From Design”. In: IEEE Transactions on Evolutionary Computation 25.2
(Apr. 2021), pp. 234-246. DOI: 10.1109/TEVC.2020.3020046

Author contributions: CP and JS designed research; CP performed research, and wrote
the articles himself.

2.1 Building an integrated model

For the purpose of this work, an actuator is considered as a sequence of k + 1 components
inside a housing. A motor first transforms electrical power into mechanical power that then
gets conditioned by successive stages of gearbox technologies and shafts. This power chain
also forms the backbone of the layout, since the position of the components exchanging
power is constrained. With this in mind, it is possible to build an integrated model that
remains modular: component-specific discipline is hidden behind a generic component in-
terface upon which system-level models are added. This approach is similar to the object-
oriented paradigm in computer science.

To be interoperable, each component i needs:
1. acost model c;;

2. aphysical model for predicting the output speed w; and torque T; depending on input
conditions, and component-specific constraints g;;
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Figure 2.2: Schematic representation of the way individual components are connected to
form an integrated model.

3. a 3-D tessellated description or 3-D triangular mesh, including spatial configuration
rules giving the coordinates (x;, y;, z;) for the next component.

Figure 2.2 illustrates the architecture that allows the integration of these components into
a system. Starting from a driving condition for the first component (w, T), and an initial
reference coordinate, the system is iteratively built by passing the output condition and posi-
tion to the next components. The matching component-specific constraints are aggregated,
keeping the worst case. All 3-D meshes are merged to form a 3-D representation of the
whole system, which is used to predict the volume—bounding box or convex hull—of the
whole assembly and upon which additional queries can be performed. The following sec-
tions describe the component model details and how they are combined to form a system.

This modular approach offers great flexibility. New components can be added whenever
needed and as long as the interface is unaffected, the inside model of each component can
be changed. So, improved accuracy or additional physics can be added incrementally. As
such, it forms an actuator modelling framework.

The framework itself is coded in Python [146], an open-source programming language that
offers a strong set of open-source libraries and that allows an easy interoperability with li-
braries from other languages. Indeed, many parts of the algorithms presented and used in
this work take advantage of fast C or C++ routines.

2.2 Component models

For all components, fast models with acceptable accuracy have been preferred over detailed
and expensive models, since the advantage of speed seems particularly important for tools
used in the early design phases. The following component models have been implemented:

15
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(i) stepper motors, (ii) DC motors, (iii) spur gears, (iv) crossed helical gears, and (v) plane-
tary gears. The stepper motor and spur gear models have been written by the author and are
described in the following subsections, while the DC motor, crossed helical gear and plane-
tary gear models have been coded by Spaeth [165] for his Master thesis under the author’s
supervision.

2.2.1 Stepper motor
Physical model

Stepper motors are permanent magnet motors that are most often controlled in an open-
loop manner by switching the stator phases to trigger steps. Since the control is open-loop,
the absolute position of the rotor is in theory unknown. However, in normal operating con-
ditions, it is assumed that no steps are lost, i.e., every electrical step results in a mechanical
step. In that case, the rotational speed of the rotor w,, is related to the electrical stepping
pulsation w,; through the number of rotor teeth pl: w,; = pw,,.

In addition to a step-by-step control, stepper motors can also be used in a continuous oper-
ation mode, where the steps are performed continuously. This is called high-speed opera-
tion [1] and resembles the operation of brushless DC (BLDC) motors, except the steps are
executed with no feedback.

In general, the simulation of the dynamic behavior of stepper motors is done by solving the
coupled ordinary differential equations (ODEs) of the electrical circuit and the mechanical
motion [157]. The prediction of the speed-torque characteristic of steppers is obtained by
repeatedly solving these ODEs for various speeds and loads until step losses are detected.
Even though an optimized C++ implementation by the project’s industry partner exists,
the procedure to get the full speed-torque characteristics for a stepper takes several seconds.
This is impractical for integrated modelling and optimization purposes.

Instead, assuming high-speed and steady operations, an algebraic torque equation can be
derived based on published recommendations by Acarnley [1, Eq. (5.14)].

k,,V w,k% R
(R2 +o212)"?  (R?+wpl?)
with V' = 4V/xz for a two-phase-on scheme with the supply voltage V;, k,,, the motor con-
stant, R the total circuit resistance, and L the winding inductance.

T, 6 =

po (2.1)

The original equation (2.1) misses important physical considerations present in the ODEs
of Johnson Electric (JE), such as magnetic flux saturation in the stator, maximum current

Ip can thus be considered as a “transmission ratio” since it links to electric input “speed” to the mechanical
output speed.
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limitation, friction, and temperature-dependent flux and resistance. It is, however, possible
to include these concepts in this steady-state equation.

Induction machines are often simulated with the hypothesis of linear magnetics, i.e., the
magnetic flux is proportional to the current applied in the windings. For small steppers or
stepper stators made out of less premium steel, however, the flux path can become saturated,
reducing the useful flux and thus the torque at the rotor side. In the ODEs, saturation is
accounted for by penalizing the motor constant for high currents.

kim = kmot(NyI) (2.2)
with u(x) = e_(%sat) (2.3)

where k,,,( is the unsaturated motor constant, N,, is the number of turns in the windings, I
is the instantaneous current through the windings, and NI, is the saturation constant.

To be included, some steady-state equivalent current needs to be derived. Eq. (2.1) can be
transformed by factorizing k,, into Eq. (2.4) and since the units of k,, are NmA~!, the
content of the parenthesis can thus be interpreted as an equivalent current.

|4 Wk R
T,, =k - - (2.4)
po m
(R? + w212)"?  (R2+wyl?)
N~————-o-o-—
I Iem

The obtained I, = I; — I, is an average current, while Eq. (2.2) uses an instantaneous
current. To bridge the two, a constant correction is assumed I = kg - I,4. The effect of
saturation can then be calculated with I, in Eq. (2.2). Since I, depends on k,,, loops are
needed to converge on both values. However, for the sake of speed, this step is omitted, and
instead, has been factored into kg, whose value is obtained through tuning (kg = 1.15).

In the physical system, current is limited by the drive controlling the stepper. The limitation
is implemented by reducing the apparent voltage seen by the windings by means of pulse-
width modulation (PWM). Following a similar approach, the supply voltage is reduced to
respect a maximum current I, when set.

Vi
Vi = min{—s

1/27T
k. s (Inax + Tem)(R? + w3 1?) —} (2.5)

4

Finally, the viscous w, f3,, and Coulomb T, friction torques are added to the model, and
the effects of a difference of ambient temperature are built into the motor parameters R and
k,.0- Given a set of motor parameters obtained for example through finite-element method
(FEM) simulations, and winding parameters N,, and d,,, the diameter of the coil wire, the
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available torque T,,, is calculated using Eq. (2.6) to (2.12).

Joo =1+ ote(Ty — Trom) (2.6)
fmag =1- ‘xmag(Ts - Tnom) (2.7)
Nwd%v nom
R=R _— 2.8
nome’nomd%U fel ( )
kmo = PNwéo - fmag (2.9)
L = L0 N,? (2.10)
4V I @mKmoR
Iy = e 2 . (2.11)
(R2 + w12)'?  (R? + wl?)
T = max {kyoit (Niplegks) Ieq — @ fayn — Tz ; 0} (2.12)

where a,; and a,,,, are material properties, T is the actual system temperature, T;,/m; Ryom>
dw,nom> Nw nom and Ly, are the nominal motor parameters, and ¢, the linkage flux.

In this formulation, the possible values for N, and d,, are motor dependent. In order to
allow for a dimensionless control over the windings, two scaling parameters are introduced:
the fill factor FF and the resistance scaling factor R4, so that, the windings of a base motor
can be adapted and its performance simulated.

2
FF:= Nwdlzu Ny= Nw,nom\/ﬁ
Nw,nomdw,nom
= (2.13)
._ Nwdgu,nom do= 4 FF
scale’= N—w,nomdﬁ) WZ A\ Rypgpe WO

With this, the simplified algebraic model to predict the speed-torque characteristic of step-
per motors is complete. Figure 2.3 illustrates the good agreement between this new steady-
state model and the ODEs. It also shows the important effect flux saturation and current
limitation have on the torque at low speed, and that their additions can capture the same
effects. Even if the original Eq. (2.1) is applicable only to high-speed operations, the addi-
tional model features allow the model to be used for predicting low-speed torques. Further
comparisons between the two models on different steppers are shown in Appendix A.

With a steady-state model between 10 000 and 100 000 times faster than the resolution of the
ODEs, the loss in accuracy is largely compensated. In the end, it remains the users’ choice
to decide if the accuracy is sufficient for their needs. In particular, there are several tunable
parameters that can be further adjusted, based on experimental data for example.
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Figure 2.3: Comparison between the speed-torque characteristics obtained through the sim-

ulation of the ODEs and through the steady-state model, highlighting the effect of different

features: (A) stepper with friction, (B) adding saturation and (C) adding a current limita-
tion.
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Figure 2.4: Representation of the available mesh geometries for the motors and their pa-
rameters.

Cost model

The cost of a motor ¢, is calculated based on the volume and materials for the rotor, the
stator and the windings, assuming a density p and a specific cost per kilo ¢ for each material.
Since the rotor and stator geometry are fixed for a given stepper motor, the cost can be split

into a fixed contribution and a variable contribution depending on the fill factor. The cost
is thus linear with respect to FF.

Cm = Cfixed T Cvariable (2-14)
Cixed = Vrotorprotorcrotor + Vstatorpstatorcstator (2-15)
Cvariable = FF VCu,nomlOCucCu (216)

3-D model

Three different stepper body geometries are available, see Figure 2.4: a cross, a 3-branch star
and a cylinder. The dimensions are obtained from the corresponding motors.
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2.2.2 Spur gears

Spur gears are extremely common in gearboxes and their modelling is well-documented and
governed by numerous norms [79-82, 183, 184]. The implemented model follows the ISO
norms [79-82] with a few exceptions that are highlighted below.

Each gear is defined by a number of teeth Z, a profile shift coefficient x, a module m, a
thickness b, a tooth profile h;‘cp, ,oj;p, and hgp, a pressure angle a, and a material, see ISO
1122-1:1998 [82] for a definition of the terms and ISO 21771:2007 [81] for the geometrical
relations. A gear stage is composed of two gears: the pinion (subscript 1) and the wheel
(subscript 2). Their numbers of teeth fix the input-output speed relation i = Z,/Z;—also
called transmission ratio. To be able to engage properly, two gears need to share the same

module and to respect four geometrical constraints:

1. avoid tooth interference along the contact path;
2. have a sufficient contact ratio for smooth operation (¢, > 1.1);
3. limit large specific sliding at the engagement point ({¢; > —5), and

4. at the disengagement point ({, > —5).

Beyond these geometrical considerations, the chosen materials and their properties need
to be included. Since, in the targeted applications, the gears are manufactured by polymer
injection, there are some differences to standard metal gears [111]:

1. any module value can be selected;

2. the efficiency of the transmission is set to a fixed 95% since it is hard to predict and
depends on the applied lubricant, the type and density of fiber reinforcement, the
humidity levels and wear [125];

3. thetooth root or and tooth flank oy stresses are calculated following the ISO 6336:2006
method B [79] and VDI norms [183, 184], with Kyg = Kpq = Kpg = Kpg = 1 and

4. the calculation of the mechanical safety factors and fatigue damage fraction is adapted
to include temperature-dependent fatigue based on Wohler curves, also called S-N
curves [160], provided by the polymer manufacturers.

To maintain their mechanical integrity over their entire lifetime, the safety factors need to
be > 1 and the damage fraction < 1.
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Figure 2.5: Planar view of the special geometry used to model a gear pair: with respect to
the real gear geometry (left) or with the key variables (right).

Cost model

The cost of a gear pair is based on the approximate cylindrical volume of the pinion and the
wheel, assuming a density p and a specific cost per kilo ¢ for each material.

T — —
Cop = Z(dlzblpmatlcmatl + d%bZPmatZCmatZ) (2.17)

3-D model

The 3-D representation of gears requires further considerations. On the one hand, gener-
ating the exact toothed geometry is certainly overly complex. On the other hand, gears are
often represented as simple cylinders of the primitive diameter d = mZ of the gear, which
underestimates their volume, an important point for the system-level modelling. It is also
possible to use cylinders with the addendum circle diameter d,, but then, the meshes of a
gear pair are overlapping in the contact zone. In order to combine both advantages, a “cut”
cylinder geometry is created, as shown in Figure 2.5. It is a cylinder with a diameter of d,,,
except at the point of contact between the pinion and the wheel, where it is truncated to d.
The cut angle 6 is set to 6 = cos~!(d r/dq), where d is the root circle diameter.

2.3 System-level models

Now that the components are defined, they can be assembled to form a system. Although
the code is more generic, the explanations are, for the sake of clarity, restricted to systems
composed of a motor followed by k gears. Some quantities can be calculated directly, like
the geometrical gear constraints, or by aggregating the individual contributions, such as the
cost of the components ¢ ,mp, Eq. (2.18), the gearbox transmission ratio igp, Eq. (2.19), or the
total transmission ration i;;, Eq. (2.20).
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k
Cecomp = Z Ci (2.18)
i=0
k
Zip
lop = = (2.19)
¢ iet Zin
k
. Zin
ltot =D H Z;l (2.20)
i=1 7L

Operating condition dependent constraints—the stresses in the gears—and system-level
quantities can only be calculated once the state of the system is known. This means:

1. calculating the operating conditions of all components;

2. positioning the components with respect to each other.

The following subsections first introduce the procedure applied to the operating conditions.
Second, the packaging operation is described, followed by several algorithms performing
queries on the obtained 3-D model of the system.

2.3.1 Operating conditions

An operating condition is defined as a set of supply voltage, a maximum current, a system
temperature, a rotational angle or speed, a torque, the number of cycles to consider for this
point and its mode. The system considers two types of operating mode:

1. In running mode, the output rotates continuously at a given speed.

2. In holding mode, the output rotates by a small angle.

The operating points for all components are resolved sequentially by propagating the output
condition of a component to the next. The procedure requires the driving conditions—i.e.,
the input conditions to the first component—to be given. They can be imposed by the users,
or calculated to match desired output speed or torque. The most common and straight-
forward approach is the speed-matched approach, where the driving speed is set from the
desired output speed using the total transmission ratio: w;j, = wyy; - i;o;- The same approach
can be applied to the output angle in the holding mode.

The holding mode is similar to the running mode, except for the handling of the number
of cycles. In running mode, the number of cycles performed by each component is directly
related to its rotational speed. Whereas in a holding situation, since the components are
stationary, all components are loaded and unloaded once per cycle. In practice however, for
actuators with large gearboxes, a very small rotation of the output can still represent several
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rotations at the motor, and thus also several loading cycles. For this reason, in holding mode,
an angle information is passed from component to component, and the number of cycles
gets adapted in consequence.

Once the operating conditions are resolved for all components, it is possible to calculate the
effective stresses in the gears. When a set of operating points is defined, the procedure is
repeated for each point. The resulting safety factors are aggregated, and only the smallest
for each component is kept. For the fatigue, the damage fractions from each condition are
summed per component to form the cumulative damage fraction. The constraints can be
further reduced, by keeping only the worst value over components of the same kind. For
example, the minimum safety factor for the tooth root stress is given by:

SF,min = min {SF,I’ vee s SF,k} (221)

It is also possible to aggregate all safety factors using the harmonic mean:

k o—1 -1
. ST+ S
Sham = (Z‘:l . H”) (2.22)

2k

It is important to note that the stresses, and hence safety factors, are calculated based on
the effective loads acting on the gears, that might not match with the desired load. The
difference between the desired and effective torque at the output is called the torque excess,
defined for the j™ operating point as:

A]} = 7} - Tdesired,j (223)

The advantage of this approach is that it allows evaluating the resulting trade-offs of more
powerful actuators. When this is not desired, the code offers a “limit torque” feature, which,
if the system has some torque excess, loops once more to recalculate the loads for each com-
ponent to match the desired output torques.

At this stage, other quantities related to the operation of the actuator can be calculated,
such as for example, the electrical to mechanical energy conversion efficiency 7); of the ji
operating point:

1= (2.24)

2.3.2 Packaging

Packaging consists in defining the coordinates of all the components. In general, each com-
ponent being a rigid body, its position in a given reference frame is given by six variables:
three coordinates (x, y, z) and three angles (¢, 6, %). In an actuator however, there are fewer
degrees of freedom and successive components are positioned relative to the previous one
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Figure 2.6: Schematic representation of an actuator with a crossed helical gear stage and

two spur gear stages, showing the relative positioning procedure of the components, and
the resulting bounding box (side and top views).

using only two variables: (i) a translation d; along the rotational axis (the shaft), and (ii) a
rotation y; around that same axis, see Figure 2.6. Within components, additional transla-
tions or rotations are possible, e.g., in crossed helical gears, but their definition is controlled
within the components.

The absolute positions are calculated sequentially by starting from a reference frame arbi-
trarily set at O = (0, 0,0). There are two procedures depending on whether the position of
the motor shaft or the output shaft should be known a priori:

1. The forward mode calculates the coordinates from the motor to the output—as shown
in Figure 2.6;

2. The backward mode starts from the output to the motor.

The coordinates from a component used as a starting point for the next translation and ro-
tation is called a hook. Each component defines a set of hooks for both procedures, and
for positive and negative values of d;. Figure 2.7 shows the positions of the hooks for the
different cases for spur and crossed helical gears. Figure 2.8 compares the effects of the
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Figure 2.7: Location of the positive and negative hooks for spur gears and crossed helical
gears in forward (left) and backward (right) mode

two procedures on the resulting layout. The translation is implemented in the model by
“stretching” the gears, as in Figure 2.6, or by adding a shaft, as in Figure 2.8. In both cases,
the additional element is assumed infinitely rigid.

Once the coordinates of all components are known, the 3-D mesh of each component can
be generated and assembled to form a mesh of the whole system. The meshes are man-
aged through the Trimesh [34] library. With this system mesh, it is then possible to estimate
various volumes, such as the bounding box—the smallest axis-aligned box—or the convex
hull—the smallest convex polyhedron. The latter is also used to predict the housing shape.
Similarly to other components, the cost of the housing is volume-dependent and is calcu-
lated based on its surface A;, and on the chosen material, assuming a fixed thickness h.
Adding it to the cost of the components yields the estimated total cost of the system.

Chousing = hARPKCH (2.25)

Cot = ccomp + Chousing (226)
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Figure 2.8: Comparison of the resulting actuator layout for the forward (left) and backward
(right) modes, for an actuator composed of a stepper motor and two spur gear pairs.

Figure 2.9: Illustration of an actuator with and without internal collision. Colliding faces
detected by FCL are shown in red.

Internal collisions

Most importantly, the 3-D meshes enable valuable system-level constraints to be evaluated.
One of these is the internal collision detection. Indeed, the layout procedure does not en-
force that the resulting actuators are physically possible, i.e., that no components are collid-
ing with each other, see Figure 2.9. This collision detection is performed with the C++
flexible collision library (FCL). FCL organizes the space in bounding volume hierarchies
and applies efficient sweep-and-prune algorithms to reduce the number of required inter-
component collision checks [135]. The only requirement is that the meshes use triangular
faces.

The goal is not just to have an indicator function, but to quantify an “amount of collision”.
The proposed approach groups the components by shaft; since by construction, elements
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on a shaft cannot collide and form a single part. The procedure detailed in Algorithm 2.1
calculates a score with the number of colliding faces detected by FCL, normalized by the
total number of faces of the meshes. The algorithm typically requires about 100 us. The
obtained score is equal to 0 for valid layouts and increases proportionally with the number
of collisions. In order to ensure sufficient vertical spacing between the components, the
component meshes are generated with a changeable 0.2 mm excess thickness.

Algorithm 2.1 Assess collisions between groups of components

Require:
A= {Ml-}?=1 a set of n group meshes

: procedure INTERNALCOLLISION(A, with_inclusion)

| np < X IFACES(M))|
F. < BROAD-PHASE COLLISION QUERY(A) [> Face collision query with FCL
§ < |El/ny

\ return &

AN A e

Inclusion within a given external hull

In many applications, actuators are required to have a given form factor, such as the two
examples shown in Figure 2.10. These specifications are typically necessary when actuators
are further integrated into larger existing systems, such as heating, ventilation, and air con-
ditioning (HVAC) units. Modelling this constraint is thus key, since it can be very restrictive
in terms of acceptable design. Its restrictive nature makes it particularly important that the
numerical value of the constraint reflects how much of an actuator is outside the hull, and
thus guides the optimizer towards valid solutions.

. R
e

Figure 2.10: Examples of possible hulls for actuators where the black dot illustrates the
position of the origin of the reference frame and corresponds to the required position of the
output shaft. The volumes are obtained by extruding these shapes.

O

o

In that context, collision detection algorithms are insufficient to have an inclusion score
that increases the more an actuator protrudes from the hull. Such a score can be obtained
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by identifying the vertices of the actuator that are outside the hull and by calculating their
distance to the nearest point on the surface of the hull. The latter is done using a nearest-
neighbor search method, such as the one implemented in Trimesh. It uses a k-d tree—a
data structure used to partition space—to speed-up the search [118].

A naive approach would be to calculate for all vertices the signed distance to the nearest
point on the hull, where the sign indicates whether the vertex is inside (positive) or outside
(negative) the surface. So, the point the furthest outside the hull is the most negative one and
its distance can be used as a score. In the naive approach, the computation time is constant
for a given problem, and depends on the number of vertices in the actuator mesh and in the
hull mesh.

Algorithm 2.2 Selective method to assess if an actuator is within a hull

Require:
A= {M,-}?=1 a set of n group meshes
H the mesh of the hull

—

: procedure INSIDEOTHERMESH(A, H)

2: F. < BROAD-PHASE COLLISION QUERY(A, H) [> Face collision query with FCL
3: G < GROUPMESH(F,) [> Get set of groups in collision
4 §<0
5: Vei{} [> Set of candidate vertices for distance calculation
6: forallg € Gdo
7: if INSIDE(g, H) then [> Give a fixed penalty if g just touches H
8: ‘ §<d&+1073
9: else

10: |V« VUVERTICES(g)

11: O « {g € A\G|-INSIDE(CENTER(g), H)}

12 V « V U VERTICES(O)

|min SIGNEDDISTANCE(V, H)|
BOUDINGBOXLENGTH(A)

13 | §<d+

14: \ return &

Applying the expensive nearest-neighbor search to all vertices of the actuator mesh is the
bottleneck of the procedure. In particular, as actuators are closer to fulfilling the require-
ment, lots of time is lost calculating neighbors of points inside the hull that are of no inter-
est for the inclusion score. So, if faster methods to filter the vertices that are outside exist,
the best-case complexity of the naive method could be improved. Collision detection and
ray tracing are two such methods. Ray tracing is a rendering technique commonly used in
computer graphics to simulate the path of light to accurately draw textures and shadows.
Ray-tracing algorithms have been extensively optimized for speed. They cast virtual rays
through 3-D scenes and record the faces that have been hit. This principle can be applied
to evaluate if a point is inside a mesh by casting a ray of light from it in a random direction.
The point is inside if the ray hits the hull an odd number of times. The Embree [187] library
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handles the ray-tracing procedure itself.

The selective inclusion test procedure, detailed in Algorithm 2.2, applies a first filter through
collision detection. The groups in collision with the hull are either inside but in contact
with the casing or at least partially outside. In the first case, a fixed penalty is added to the
inclusion score, while in the second, the vertices of the group are added to a list of vertices
to test. The second filter evaluates if the remaining groups are outside or inside by applying
the ray-tracing method described above to the center point of these groups. The vertices of
the groups that are outside are also added to the list of vertices, which is then passed to the
signed distance calculation. Finally, the distance of the point the furthest away is added to
the inclusion score after normalizing the distance by the largest extent of the bounding box.

Since the procedure returns a violation distance, it is continuous and decreasing as the com-
ponents are moved inside. In order to illustrate this, Figure 2.11 shows the evolution of the
constraint value as an actuator fully inside a given hull is rotated away. It also highlights
that the procedure can handle any hull shape.
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Figure 2.11: Evolution of the constraint value for the inclusion in the hull as the actuator is
rotated around the first gear pair by an angle 6 = 7/2.

In terms of speed, in many cases and in particular as more actuators respecting the con-
straints are found, it reduces the number of vertices included in the expensive distance
calculation from several hundreds to tens. Indeed, running the same virtual experiment
as before but focusing on execution time, see Figure 2.12, a clear speed-up can be noticed
when comparing the naive and selective methods, especially for low violation cases. Yet,
the computation of this constraint remains, comparatively to the previous one, much more
expensive.

Many mesh formats, such as STL, can be loaded, allowing objects generated through stan-
dard computer-aided design (CAD) software to be used. Yet, to minimize the computational
effort and the optimization complexity, the hull objects should be as simple and as permis-
sive as possible. When the inclusion score is calculated, the “backward” layout mode is the
most suitable and the origin of the hull should represent the desired output position.
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Figure 2.12: Comparison of the naive versus selective method in terms of execution speed
for the example shown in Figure 2.11—calculations done on a 2.7 GHz Quad-Core Intel Core
i7 laptop, number of vertices: 96 for the hull and 252 for the actuator.

2.3.3 Assembly feasibility assessment

In many applications, actuators are mass-produced, and automated assembly lines are in-
creasingly used to achieve high through-put and reliability. Typically, the assembly process
involves inserting the components in the bottom part of the housing, that is then closed as
a final step. Such process is well suited to automation, but automated assembly lines are
expensive. Their cost roughly depends on the number and the complexity of each assembly
step. For this reason, actuators that can be assembled in few simple steps are preferred.

Inspired by Grignon and Fadel [64], ray tracing is applied, in this context, to determine if
shaft groups can be inserted following a single translation, and the minimum number of
steps to perform the assembly. An assembly dependency graph is built by identifying the
components that shadow each other along the assembly axis—usually aligned with the out-
put axis. For each group, rays are cast from its vertices in the assembly direction, and colli-
sions with faces of other groups add edges in the graph. The minimum number of assembly
step corresponds to the height of the obtained graph, while deadlocks are detected by the
presence of loops. The details of the procedure are summarized in Algorithm 2.3.

The advantage of being able to predict the ease of assembly are highlighted through several
illustrative examples. Figure 2.13 compares two different actuator layouts for four-stage
actuators: on the one side, a step-like layout, on the other, an interlaced layout. Both can be
assembled with an automated assembly line, but the first needs at least five steps, while some
shaft groups could be inserted simultaneously in the second, thus reducing the number of
steps to two. Figure 2.14 shows that the same algorithm can be applied with components
with different shaft directions. Finally, Figure 2.15 shows an example of an actuator with
an assembly deadlock. Indeed, the motor and shaft group @ are both a requirement and a
dependency of each other.
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Algorithm 2.3 Automated assembly evaluation procedure

Require: A = {Mi}:’zl a set of n group meshes and d the preferred assembly direction

1: procedure ASSEMBLYSCORE(A, d)

2: d < FINDASSEMBLYDIRECTION(A, d) [> Direction of the output shaft or d
n

3: V< U,_, VERTICES(M)

4 E<{} [> Set of dependency edges

5 FE..,R, < RAYINTERSECTALL(A, V,d)

[> All faces of A intersected by rays from V cast in direction d

6: forall f,r e ., XR, do
7 target — MESHINDEX(f)
8: origin «— MESHINDEX(r) [> Get mesh associated with f or r
9: if target # origin then
10: ‘ E <« E U {(target,origin)}

11: F._,R_ « RAYINTERSECTALL(A, V, —d)
12: forall f,r e F._XR_do

13: target «— MESHINDEX(r)

14: origin «— MESHINDEX(f)

15: if target # origin then

16: ‘ E <« E U {(target,origin)}
17: if HASLoOOPS(E) then

18: | returnn+1

19: else

20: | return HEIGHT(E)

Figure 2.13: Two four-stage actuators examples—(A) a step-like actuator layout and (B)
the interlaced actuator layout—and their respective assembly dependency graph, where the
shaft groups are numbered successively. Each arrow indicates a dependency.
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Figure 2.14: (A) Example of an actuator with a crossed helical gear stage and two spur gear
stages showing the rays of the assembly evaluation procedure. The group in red corresponds
to @, which can only be inserted after the two gear shafts. (B) The resulting assembly de-
pendency graph, where each arrow indicates a dependency. The motor is not connected,
indicating it has no requirement and is not a dependency for any other component.

Figure 2.15: Example of a four-stage actuator with an assembly deadlock.
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Figure 2.16: Illustrations of the method used to detect if shafts can be supported by the
housing for two actuators. Collisions between the rays and gears not belonging to the cor-
responding shaft group are shown in red.

2.3.4 Shafts supported by the housing

Another way to reduce cost and simplify the actuators is to support the shafts directly with
the housing. Indeed, it is easy to create a simple bearing directly in the polymer-injected
housing. Further, with proper lubrication, the shaft-housing contact—a polymer metal
interface—offers relatively good performance with respect to its complexity. Supporting
shafts through the housing implies, however, that the shafts are extended to both sides of
the housing, i.e., shafts need to “pass-through”. Such restrictions can have important impli-
cations on the design of the gearbox: independently of the required transmission ratio or
load, larger gears might be needed to increase their center distance.

Since the idea is to see if shafts interfere with components, ray tracing is well-suited for this
task. The method consists in casting a set of rays forming a tube around the location of each
shaft and to record collisions with components that are not part of the shaft group. The
diameter of the tube can be set on a per-shaft basis, usually 2 to 4 mm. The principle of the
method is illustrated in Figure 2.16.

The procedure, detailed in Algorithm 2.4, first collects the coordinates of the center of all
shafts and projects them along the direction of the shafts onto the bounding box of the sys-
tem. A circle with the desired diameter is formed and the rays are cast in the opposite di-
rection. The faces colliding with the rays belonging to another shaft group are counted. The
constraint value is obtained by normalizing this face count by the number of rays and the
number of groups. In some cases, multiple parts rotating around the same shaft are accept-
able, and a “shaft overlap” feature can be enabled. This feature removes the collided faces
of groups, whose center coordinates are within one shaft radius of each other. An example
of the effect of the “shaft overlap” feature is shown in Figure 2.17.
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Algorithm 2.4 Procedure to evaluate if the shafts can be supported by the housing

Require:
A= {Ml-}?=1 a set of n group meshes
R ={n, ..., 1} the radius for the shaft of each group
[ shatt overiap € 10, 1} the flag for the “shaft overlap feature”

1: procedure PASSTHROUGHSHAFTS(A, R, fhaft overlap)
2 Bpox < BOUNDINGBOX(A) [> Get the vertices of the bounding box
3 | C« U], CENTER(M,)
4 | D« |J]_, DIRECTION(M))
5| Ve U:l:l SHAFTVERTICES(C;, D;, 1;, B, )
[> Project C; along D; onto B and generate a circle of radius #

6: | F,R < RAYINTERSECTALL(A, V,D)

[> All faces of A intersected by rays cast from V in directions D
7: §<0
¥min < MinR
forall f,r € FXRdo

10: t <« MESHINDEX()
11: 0 <« MESHINDEX(r) [> Get mesh associated with f or r
12: if t # o then
13: | 11

fshaft overlap and <D0’Dt> € {_1’ 1}
14: ‘ ‘ ‘ then

and “ISMOTOR(0) and “ISMOTOR(t)
5. | | | | deeCi-C,

dc,D
6 | ||| dyede—9ePop
H%ﬂd
17: ‘ ‘ ‘ ‘ lemax{o,min{nl'b—m,l}}
o + i — Fmin
18: | §<8+1
19: ‘ return
n-|vi
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Figure 2.17: Evolution of the pass-through constraint value with and without the “shaft
overlap” feature for a two-gear-pair system—shown in top and side views—where the top
gear pair is rotated from an initial position, where all axes are aligned, to an angle 8 = 7/3.

2.4 Automated Design Tool

2.4.1 Overview

The presented actuator design framework is versatile and powerful. It is well-suited to serve
as the backbone to build an automated design tool capable of designing various actuator
configurations considering numerous constraints and performance metrics. By linking the
numerical model with (i) a multiobjective optimizer to search for alternatives and to find
trade-offs, and (ii) a reporting interface to support decision-making, one is able to build an
automated design tool.

The built tool works following the chart shown in Figure 2.18. Engineers and stakehold-
ers analyze and define the specifications that are supplied to the automated design tool. Its
process starts by converting the specifications into a numerical optimization problem, that
is then solved by a multiobjective optimizer. Reports are regularly stored for engineers to
monitor the progress. With these ingredients, the obtained tool is capable of getting well-
converged solutions within 30 minutes to 1 hour—on a regular laptop with an Intel Core
i7 4 cores at 2.7 GHz. This enables engineers to perform fast iterations including the stake-
holders, as envisioned in Figure 1.3.

The conversion step, the multiobjective optimizer, and the reporting interface are briefly
described in the following subsections.
2.4.2 Defining the problem

Before being solved by an optimizer, the design problem needs to be formulated as an op-
timization problem. Typically, optimizer software work with vectors and expect objectives
and constraints to follow a certain convention, like the one of Eq. (1.3). Moving from the
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Figure 2.18: Overview of the working principle of the automated design tool for actuators.
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data representation of the model, which is close to the engineers’ way of thinking about ac-
tuators, to the representation for an optimizer is a tedious task. This step is therefore taken
over by the automated design tool.

Defining a problem requires setting the objectives and constraints, specifying the search
bounds of the design variables and listing the desired operating points at which the actua-
tors are simulated. For the objectives, users need to specify which one is to be minimized
or maximized, allowing an automatic conversion of all objectives into minimization form.
Similarly, constraints are usually defined in the form gj(x) < b;, and are reformulated using
Eq. (2.27), as suggested in [87].

) _ 1<0 ifb>0

g(x) <b & _é(x) (2.27)

J

+1<0 ifbj<0

The most important part, however, is the transformation from the engineers’ design vari-
ables to the numerical vectors, and vice versa. Engineers specify for each component type
the variables to be optimized, and their acceptable range. The motors have up to three de-
sign variables: an integer that defines which motor to pick from a predefined list, and two
numbers: FF and R.4.- The spur gears have up to 14 design variables: two integers select-
ing their material from a predefined list, two integers Zj; 5, and 10 numbers: m, b* = b/m,
X120 Pfp 1.2p Ppg1,2p a0d Ry 1y ;- The variables of the crossed helical and planetary gears
are given in [165]. Not all variables need, however, to be part of the optimization. Users
can set fixed values for certain parameters or let default values be used. For example, the
tooth profile A from the ISO norm 53:1998 [80]—h;ip =1.25, p;‘cp = 0.38, hg, = 1.0—is used
unless otherwise specified.

Further, users define a desired actuator configuration. This sets the components to use and
their order, e.g., one motor, one crossed helical gear stage, and two spur gear stages. Combin-
ing this with the given bounds allows the search space to be calculated. Indeed, the search
space corresponds to the union of the design spaces of all components, including the two
layout variables d; and y; for each.

Initial experiments suggested that due to the high number of integer variables, the problems
were very challenging to solve. To reduce their number, some of them are combined with
physically related continuous variables. The resulting number is composed of the integer
and its fractional part is mapped to the continuous variable. This is applied for the following:

1. the motor selection integer and the fill factor FF form the combined mFF;

2. the numbers of teeth Zj; 5y and their profile shift x; 5 form the combined Zx; ,;.

Only the material selection variable remains formulated as an integer variable, but their
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Table 2.1: List of crossover and mutation operators used in the adaptive variation operator.

Crossover operators

1 Simulated binary crossover [39] 7. = 20, p. = 0.9
2 Simulated binary crossover [39] 7. = 5,p. = 0.9
3 Two-point crossover
4 Blend crossover [48] a=0.5
Mutation operators
1 Polynomial mutation [39] Nm = 20, ppy = 1/n
2 Polynomial mutation [39] Nm =5, Pm = 1/n
3 Uniform mutation Pm = 1/n

number is also reduced by considering that gears of the same shaft share the same material —
i.e., they are injected as one part. This assumption corresponds to the reality for the consid-
ered applications, but can be deactivated if necessary.

The definition of the design problem by the users is done through:

1. structured text files that are processed by a standard script;

2. custom python scripts.

The first method is the easiest, but offers limited options, since only predefined quantities
are calculated and can be included. For full control, custom python scripts need to be writ-
ten.

2.4.3 Multiobjective optimizer

Despite all code optimization efforts, the evaluation of an actuator design takes 1 ms to
100 ms depending on the activated features. While it might seem little—it is fast—when
hundreds of thousands of solutions need to be evaluated it still takes a while. In this con-
text, population-based multiobjective evolutionary algorithms (MOEAs) allowing multiple
solutions to be evaluated in parallel offer a significant time advantage. In the automated
design tool, a modified version of NSGA-II [37] is the main multiobjective optimizer. The
base implementation by DEAP [35, 56] has been modified to include an adaptive variation
operator inspired by AMALGAM [186] and Borg [68], see Algorithm 2.5, that aims at choos-
ing the best operators at any given moment of the search process. Typically, the exploration
probability is set to p, = 0.2 and the generic operators in Table 2.1 are considered.

To handle the constraints, different strategies can be activated, but by default, the novel
method cEpsilon, described in Chapter 4, is recommended with parameters 1 = 0.5, ¢, = 4
and y = 0.6. Finally, the population size and the number of generations can be chosen by
the user—within the constraints of NSGA-II.
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Algorithm 2.5 Adaptive variation operator

Require:
p: and p, two mating parents
Pe the exploration probability
CX and M the lists of available crossover and mutation operators

1: procedure VARIATE(p;, P2, Pe> C, M)

2: if RAND < p, then

3 | crossover < PICKRANDOMLY(CX)

4: else

5: if RAND < 0.5 then

6 \ CroSSOVer < p,.Crossover

7 else

8 Crossover < p,.Crossover

9: 0,, 0, < APPLYCROSSOVER(Crossover, p;, p2)
10: 0,.CrOSSOVET, 0,.CTOSSOVET «— CroSSover
11: for all o € {0,,0,} do
12: if RAND < p, then
13: | mutation < PICKRANDOMLY(M)
14: else
15: \ mutation <« o.mutation
16: 0 < APPLYMUTATION(mutation, o)
17: o.mutation « mutation

return o,, 0,
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2.4.4 Interactive result visualization

For the tool to support engineering teams, it needs to (i) store its data in a format readable by
machines and humans, (ii) have a traceable process, and (iii) display actuators using familiar
representations. A reporting tool has been developed for this purpose. Web technologies are
leveraged to build interactive reports in the form of HTML documents that can be opened
on any platform and easily shared with colleagues or with the client. The report displays the
candidate actuators in four different panels:

1. ascatter plot of the objective values;

2. aparallel coordinate plot with the design variables;

3. atable with the design variables;

4. a WebGL viewer for a CAD-like preview of the actuators.

A screenshot of such a report is shown in Figure 2.19. The reports are generated thanks
to the bokeh library? [11], which also enables interactivity. Selecting a design in one view,
automatically highlights the same design in the other plots. The mesh of an actuator is
shown in the WebGL viewer and can be rotated to view it from any desirable angle. Further,
the mesh can be downloaded as an STL file—for example to be 3-D printed—or a screenshot
can be taken. Since the interactivity is completely managed in the web browser, no software
is required.

These reports along with the data as a CSV file are saved regularly during the optimization
process. This allows engineers to closely monitor the optimization process and to look at
potential results even before the search is completed. This increases the traceability of the
process, assists in debugging ill-posed problems and ensures results are available in a timely
manner.

2.5 Case studies

The content of this section has already been published in:

C. Picard and J. Schiffmann. “Automated Design Tool for Automotive Control Actu-
ators”. In: IDETC-CIE2020. ASME 2020 International Design Engineering Technical
Conferences and Computers and Information in Engineering Conference. Volume 11B:
46th Design Automation Conference (DAC), Aug. 17, 2020. DOI: 10.1115/DETC2020-
22390

Minor adjustments have been made to the text and to the images to match the style of
this thesis.

Zhttps://docs.bokeh.org
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Chapter 2. Automated Design of Electro-mechanical Actuators

Table 2.2: Set of operating points for the HVAC valve application.

Wesired Tdesired Temp. # CyCIeS % Imax

40rpm 04Nm —40°C 25000 13V 0.2A
55rpm 04Nm —-40°C 25000 16V 0.2A
45rpm 04Nm 23°C 25000 13V 0.2A
6.0rpm 04Nm 23°C 25000 16V 0.2A
40rpm 04Nm 85°C 25000 10V 0.2A
20rpm 04Nm 85°C 25000 13V 0.2A
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Figure 2.20: Acceptable hull for the HVAC valve actuator application with the position of
the output shaft shown as a black dot along with the simplified contour used for the opti-
mizations as a dashed line.

In order to demonstrate the various capabilities of the design tool, two case studies have
been selected and explored: an HVAC valve actuator and an HVAC flap actuator. Both ac-
tuator types are mounted on the outside of HVAC units of cars and need to be operational
at temperatures between —40 °C and 85 °C and for battery voltages between 9V and 16 V.

In the scenarios considered in this section, the optimization budget has been set to a maxi-
mum of 320 000 solution evaluations in order to have good convergence despite the various
constraints.

2.5.1 HVAC Valve Actuators

HVAC valve actuators are used in car HVAC systems to control valves that manage the flow
of refrigerant in the air conditioning unit. The design problem is to find an actuator that
delivers 0.4 N m at a speed of 5 rpm, see Table 2.2 for a complete list of conditions, and that
fits inside a given package, see Figure 2.20. In addition, the system should be driven by a
DC motor and be irreversible.

The automated design tool is thus configured to search for actuators with a DC motor, a
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Figure 2.21: Comparison of the proposed designs in terms of total cost and torque excess
between an optimization without and with system-level constraints: (A) entire range and
(B) zoomed view. The calculated properties of an existing actuator are shown as well.

worm-gear stage and two spur-gear stages. The trade-off between low cost and high output
torque is explored, since often performance could be compromised if there is a significant
difference in cost.

Based on this case, two scenarios are investigated to illustrate the importance of the system-
level constraints: an optimization including all described constraints (including desired
packaging) and an optimization without the system-level constraints. The obtained set of
solutions for both scenarios along with the characteristics of an existing product—also eval-
uated by the integrated model—are compared in Figure 2.21.

Since no system dimensions have been included in the first scenario, the automated design
tool proposes designs that can generate very large torque, although the gears would never
fit in the space constraints. Figure 2.22 shows a design taken from this optimization with
comparable performance to the existing actuator. Obviously, substantial work is still needed
to package the candidate design appropriately with no guarantee that it is actually possible.

Including system-level constraints allows the tool to directly produce useful design candi-
dates and to determine the maximum torque, an actuator contained within the imposed
packaging, can deliver. The identification of the trade-off between output torque and cost
helps engineers in their discussion with a client. Compared to the existing product, the tool
suggests an actuator 3.6% cheaper with a similar torque or 69% more torque for the same
cost. For both designs, the shafts can all be supported directly by the housing and they both
respect the assembly and packaging constraints.

Figure 2.23(A) shows the solution with a similar torque output as the existing product. Not
only is it cheaper, it is also sensibly smaller. These are key arguments suggesting that the
algorithm is capable of finding competitive solutions even when compared to designs that
have been improved over several years.

In terms of design, this candidate actuator has a gearbox with a ratio of 165, which is sig-
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Figure 2.22: Example of a design returned by the tool when not considering layout con-
straints.

Figure 2.23: Comparison of two alternate designs that match the requirements for an HVAC
valve actuator using (A) a DC motor or (B) a stepper motor.

nificantly smaller than the ratio of 419 of the original product. This is an important shift in
the equilibrium between the motor and the gearbox, that is easily assessed in an integrated
design setting. Here, the motor runs at lower speeds, which may also help reduce noise and
wear of the brushes in the motor.

Finally, since the tool is so fast, designs with different technological choices can be generated
rapidly and used to suggest viable alternatives to the client. For example, Figure 2.23(B)
shows that it is also possible to fit an actuator driven by a stepper motor with four stages
of spur gears in the same package and achieve equal performance. The tool thus allows to
explore the full design space and gives tangible support to decision-makers.
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Table 2.3: Set of operating points to evaluate HVAC flap actuators.

Output Tiesiea  Temp. #cycles 1 I,.« Condition

0.314rads™ 0.3Nm —40°C 10000 9V 0.15A running
0.314rads™! 03Nm 25°C 50000 9V 0.15A running
0.314rads™ 03Nm  40°C 20000 9V 0.15A running
0.314rads™*  03Nm  80°C 10000 9V 0.15A running

0.0056rad 1.21Nm —40°C 1000 9V 0.32A holding
0.0056rad 1.21Nm  25°C 5000 9V 0.32A holding
0.0056rad 1.21Nm  40°C 2000 9V 0.32A holding
0.0056rad 1.21Nm 80°C 1000 9V 0.32A holding

2.5.2 HVAC flaps actuators

The second case study focuses on the design of an HVAC flap actuator. They are used to
control the orientation of flaps to adjust the mixture between hot and cold air before it enters
the interior of cars. The design problem is to find an actuator that delivers 0.3 N m at 3rpm
and 1.21 Nm in holding condition, see Table 2.3 for a complete list of conditions. Stepper
motors should be used and there is a required minimal resolution of 6400 steps per turn
at the output. The package information for this application is shown in Figure 2.10(right).
For these optimizations, all system-level constraints are considered: packaging, assembly
capabilities and shaft supported by the housing. Further, the diameter used to validate the
clearance of the output shaft is set to 6 mm to have enough space to include the linkage plug
of the flap directly in the output gear.

Actuators with three, four and five stages of spur gears are evaluated using the automated
design tool. The corresponding Pareto fronts are shown in Figure 2.24. Note that the actu-
ators with five stages slightly violate the shaft clearance constraint. Further, the actuators
with four stages offer the best trade-off given the limited space. For a performance similar to
the existing actuator, cost can be reduced by 11% or torque can be increased by 170% while
also cutting cost by 7.7%.

Figure 2.25 compares the layout of the existing product to a candidate actuator with a sim-
ilar performance and shows that the latter is more compact, eliminating the need for the
protrusion at the bottom for the electrical connector. The engineering team can still further
work on the proposed design, for example, by rotating the whole motor-gear system around
the output shaft to better balance the margins with the different sides of the housing.

In terms of design, the proposed actuator has a transmission ratio of 485 and a height of
11.5mm compared to 561 and 14.5 mm for the existing product. The gains in cost come
mostly from smaller coils for the motor.

In order to better understand the impact of the housing-supported-shaft constraint, another
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Figure 2.24: Comparison between the obtained Pareto fronts for HVAC flap actuators with
three, four, and five stages of spur gears.

Figure 2.25: Comparison of the layout of (A) the existing flap actuator and (B) a candidate
actuator generated by the automated design tool.
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Figure 2.26: (A) Pareto front of the flap actuator design problem when the shaft pass-
through constraint is set as an objective and (B) an example of a compact actuator design.

optimization in which this constraint is now considered as a third objective, has been per-
formed. The obtained Pareto front is shown in Figure 2.26(A) and emphasizes the important
role this constraint plays in the previous optimizations. By relaxing this constraint, more
compact and even cheaper (-6%) actuators can be considered. Figure 2.26(B) shows what
such an actuator would look like. It would now be the work of the engineering team to find
solutions to effectively support the shafts in such a compact design.

Through the use of 3-D meshes in the automated design tool, candidate designs exist in
a tangible form that can be understood and apprehended by anyone. In order to further
promote discussion between engineers and customers, actuators can be 3-D printed making
it easy to show around and comment, see Figure 2.27.

2.6 Optimization challenges

As good results as shown in the case studies are possible thanks to the work described in
Chapters 3 and 4, and in particular to the novel cEpsilon constraint handling strategy (CHS).
The use of the original CHS for NSGA-II in the automated design tool presented one im-
portant challenge for its practical use: optimization outcome reliability. To highlight this
challenge, Figure 2.28 shows the fronts obtained by running NSGA-II with its original CHS
four times on the same optimization problem. The differences between the outcomes are
important. Further, the more constrained the design problem, the more the original method
struggles to find any feasible solutions.

It serves as motivation to investigate why a state-of-the-art algorithm performs so poorly,

47



Chapter 2. Automated Design of Electro-mechanical Actuators

Figure 2.27: Picture of a 3-D printed candidate design.
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Figure 2.28: Fronts obtained for the HVAC flap actuator design problem for four different
optimization runs.
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and how MOEAs can be improved to better work on such design problems. The design
problems that are being solved in this chapter are certainly complex, but they are quite sim-
ple if one thinks about extending this approach to systems like heat pumps, airplanes or
artificial hearts.

2.7 Concluding remarks

In this chapter, a framework for the design of geared electro-mechanical actuators has been
introduced. It relies on fast component models that are assembled like bricks to form a
whole system. Methods and procedures to simulate important system-level specifications
are formulated. They tackle diverse challenges related to packaging that are typical for these
systems. With these constraints, the obtained numerical model is an integrated model since
it simulates multiple components and disciplines in a single pass.

This versatile model serves as the core of an automated design tool, whose aim is to speed
up the design of actuators, to provide the engineering team and the stakeholders with a
better picture of the trade-offs, and to support well-informed decisions. The automated de-
sign tool achieves this by linking the integrated model with multiobjective optimization and
interactive reports.

The potential is highlighted through two real case studies from the automotive industry: the
design of actuators for HVAC valves and HVAC flaps. In both cases, the tool proposed in-
teresting and valuable alternatives, outperforming the current products in terms of cost and
available power, while respecting the packaging specifications. These results were obtained
within an hour on a regular laptop.

The case studies highlight the importance of the presented system-level constraints. Indeed,
the candidate designs obtained, if those constraints are not considered, are of significantly
less interest to the engineers, exaggerating the achievable performance, while leaving the
engineers with the complex and repetitive work of laying out the components. And while
optimization challenges related to the CHS of NSGA-II have been identified, they are ad-
dressed in the coming chapters, opening up the way to a tool to thoroughly investigate many
design alternatives.

The potential of the framework is much greater than the two case studies shown in the
work. There are possible extensions of the integrated model, for example to include the
use of standard components from a database or to evaluate complete series of actuators
sharing components. Both additions can be game-changing for actuator manufacturer, en-
abling great economies of scale. Further, the simultaneous optimization of configuration
and parameters of actuators offers many challenges and opportunities, including a broader
reflection about optimality in this context. The Master thesis of Lemaitre [102], performed
under the author’s supervision, discusses some aspects of this vast topic.
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Realistic Benchmark Problems

ESIGNING ‘good’ multiobjective optimization algorithms and selecting the ap-
propriate ones for a given class of problems require that common evaluation
procedures are defined. For this purpose, researcher typically follow recom-
mended methodologies [94] and use so-called benchmark problems, making

their results comparable among each other. These benchmark optimization problems should
typically be representative of various challenges found in actual problems.

Most benchmark constrained multiobjective optimization problems (CMOPs) currently used
are synthetic problems [87, 202], i.e., mathematical formula created for the purpose of test-
ing multiobjective optimizers. While their advantages are that they are fast to evaluate and
that their properties and Pareto fronts can be explicitly calculated, they tend to have rather
unrealistic features. Indeed, recently reported results [142, 173, 174, 200] including the re-
sults presented in Section 2.6 suggest that although state-of-the-art optimization algorithms
have good performance on benchmark problems, they fail at reliably solving simple ‘real-
world’ problems. As such, more realistic benchmark problems are needed to promote the
development of multiobjective optimization (MOO) that can be successfully applied in en-
gineering.

Further, better problem characterization is needed to have a proper understanding of the
reasons that lead certain algorithms to perform differently, but determining the properties
of many engineering problems is not straight-forward. Their objectives and constraints are
resulting from expensive simulations and cannot be explicitly solved. Therefore, appropriate
numerical methods are needed.

In this chapter, existing benchmark problems and numerical methods to characterize prob-
lems are introduced. Then, a realistic benchmark framework, called Multi-Objective Design
of Actuators (MODALCt), is presented. The core is a simplification of the numerical model
from Chapter 2, from which 20 CMOPs with up to five objectives and adjustable constraints
are derived. Their characteristics are evaluated with an extended constraint landscape anal-
ysis and compared to existing CMOPs from literature.
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The content of this chapter has already been published in:

C. Picard and J. Schiffmann. “Realistic Constrained Multiobjective Optimization Bench-
mark Problems From Design”. In: IEEE Transactions on Evolutionary Computation 25.2
(Apr. 2021), pp. 234-246. DOI: 10.1109/TEVC.2020.3020046

Sections II and IV to VI have been included as is into Sections 3.1 and 3.3 to 3.5.
©IEEE 2021. Reprinted, with permission, from the authors.

Figures have been regenerated to match the style and layout of this thesis.
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the article himself.

3.1 Related work

3.1.1 Constrained multiobjective optimization benchmark problems

Various CMOPs have been proposed over the years. Some of the oldest are the SRN [166],
the TNK [175] and the OSY [133] functions. They have been commonly used to benchmark
algorithms [37, 194]. These are two objective problems with few decision variables—two
for SRN and TNK, and six for OSY—and the same number of inequality constraints. Mostly
due to the low dimensionality of their decision space, their complexity is low [41].

Based on this observation, Deb et al. proposed a new scalable framework for CMOPs [41].
Functions derived from this framework have, in theory, an unbounded dimensionality and
their complexity can be adjusted by the selection of a helper function. This framework has
been used to derive the CTP test suite [41] with 7 functions (CTP1 to CTP7), which are typi-
cally limited to two objectives, two decision variables and one or two inequality constraints
and remains therefore quite simple. The framework is also the base of the CF test suite
[202] created for the IEEE CEC2009 MOEA Competition. Compared to CTP, CF problems
have a larger search space (n = 10) and three out of the ten functions have three objectives.
The results of the competition showed that some of these functions are difficult to solve.
The number of constraints is also low (two inequality constraints). More recent variants
of this framework have been proposed (e.g., NCTP [104]), but the shortcomings mentioned
previously remain.

With the need to solve optimization problems with an increasing number of objectives,
many-objective optimizers have been developed along with appropriate test problems. The
DTLZ test suite [42], which is scalable also in terms of objectives, has been extended with
constraints to form the C-DTLZ test suite [87]. There are three inequality constraint sets (C1,
C2 and C3) that can be combined with the unconstrained DTLZ functions (e.g., C1-DTLZ1
or C1-DTLZ3). C1 and C2 types add one constraint, while the C3 type adds one constraint
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per objective. While promising, Tanabe and Oyama showed that even algorithms discarding
the constraints could solve some of the C-DTLZ problems [173].

In order to represent real-world problems better, Ma and Wang proposed a new framework
to build test functions with more inequality constraints and a large infeasible search space
[112]. They derived the MW test suite with 14 instances with up to four inequality con-
straints and a feasability ratio (FsR) very close to zero. Three instances are scalable in terms
of objectives and they cover various front geometries.

The DAS-CMOP and DAS-CMaOP test suites [51] introduce the concept of tunable con-
straints through a difficulty triplet (5, ¢, y), with 5, ¢, ¥ € [0, 1]. DAS-CMOP is composed of
nine base problems with two or three objectives and 11 or 7 constraints. DAS-CMaOP adds
another nine base problems for m > 3, extending the WFG framework [78] with 2m + 1
similarly tunable constraints. 16 given difficulty triplets are suggested, four of which result
in equality constraints. In total, this generates 288 test functions, 144 of which are scal-
able in terms of objectives. This massive test suite offers a great potential that has yet to be
evaluated.

Given the strong ties between optimization and engineering applications, real-world like
problems have also been proposed as benchmark problems [38, 40, 87, 142, 148]. Among
those, the car-side impact [87] and the water problem [38, 148] have more than two objec-
tives. Their decision space is relatively small, but they have a large number of constraints
(10 and 7 respectively). It has been shown, however, that most solutions generated during
optimization only violate one of the constraints and that unconstrained NSGA-II could also
solve them fairly well [173].

Based on these considerations, the following benchmark CMOPs have been selected for this
study: the CTP and CF functions to allow for comparison with prior work, the recent MW
test suite and a subset of DAS-CMOP with the hard difficulty triplets 9, 10, 11 and 12 and
the car-side impact and water problems as existing real-world like problems. They are sum-
marized in Table 3.1.

3.1.2 Constraint landscape analysis

The complexity of CMOPs is often discussed using the feasibility ratio, the number of con-
straints and some descriptive adjectives (e.g., multi-modal, non-linear, rugged, active,...)
[107, 173, 194]. The limitations of these means to characterize complexity has already been
suggested by various researchers [115, 173]. With C-DTLZ, Jain and Deb [87] proposed a
classification scheme for constraints based on the changes they introduce with respect to
the unconstrained problem:

« Type-1 constraints introduce an “infeasible barrier” in the objective space, but the
Pareto front is not affected.
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Table 3.1: Number of objectives, search variables and constraints of the selected benchmark
CMOPs along with their FsR—calculated as explained in Section 3.3 ©IEEE 2021

| m | n | p|gq]| FsR
CTP1 2 2 2 0 | 0.997
CTP2 2 2 1 0 | 0.990
CTP3 2 2 1 0 | 0.989
CTP4 2 2 1 0 0.967
CTP5 2 2 1 0 | 0.989
CTP6 2 2 1 0 | 0.493
CTP7 2 2 1 0 | 0.643
CF1 2 10 2 0 | 0.521
CF2 2 10 2 0 0.994
CF3 2 10 2 0 | 1.000
CF4 2 10 2 0 | 0.503
CF5 2 10 2 0 | 0.512
CF6 2 10 2 0 | 0.307
CF7 2 10 2 0 | 0.319
CF8 3 10 2 0 | 0.004
CF9 3 10 2 0 0.160
CF10 3 10 2 0 | 0.000
MW1 2 15 1 0 | 0.000
Mw2 2 15 1 0 | 0.000
MWwW3 2 15 2 0 | 0.000
MWw4 >3 12+ m 1 0 0.000
MW5 2 15 3 0 | 0.000
MW6 2 15 1 0 0.000
Mw7 2 15 2 0 | 0.000
MWwWs8 >3 | 12+ m 1 0 | 0.000
MwW9 2 15 1 0 | 0.000
MW10 2 15 3 0 | 0.000
MW11 2 15 4 0 | 0.000
MWwW12 2 15 2 0 | 0.000
MWwW13 2 15 2 0 0.002
MW14 >3 | 124+ m 1 0 | 0.000
DAS-CMOP3_9 2 30 11 | 0 | 0.334
DAS-CMOP3_10 2 30 11 | 0 | 0.000
DAS-CMOP3_11 2 30 11 | 0 | 1.000
DAS-CMOP3_12 2 30 11 0 0.000
DAS-CMOP6_9 2 30 11 | 0 | 0.333
DAS-CMOP6_10 2 30 11 0 0.000
DAS-CMOP6_11 2 30 11 | 0 | 1.000
DAS-CMOP6_12 2 30 11 | 0 | 0.000
DAS-CMOP8_9 3 30 7 0 | 0.111
DAS-CMOPS8_10 3 30 7 0 | 0.000
DAS-CMOP8_11 3 30 7 0 1.000
DAS-CMOPS8_12 3 30 7 0 | 0.000
Car-side impact 3 7 10 | 0 | 0.181
Water 5 3 7 0 | 0.920
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« Type-2 constraints make a part of the unconstrained Pareto front infeasible.

» Type-3 constraints make the full region of the unconstrained Pareto front infeasible
and the location of the Pareto front is governed by the constraints.

While, this classification and other similar ones [51, 112] offer insights into the effects of the
constraints in the objective space, they do neither quantify these effects nor do they consider
the changes due to the constraints in the search space.

In recent work on constrained single-objective continuous and combinatorial optimizations,
Malan et al. [114, 115] propose to look at the constraints as defining a “violation landscape”
that can be analyzed much in the same fashion as the fitness landscape. This landscape can
be described in the search space using the FsR and the ratio of feasible boundary crossing
(RFBy) and in the objective space with the fitness violation correlation (FVC) and the ideal
zone (IZ) metrics. The definition of these metrics is given as follows:

« The RFB, measures the proportion of steps, which imply crossing the feasibility bound-
ary on a progressive random walk [113] through the search space and quantifies the
disjoint nature of the feasible space.

« The FVC is the Spearman’s rank correlation between the fitness and the constraint
violation CV (3.1), measuring the contradiction between the objective and the con-
straints.

» The IZ quantifies the proportion of points present in the good unconstrained fitness,
low violation zone of the fitness-violation plot and represents the likelihood of finding
points in that zone.

p q
CV(x) = D (gx) + Y, [hk(x)| (3.1)
j=1 k=1
with (@) = 1% 1> 0 (3.2)

0 otherwise

Malan et al. [115] applied this approach on the constrained single-objective optimization
problems of the CEC2010 competition [117] and were able to link the achieved performance
of the competing algorithms to the score of these metrics. Thus, they show the potential of
this method to better characterize problems and partially address the algorithm selection
problem.

While the FsR and the RFB, can be translated directly to MOO, the FVC and IZ require a sin-
gle numerical fitness value, which is ambiguous in a multiobjective context. Two alternate
metrics adapted to multiobjective problems will be presented in Section 3.3.
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3.2 Multi-Objective Design of Actuators (MODACct)

The framework for the design of electro-mechanical actuators presented in Chapter 2 is used
in this context to derive a test suite. Yet, in order to make the code easier to use by other
researchers, a reduced version of the framework is created. While it may seem counter-
intuitive to use “simplified” models when wanting to define challenging CMOPs, the results
from the following sections will show that they nevertheless offer sufficient complexity for
their purpose. The reduced framework is called MODAct and its source code is available
online!. Like the original framework, MODAct is written in Python, but additional inter-
faces to common programming languages (C++ or MATLAB) are proposed and allow the
use of many optimizers. In particular, examples showing how to use it with the following
optimizer software are provided: Borg [68], NOMAD [101], PlatEMO [176] and pymoo [9].

Compared to the original model, MODACct has a few limitations:

1. Only two-phase steppers and steel spur gears are available;

2. The torque prediction uses only Eq. (2.1) with static and dynamic friction and the
motor parameters are taken from five existing steppers;

3. Fatigue and temperature dependent effects are removed from the gear model;
4. Only cylindrical meshes are used both for the motors and the gears;
5. The layout constraints relying on ray-tracing are omitted.

With these changes, the computational time to evaluate one actuator (including objectives
and constraints) is of about 20 ms on 2016 laptop. This offers the advantage that it is both
fast enough to follow traditional benchmarking methodologies, while allowing researchers
interested in the development of parallelization and distributed computation approaches to
also test their algorithms.

3.2.1 Definition of the various problems

Using MODACct and inspired by the industrial applications from Section 2.5, 20 optimization
problems can be built. The aim of these optimization problems is to find suitable three-stage
actuators (k = 3) that operate at two operating points, see Table 3.2. For simplicity, the tooth
profile A is used and the material of the gears is set to steel.

Five possible objectives are considered:
« minimize total cost (C), Eq. (2.26);

« maximize minimum torque excess for each considered operating point (T), Eq. (2.23);

thttps://github.com/epfl-lamd/modact
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3.2 Multi-Objective Design of Actuators (MODAct)

Table 3.2: Operating point requirements for all MODAct problems ©IEEE 2021

# Rotational speed Desired torque Voltage Max current

1 1.35rad/s 0.6 N-m 9V 2A
2 0.3rad/s IN-m 12V 2A

« maximize harmonic mean of the safety factors to bending Sg and to pitting Sg for all
gears (S), Eq. (2.22);

« maximize electrical to mechanical energy conversion efficiency (E), Eq. (2.24);

« minimize transmission ratio (I), Eq. (2.19).

From these objectives, five possible combinations are considered and identified by grouping
the capital letters: CS, CT, CTS, CTSE, CTSEI. Each forms a problem class.

Further, 11 common constraints are considered to be combined with these problem classes.
They fit into five categories:

gear constraints (¢, > 1.1, {y; , > —5, no interference, Sg, Sy > 1);

« required minimum torque excess;

bounding box dimensions limited to bby < 50 mm and bb, < 35 mm;

output shaft within 5 mm of a desired location.

Four levels of constraint complexity (1, 2, 3 and 4) are created using these constraints. In
practice, which level is selected depends upon the development stage or the application. In
this context, it allows to offer a variety of challenges for optimizers, since each level can
be associated with all previously defined problem classes. In total, 20 unique benchmark
problems are available, see Table 3.3. Each problem is named by appending the constraint
complexity level to the objective class (class CTSE combined with constraint level 3 forms
problems CTSE3). Important to note, constraints are mostly unaffected by the chosen ob-
jectives, expect for the required minimum torque excess (two different settings).
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3.3 Multiobjective constraint landscape analysis

Calculating the objectives and constraints of such an actuator involves several steps. It is
therefore not straight-forward to predict their mathematical model characteristics. Thus,
MODACct problems need to be analyzed with metrics characterizing the effect of the con-
straints on both the search and objective spaces.

This section presents the metrics for the constraint landscape analysis introduced by [115],
as well as additional methods suited for multiobjective problems. The analysis relies on
both repeated independent uniform samplings and progressive random walks [113] of the
decision space.

Definition 3.1. Given an independent uniform sampling U C 8, the FsR is defined as:

[{u € U | feasible(w)}|

FsR :=
||

(3.3)

where feasible(x) is an indicator function indicating if a solution x is feasible, i.e., CV(x) =
0.

Definition 3.2. Given a sequence of s samples W generated by a random walk of s—1 steps
W = {w;, w,, ..., w}, the RFB, is defined as:

1 s—1 .
RFB, = — > x(® (3.4)
i=1

0 if feasible(w;) = feasible(w;
(i) = . (w;) (W;41) (3.5)
1 otherwise

where the helper function y indicates when the feasibility boundary is crossed.

The RFB, metric should be high for a disjoint feasible space and low for a contiguous feasible
space. Yet, the possible values of RFB, also depend on the number of feasible points s
encountered during a walk W, thus making the comparison between functions difficult. In
order to compare, one would need to know, given the ratio of encountered feasible points per
walk, how disjoint the space is. In other words, one wants to identify the maximum possible
RFB, and define this as an upper bound for a given ratio s¢/s. In general, this is equivalent
to trying to spread out the feasible or infeasible points (depending on which ones are the
minority) in a sequence to maximize the number of transitions. Following this approach, it
can be shown that the upper bound of RFB,, for a given walk is:
-1

—— -min{s¢,s— s L
1 I 1o

— —} (3.6)

RFBX,maX =

59



Chapter 3. Realistic Benchmark Problems

This upper bound is used to define the normalized ratio of feasible boundary crossing (nRFB,):

0 if RFB, = 0
HRFBX = RFBy

RFBy,max

3.7
otherwise G.7)

An nRFB, value of 1 is obtained for walks in the search space that are as disjoint as possible
given their sy/s ratio.

For the analysis of the objective space, two new metrics are introduced: PFd and PFcv. The
main idea is to capture the interactions between the image in the objective space of randomly
selected points in the search space and the Pareto fronts. Both metrics rely on the previously
obtained aggregated set of samples £ = U; U...U W} U ... and the Pareto front PF* of the
problem.

PFd is constraint independent and represents the average minimal distance from the Pareto
front to the cloud of points formed by f(£). It measures the ease of randomly generating
points near the Pareto front. In order to make it comparable between functions, the points in
the objective space are normalized using the ideal z* and nadir z"* vectors of PF*, leading
to the normalized objective function f” and the normalized Pareto front P%,;". PFd corre-
sponds to the inverted generational distance (IGD) [25] between 2%, and f"(L).

Definition 3.3. Given a set of samples £ and their normalized image f"(£) and given the
normalized Pareto front %", PFd is defined as:

1
PFd := - min ||z —1 (3.8)
i 21

where ||-||, is the Euclidean norm.

PFcv measures the average constraint violation CV value of neighbors of the Pareto front
in the sample set. This represents the sensitivity in terms of constraints of solutions on the
Pareto front.

Definition 3.4. Given a set of samples £, the Pareto front #* and K the number of neigh-
bors to consider, PFcv is defined as:

1 1
PRevi= ———— > — > CV(x) (3.9)
CVos|PF| 55 K redak)

where CVs is the 95 percentile of the CV values found in £ and B(z, K) is the set of the K
closest neighbors of z in £.
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3.4 Methods of the numerical investigations

MODACt problems are compared to five groups of benchmark problems identified from lit-
erature in Section 3.1: the CTP, the CF, the MW and some DAS-CMOP functions and two
real-world like problems (water and car-side impact). The comparison is done based on the
presented constraint landscape analysis approach and on a convergence study. The next
sections present the parameters used for the various steps.

3.4.1 Constraint landscape analysis

Both uniform samplings and progressive random walks have been performed using the pa-
rameters mentioned in [115]: 30 independent uniform sampling U of |U| = 1000n points
and 30n independent progressive random walks W of 1000 steps (|W| = s = 1001) each
with maximum step size of 1% of the decision space. The reported FsR, RFB, and nRFB,
scores are obtained by averaging over all independent samplings.

The PFd and PFcv metrics are calculated with the best-known Pareto front obtained from
the convergence study when the true Pareto front is unknown. The K = 20 closest neighbors
are considered for PFcv.

3.4.2 Convergence study

In addition to these characteristics, the main interest is to investigate how well these design
optimization problems can be solved and understand how the different constraint levels in-
fluence convergence. This is achieved by performing a convergence study where the prob-
lems are compared among each other and against two kinds of optimizers: the commonly
used algorithms NSGA-II [37] and NSGA-III [36] on one side and C-TAEA [105] a recent al-
gorithm developed specifically to tackle CMOPs on the other side. NSGA-II and NSGA-III
follow a feasibility first approach and rely in the survival step on the constrained-dominance
principle (CDP) introduced in [37]:

Definition 3.5. Given two solutions x; and x,, x; is said to
constrained-dominate x,, if one of the following is true:

1. x; is feasible and x, is not;
2. x; and x, are infeasible and CV(x;) < CV(x,);

3. x; and x, are feasible and x; (Pareto-)dominates x,.

C-TAEA maintains two separate archives—one for diversity, the other for convergence—
and has a special restricted mating approach to balance between the two.

The study is performed using pymoo [9]. NSGA-II is used for all problems with m = 2 and
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Table 3.4: Parameters used to configure each run of NSGA-II, NSGA-III and C-TAEA ©IEEE
2021

Parameter NSGA-II/III C-TAEA
Population size u 200 210 0r 220 (m = 4)
Number of function

(i.e., solution) 300000

evaluations

Mutation 7, 20

Mutation rate 1/n

Crossover 7. 15

Crossover probability 0.9

(CXPB) '

NSGA-III for all problems with more objectives. Each optimization is performed 30 times
with the parameters specified in Table 3.4, following common practice for these algorithms.
The number of reference directions for NSGA-III is chosen as close to the population size,
while following Das and Dennis’s approach [33]. The same approach is used for C-TAEA,
except the population size and number of reference directions are set to the same value. An
unbounded external archive (UEA) is added to the algorithms, as recommended in [12], to
collect all feasible non-dominated solutions along the optimization.

For MODACct problems, the solutions of the archives from all runs are aggregated and sorted
to determine the best-known Pareto front. The estimated ideal z* and nadir z"¢ points are
collected to provide per-problem front normalization.

The convergence and diversity are evaluated with the hypervolume indicator [204]. In par-
ticular, the exact and fast implementations by the Walking-Fish Group are used [28, 189].
Since the objective functions of the various problems have different scales and since there
is a mix of minimization and maximization objectives, the Pareto front and the archives
are transformed into minimization only problems and normalized with the correspond-
ing z* and 2", Only then the hypervolume is calculated using a common reference point
r = (1.1,..,1.1)T. Finally, the comparison is made through the relative hypervolume error
AHYV,, (3.10) with respect to the best-known Pareto front:

B HV(PF 1) — HV (A o 1)

AHYV,
" HV(PFmn,T)

(3.10)

where A denotes a given external archive and the subscript ,, that the problems have been
converted to minimization.

For the statistical difference between optimization algorithms, the non-parametric Wilcoxon
rank-sum test with the null hypothesis that all algorithms are equal is applied with a confi-
dence interval of 99%.
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Figure 3.1: Best-known Pareto fronts for (A) CS and (B) CT problems

3.5 Results and discussion

3.5.1 Design trade-offs and constraints

The analysis of MODAct problems starts by looking at some of the best-known Pareto fronts.
All best-known Pareto fronts can be downloaded [143]. Figure 3.1 shows the best-known
Pareto fronts for CS and CT problems, while Figure 3.2 represents the CTS problems. The
best-known Pareto fronts of CS problems consist of a smooth convex segment, while CT
problems have several step-like disconnected segments. CTS problems combine the two
features to form a complex surface with concave/convex and disconnected parts.

The discontinuities are indeed expected for these design problems since some variables rep-
resent discrete physical choices. In particular, the motor selection is dominating these ef-
fects. With different cost and power ranges, the motor designs do not overlap, leading to the
visible steps. This feature is common in design problems and should therefore also appear
in benchmark problems. For engineers, this is of particular interest since these steps imply
important design trade-offs.

Looking more closely at the effects of the constraints, it can be noticed, that constraint levels
2 and 4 slightly shift the found fronts towards higher costs compared to level 1. Constraint
level 3 is the most restrictive: the limit on the size of the bounding box of the actuator does
not allow large gears or motors, which significantly reduces the available options. While the
impact is limited in the objective space, this is not the case in the decision space. An analysis
of neighbors in the objective space between CT1 and CT2 confirms important differences,
mostly on the number of teeth of the wheels Z;, and the spatial positioning variables d; and

Y-

For problems with more objectives, the best-known Pareto front of CTSEI3 is shown as an
example in Figure 3.3 projected into the various objective planes. It shows that there are
indeed up to five competing objectives with different shapes.
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Figure 3.2: Best-known Pareto fronts for CTS problems

3.5.2 Convergence analysis

In a second step, the ease of convergence and the repeatability are compared. Figure 3.4 rep-
resents box plots of the obtained relative hypervolume errors (3.10) over the 30 optimization
runs for each problem by NSGA-II/11I and by C-TAEA. Starting with MODAct problems, the
results suggest the following:

1. The proposed instances pose a wide range of optimization challenges to NSGA-II/III
and C-TAEA.

2. Within the same classes, constraint levels 1 and 2 are generally equally well solved
with rare outliers that may exhibit early convergence to local optima.

3. Constraint levels 3 and 4 are increasingly difficult and the various optimization runs
achieve very different levels of convergence.

4. There is also a clear trend of increasing hypervolume error with the number of objec-
tives, but this is certainly related to the nature of the indicator itself.

5. The more restrictive threshold on the minimum torque excess of CS problems seems
to negatively impact convergence for all constraint levels. In particular, C-TAEA is
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Figure 3.3: Best-known Pareto front for CTSEI3, for rendering questions, the numbers of
points displayed has been reduced by eliminating points that were too close to each other

barely able to find any solutions within the boundaries of the reference point for CS3
and CS4.

In comparison, the CTP, car-side impact, water, most MW and DAS-CMOP8 problems are
effectively solved by the considered algorithms. MW10, MW11 and MW13 are the most dif-
ficult of MW and can be compared to MODAct constraint levels 1 and 2. The CF family
offers a broader range of challenging problems. The findings that the biobjective problems
CF3, CF5 and CF7 are the hardest are consistent with the outcomes of the CEC2009 MOEA
Competition [201]. Among the three-objective problems, CF8 and CF10 are the most chal-
lenging in particular for NSGA-III. The DAS-CMOP3 problems seem to be challenging for
both algorithms. DAS-CMOP6 problems are effectively solved by C-TAEA, while NSGA-II
struggles for DAS-CMOP6_11 and DAS-CMOP6_12.

In terms of algorithms, NSGA-II/III is overall significantly better than C-TAEA (better on 30
problems, no difference on 18 and worse on 17), despite using a simple constraint handling
strategy. NSGA-II/III is always better for CTP and for the car-side impact problem, although
the difference is minor. The results are more balanced for the other benchmark problems.
For the MW test suite, C-TAEA performs better on the difficult problems. C-TAEA also
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Figure 3.4: Box plot of the relative hypervolume errors AHV;, of the external archives ob-
tained for each problem by NSGA-II/NSGA-III versus C-TAEA, where the * or { after the
function name is used to indicate that C-TAEA is, respectively, significantly worse or better
than NSGA-II/NSGA-III

performs better on the three-objective CF problems and is on a par for biobjective problems.
The opposite is true for DAS-CMOP: NSGA-III is better for three-objective problems, while
C-TAEA shows solid performance on biobjective instances. Finally on MODAct problems
NSGA-II/IIT has a clear advantage for biobjective problems and is at least as good as C-TAEA
otherwise.

In general, the performance of NSGA-II/III and C-TAEA is insufficient on MODAct in-
stances with constraint levels 3 and 4, although they represent very common and simple
mechanical design problems. The observed large variance of the optimization outcomes
has important practical consequences. Considering problems CS3 and CS4, more than 75%
of the optimization runs of NSGA-II obtain approximate Pareto fronts with a hypervolume
of 50% or smaller than the best-known Pareto fronts, while C-TAEA fails to find interesting
solutions. As an example, the best run of NSGA-II and of C-TAEA along with two opti-
mization runs are compared to the best-known Pareto front for problem CS4 in Figure 3.5
to illustrate the large difference in the proposed solutions with a lack of convergence and
diversity. Using partially converged solutions for decision-making can lead to significantly
different engineering outcomes.

In order to better understand the optimization process of MODAct problems, the evolu-
tion of the relative hypervolume error of the external archives of NSGA-II, C-TAEA and
NSGA-II without constraint handling are compared in Figure 3.6. For all four problems,
the unconstrained optimization clearly fails to get many feasible solutions, confirming that
the constraints play a key role in MODAct problems. While for problems CT1 and CT2 the
optimization budget is more than sufficient, better results may be possible for CT3 and CT4.
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Figure 3.5: Comparison of the approximate Pareto fronts obtained by the best runs for
NSGA-IT and C-TAEA and two runs achieving a AHV, of 0.9 and 0.5 against the best-known
Pareto front for CS4

Yet, while the mean relative hypervolume error seems to be decreasing, the spread remains
almost constant (NSGA-II) or increasing (C-TAEA). Running the optimization algorithms
longer might thus not necessarily address the repeatability issue. It is also interesting to note
that while CT3 and CT4 are challenging problems, feasible solutions are rapidly found: on
average after 800 evaluated solutions for CT3, and after 2000 for CT4.

3.5.3 Link between convergence and constraints

Finally, the objective is to use the results from the constraint landscape analysis to identify
the underlying characteristics that affect convergence most and how the newly introduced
problems differ from the existing benchmarks functions.

The obtained metrics for all problems are summarized in Table 3.5. To begin, the advantages
of nRFB, are evaluated. CF1, CTP6 and CTP7 have the three highest RFB, scores. They
also have an FsR close to 0.5. For problems with a high or a low FsR, the definition of RFB,
necessarily decreases its possible values, thus masking the level of discontinuity of small
infeasible or feasible spaces. In such cases, the nRFB,, metric acts as an amplifier of the
scores through the normalization. The nRFB, values indicate that all CTP problems have a
relatively disjoint search space, which is known a priori from their definition [41]. MODAct
problems have nRFB, values ranging between the CTP and the CF problems, suggesting
a rather disjoint search space. The same applies to DAS-CMOP problems with difficulty
triplet 9, DAS-CMOP3_11 and MW13. nRFB, values can also remain low such as for the
car-side impact and water problems, suggesting a contiguous feasible space. It is noted that
some limitations remain, in particular for highly feasible or infeasible search spaces, where
boundaries are hard to find. This is the case for the rest of DAS-CMOP and MW.

67



Chapter 3. Realistic Benchmark Problems

CT1 CT2
1.0 1.0 1
CDP-NSGA-II
g C-TAEA g
£ 0.8 - £0.81
g Unconstrained NSGA-II g
E g
506+ 506+
z z
(5] 5]
=% 2
2044 2044
5] o
2 5
= <
=021 =021
=4 =4
T T : : ! 0.0 T T T : |
60000 120000 180000 240000 300000 60000 120000 180000 240000 300000
Number of function evaluations Number of function evaluations
CT3 CT4

1.0 1.0
b b
£ £
5 0.8 1 5 0.8 1
Q Q
g g
5 0.61 3 0.61
Z Z
Q Q
N =
2041 2041
o o
2 2
= =
< 0.21 < 0.21
=2 =4

0.0 . : . . . 0.0 . : . . .

60000 120000 180000 240000 300000 60000 120000 180000 240000 300000
Number of function evaluations Number of function evaluations

Figure 3.6: Evolution of the median relative hypervolume error including 5™ and 95™ per-
centiles for CT problems comparing: NSGA-II with the constrained-dominance strategy
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Table 3.5: Calculated metrics resulting from the constraint landscape analysis ©IEEE 2021

Function FsR RFBy nRFBy PFd PFcv
CS1 0.0022 0.0016 0.1155 0.0015 0.4158
CT1 0.0342 0.0278 0.3081 0.0071 1.7115
CTS1 0.0343 0.0281 0.3095 0.0788 0.8317
CTSE1 0.0342 0.0283 0.3050 0.1235 0.7521
CTSEIl 0.0347 0.0287 0.3075 0.1369 1.2519
CSs2 0.0010 0.0007 0.0593 0.0021 0.4703
CT2 0.0160 0.0156 0.3097 0.0068 1.6274
CTS2 0.0158 0.0158 0.2947 0.0796 0.7688
CTSE2 0.0160 0.0161 0.3075 0.1242 0.7226
CTSEI2 0.0162 0.0161 0.3110 0.1411 1.1255
CS3 0.0000 0.0000 0.0000 0.0012 0.6763
CT3 0.0000 0.0001 0.0126 0.0029 2.2518
CTS3 0.0000 0.0001 0.0112 0.0551 0.9973
CTSE3 0.0000 0.0001 0.0178 0.0643 1.5531
CTSEI3 0.0000 0.0001 0.0259 0.0336 8.4287
Cs4 0.0000 0.0000 0.0000 0.0013 0.7802
CT4 0.0000 0.0000 0.0000 0.0039 0.7694
CTS4 0.0000 0.0000 0.0000 0.0483 0.7807
CTSE4 0.0000 0.0000 0.0000 0.0569 0.9021
CTSEI4 0.0000 0.0000 0.0000 0.0277 1.6211
CF1 0.5199 0.1539 0.2007 0.0301 0.7801
CF2 0.9942 0.0033 0.1682 0.1114 0.0116
CF3 1.0000 0.0000 0.0000 1.9014 0.0000
CF4 0.5001 0.0154 0.0169 0.3835 0.1432
CF5 0.5068 0.0080 0.0090 2.8356 0.0574
CF6 0.3056 0.0089 0.0222 0.4670 0.0306
CF7 0.3151 0.0169 0.0325 2.5682 0.0896
CF8 0.0042 0.0012 0.0427 0.7449 0.1984
CF9 0.1597 0.0340 0.1259 0.3445 0.2047
CF10 0.0001 0.0001 0.0298 2.8237 0.1391
CTP1 0.9972 0.0048 0.7769 0.0429 0.0001
CTP2 0.9899 0.0100 0.4902 0.0505 0.0771
CTP3 0.9892 0.0100 0.4659 0.0481 0.0653
CTP4 0.9656 0.0287 0.4402 0.0363 0.5128
CTP5 0.9893 0.0099 0.4695 0.0509 0.0117
CTP6 0.4888 0.4108 0.4208 0.0206 0.0133
CTP7 0.6458 0.4171 0.5856 0.0220 0.0222

DAS-CMOP3_9 0.3337 0.0999 0.1496 0.7515 0.4267
DAS-CMOP3_10 0.0000 0.0024 0.0795 0.0241 0.0002
DAS-CMOP3_11 0.9996 0.0137 0.1214 0.5173 0.1614
DAS-CMOP3_12 0.0000 0.0001 0.0177 0.0138 0.0065
DAS-CMOP6_9 0.3330 0.1000 0.1501 23.7690 0.3444
DAS-CMOP6_10 0.0000 0.0000 0.0000 17.5318 0.1394
DAS-CMOP6_11 1.0000 0.0000 0.0000 14.7336 0.0000
DAS-CMOP6_12 0.0000 0.0000 0.0000 22.9593 0.1433
DAS-CMOPS8_9 0.1114 0.0614 0.2835 22.0217 0.6104
DAS-CMOPS8_10 0.0000 0.0000 0.0000 21.0716 0.1383
DAS-CMOPS8_11 1.0000 0.0000 0.0000 22.1774 0.0000
DAS-CMOPS8_12 0.0000 0.0000 0.0000 21.3521 0.1358

MWwW1 0.0000 0.0000 0.0000 8.9253 0.5888
MWwW2 0.0000 0.0000 0.0000 0.6848 0.0549
MW3 0.0000 0.0000 0.0000 0.5878 0.0704
Mw4 0.0000 0.0000 0.0000 4.3189 0.6268
MW5 0.0000 0.0000 0.0000 7.8080 0.3784
MWeé 0.0000 0.0000 0.0000 0.6881 0.0079
MW7 0.0000 0.0000 0.0000 0.4555 0.0178
MW8 0.0000 0.0000 0.0000 0.8002 0.0080
MW9 0.0000 0.0000 0.0000 4.2789 0.0246
MW10 0.0000 0.0000 0.0000 0.7595 0.0003
MW11 0.0000 0.0000 0.0017 0.1222 0.0000
MWwW12 0.0000 0.0000 0.0000 4.4956 0.3126
MW13 0.0018 0.0029 0.1765 0.0587 0.0000
MW14 0.0003 0.0002 0.0391 0.1815 0.0218

Car-side impact 0.1827 0.0048 0.0284 0.1054 0.0281
Water 0.9198 0.0058 0.0612 0.0505 0.0012

In order to get a better overview of the differences between functions and function groups,
each problem is shown in the FsR-nRFB, plane, Figure 3.7(A), and in the PFd-PFcv plane,
Figure 3.7(B). The FsR-nRFB, plane confirms the initial analysis of Table 3.5. In addition,
the following points are highlighted:

1. MODAct, MW, DAS-CMOP with triplets 10 and 12, CF8 and CF10 are all located near
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Figure 3.7: Map of the problems based on their (A) FsR-nRFB,, and (B) PFd-PFcv scores

grouped by constraint levels or test suites

FsR = 0.

2. The feasibility ratio of MODAct problems is decreasing with increasing constraint

level.

3. The CTP family has a unique signature with high FsR and high nRFB,,.

Yet, there is no clear relationship between these metrics and convergence. In particular, the
MW test suite is a good example that very low FsR is not directly related to convergence

challenges.

Analyzing Figure 3.7(B), the newly introduced metrics exhibit the following problem clus-

ters:
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1. MODACct problems in the low PFd, high PFcv zone;

2. three groups with high PFd: (i) DAS-CMOP6 and DAS-CMOPS, (ii) MW1, MW4,
MW5, MW9 and MW12 and (iii) CF3, CF5, CF7 and CF10;

3. alarge group with low PFd and low PFcv, including most CTP, the car-side impact and
water problems, MW11, MW13 and DAS-CMOP3_12.

Further, for the problem class CS, there is a relation between increasing PFcv values and
decreasing convergence as shown in Figure 3.4. Other MODACct problems do not exhibit the
same trend across constraint levels. The difficult CF functions (CF3, CF5, CF7 and CF10)
have a high PFd. The opposite is true for the most difficult DAS-CMOP and MW problems.
Hence, these metrics seem to capture different optimization challenges, but certainly not all
of them.

In order to better understand the qualitative difference between PFd and PFcv scores and
convergence, four particular functions—CT3 (low PFd, high PFcv), CF7 (high PFd, low
PFcv), DAS-CMOP3_12 (low PFd, low PFcv) and MW11 (low PFd, low PFcv)—are further
analyzed. Figure 3.8 shows color-maps of the minimum constraint violation values in the
objective space based on the samples from £ along with the respective best-known (CT3)
or true Pareto front. It becomes apparent that PFd measures the ease of randomly sampling
points in the vicinity of the Pareto front and PFcv the constraint violation of the closest
known points. These particular problems represent four different situations:

1. While it is possible to find samples near the best-known Pareto front for CT3, it is
harder to find feasible solutions.

2. For CF7, the sampling near the Pareto front is challenging, but it seems easier to find
feasible solutions scattered all over the objective space, in particular in the direction
of the Pareto front.

3. Random samples of DAS-CMOP3_12 are located in a narrowband reaching to the
Pareto front and some constraints clearly guide the search process towards the opti-
mum. Finding points outside this band is a clear challenge for diversity.

4. More uniformly distributed feasible samples near the Pareto front can be found for
MW11 and here as well, some constraints clearly guide in the right direction.

The optimization challenges of the four situations are different and might thus require a
different set of tools to be addressed efficiently. CF7 might, for example, be better solved
by specific search operators regardless of constraints, while a specific constraint handling
strategy or diversity generating operators would be needed for the others. And indeed, C-
TAEA was better at solving DAS-CMOP3_12 and MW11.

Finally, an additional specificity of MODACct problems is their high number of constraints.
Figure 3.9(A) represents the relative share of solutions from the random samples £ grouped
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Figure 3.8: Color-maps of the normalized constraint violation values as a function of the
objective values based on the random samples in £ for CT3, CF7, DAS-CMOP3_12 and
MW11 with their respective (best-known or true) Pareto front in red dots. For the generation
of the color-map, the constraint violation values of points very close to each others in the
objective space are aggregated using the lowest value

by number of simultaneously violated constraints for all the investigated problems with
more than two constraints. The results suggest that MODAct problems are heavily con-
strained and have at least 50% of the search space where at least two constraints are simul-
taneously violated, or even at least three for the more challenging problems. For these levels,
up to five constraints can be violated simultaneously in a non negligible part of the search
space.

With that respect, the car-side impact problem is comparable to problems with constraint
level 1. The search space of the water problem, despite its six constraints, is mostly uncon-
strained and when constrained, there is only one violated constraint. DAS-CMOP problems
have 11 or 7 constraints most of which, however, are not simultaneously violated. The ex-
ceptions are DAS-CMOP problems with triplet 12, which have up to three simultaneous
violations. MW problems have less constraints, but nonetheless, MW10 and MW11 show
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Figure 3.9: (A) Relative share of samples from £ and (B) average share of evaluated solutions
by NSGA-II or NSGA-III by number of simultaneously violated constraints for all considered
problems with more than two constraints

two violated constraints throughout the samples.

This analysis is based on the whole search space and is therefore not necessarily represen-
tative of what an optimizer would encounter during its search. Figure 3.9(B) shows the
average share of simultaneously violated constraints encountered during the optimizations
performed by NSGA-II/III. Following the results reported by Tanabe and Oyama [173], only
a small fraction of the generated solutions for the car-side impact and water problems—
about 5.4% and 7.0% respectively—yield one or more simultaneously violated constraints.
While the number is similar to what is shown in Figure 3.9(A) for the water problem (8.1%),
the difference is significant for the car-side impact problem (80%) and suggests that in prac-
tice, not all constraints are as critical as expected.

This reduction is also observed to a more limited extent for the other problems. Yet, three
and more simultaneous constraint violation have only been encountered on MODACct prob-
lems with constraint levels 3 and 4 and their share still represents 5-10%. This is a key and
unique feature algorithms have to be able to deal with.

3.6 Concluding remarks

3.6.1 Key messages

In this chapter, the design problem introduced in Chapter 2 has been used to create a set
of 20 constrained multiobjective optimization problems, which are representative of typical
mechanical design problems. The set is built around combinations of up to five objectives
and four levels of constraints, which, compared to existing test suites, puts more focus on
constraints.
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In order to study these problems, an extended constraint landscape analysis approach that
can be applied to CMOPs has been introduced. In particular, three new metrics (nRFB,,
PFd and PFcv) have been defined and complement two existing ones (FsR and RFB, ). These
allow a numerical investigation of the characteristics of problems in a black-box manner.

Through this approach and through a convergence study with three algorithms (NSGA-
IT, NSGA-IIT and C-TAEA), MODACct has been compared to existing benchmark problems:
CTP, CF, car-side impact, water, MW and selected DAS-CMOP. The results lead to these
remarks:

« The convergence study shows that the convergence quality decreases for MODAct
problems as constraints are added irrespectively of the used algorithm. For the tight-
est constraints, getting a front near the best-known Pareto front becomes unlikely,
suggesting that MODAct does cover various levels of complexity.

« In terms of algorithm selection, while C-TAEA should be preferred on many bench-
mark problems from literature, NSGA-II or NSGA-III perform better on the newly
introduced problems.

« Many problems have a very small FsR, irrespectively of their ease of optimization.

« Different signatures in the PFd-PFcv plane have been identified and could represent
different optimizations challenges: spreading the solutions along the Pareto front,
sampling feasible candidates or converging to the optima. These might not all be af-
fected by the constraints though.

« The analysis of the number of simultaneously violated constraints highlights the key
role constraints in MODAct. In particular, many generated solutions violate more
than one constraint.

The finding that neither NSGA-II/III and C-TAEA perform well enough on these constrained
mechanical design problems is a clear motivation to further investigate constraint handling
strategies taking into account severe constraints and their combination, and this will be the
focus of the next chapter of this thesis. In addition, the MODAct test suite should help other
researcher jump into this important topic to further improve multiobjective optimizers, in
particular for mechanical design applications.

3.6.2 Creating variants of the proposed MODACct instances

The potential of MODACct exceeds the problems presented in this chapter. Once optimizers
and their constraint handling strategies are capable of performing reliably on the newly
introduced 20 problems, further benchmark problem can be generated. There are numerous
options to do so, both within MODAct or by extending it. An easy first exploration would be
the analysis of the number of stages. By looking for actuators with four or five gear stages,
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not only is the search space increased, but also the constraints themselves can become more
complex, e.g., more gears need to fit in the same volume. Other changes can be made on
the considered operating points or new combinations of objectives would result in different
Pareto front shapes. Finally, constraints from the original framework could be ported to
MODACct and add additional constraint levels.
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Wo ist nun mein Wissen gegen dies Wirrsal?
Wo sind meine Runen gegen dies Rétsel?

Briinnhilde (Gotterdimmerung, R. Wagner)

An Improved Constraint Handling
Strategy: cEpsilon

HE formal definition of appropriate benchmark problems does not solve the pre-
viously reported core issue of performance of state-of-the-art algorithms. They
do however offer a way for a standardized evaluation of existing methods and
the development of new ones that may yield better performance for the type of

problems of interest in this work and for mechanical design in general.

While there are algorithms specifically designed to solve constrained multiobjective opti-
mization problems (CMOPs)—e.g., C-TAEA [105] used in Chapter 3)—most evolutionary
algorithms (EAs) use so-called constraint handling strategies (CHSs) that are added to ex-
isting algorithms to handle the constraints. Typically, these CHSs change the ordering of
solutions in the mating or the selection phase of EAs, but constraint-aware variation opera-
tors also exist [122].

In multiobjective optimization, algorithms need to balance between convergence (finding
optimal solutions) and diversity (finding solutions with different trade-offs between objec-
tives) [26]. In constrained multiobjective optimization, algorithms need on top to (i) find
feasible regions, (ii) avoid getting trapped in non-optimal feasible regions, and (iii) main-
tain decision space diversity to explore the whole space.

In this chapter, existing constraint handling strategies are presented and a new method for
many-constraint problems—where ‘many-constraint’ is defined similarly to many-objective
problems: more than 3 constraints—is introduced. A total of eight methods, including the
original strategy, are implemented within the framework of NSGA-III [36, 87] and evaluated
on 64 benchmark problems, including 13 mechanical design problems.
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Chapter 4. An Improved Constraint Handling Strategy: cEpsilon

4.1 Background

4.1.1 Overview

Over the past 30 years, numerous CHSs have been proposed both for single and multiobjec-
tive optimization [122]. Many researchers have suggested their own classification, e.g., [60,
105,122,167, 172]. In general, classifications differ depending on whether (i) the integration
in the algorithm, (ii) the balance between objectives and constraints, or (iii) the numerical
treatment of the constraints are considered.

There are five generic ways to integrate CHSs into algorithms [122]:

1. Penalty function methods embed the constraints within the objectives using a penalty
function ¢:

min f(x¥) = fx) + $(x) (1)

Common penalty functions include: feasibility indicator functions (also called death
penalty) and linear or quadratic weighted sum of constraint violations.

2. Objectivization methods add constraints as one or several additional objectives, e.g.,
IDEA [149].

3. Feasibility rules alter the ranking of solutions, e.g., constrained dominance principle
(CDP) [41], see Definition 3.5.

4. Special operators affect either the search operators themselves or come after the algo-
rithm’s original crossovers and mutations as ‘repair’ operators. They aim at easing the
generation of valid solutions or repairing infeasible solutions by moving them to the
feasible space [156].

5. Ensembles of techniques leverage multiple techniques to try to outperform any single
approach, e.g., [116].

Penalty function and objectivization methods are often the easiest to implement and the
first, in particular, is often used due to simplicity. There are however several pitfalls. Through
their transformation of the fitness landscape, penalty functions can generate problems that
are harder to solve. So, the effectiveness of these methods strongly depends on the appro-
priate selection of penalty function and weights, which is difficult [24, 152]. Adaptive meth-
ods address these issues [24, 89, 198], but most of them are not available as out-of-the-box
packages. Objectivization can also significantly increase the difficulty of problems [54, 84].
Feasibility rules are also quite straight-forward to implement and in particular, CDP is at the
core of many common algorithms (e.g., NSGA-II[37] and NSGA-III [36, 87]). Other feasibil-
ity rules include stochastic ranking (SR) [61, 155], a large collection of € constraint-handling
methods [5, 49, 167, 171], or the angle-based constrained dominance principle [52].

The latter aim at softening the “feasibility-first’ paradigm of the constrained dominance by

78



4.1 Background

accepting certain constraint violations: randomly in SR or using a relaxation threshold e.
Indeed, when feasible solutions are systematically preferred over infeasible solutions, al-
gorithms tend to be pushed to feasible areas faster, but can get trapped in non-optimal ar-
eas. Further, it is not uncommon for optimal solutions to lie on the boundaries of feasible
space—in particular for mechanical system, it is expected that at least some constraints are
so-called active. By systematically discarding infeasible solutions, their information is lost.
On the contrary, e-constrained handling methods preserve solutions within € of the feasible
space, and by progressively reducing the gap, hope to more easily find solutions lying close
to the feasibility border. These different approaches lead to a second classification:

1. feasibility-driven: feasible solutions are always preferred;
2. optimality-driven: better solutions are always preferred;

3. balanced: objectives and constraints are both considered.

In addition, algorithms can follow fixed or dynamic strategies. NSGA-II or NSGA-III use for
example a fixed feasibility-driven approach, while the push and pull framework [53] has an
optimality-driven phase, followed by a balanced phase and finally a feasibility-driven phase.
The e-constrained methods follow a balanced first and then feasibility-driven phase.

Finally, there are multiple ways for constraints to be numerically treated by an algorithm—
i.e., the measure of the ‘amount’ of violation:

1. the constraint violation CV, see Eq. (3.1);
2. the number of active constraints;
3. the rank of the solutions in terms of constraints;

4. combinations of the above.

While the use of the CV value is most common, alternate approaches exist [24]. Solely re-
lying on the CV can indeed induce numerical biases if multiple constraints with different
scales are combined. The multiple constraint ranking method [60] relies for example on
ranking the solutions in terms of constraints and using the obtained rank as the fitness.
Others proposed alternate CV definitions, e.g., Asafuddoula et al. [5] suggest the use of CV’
which combines CV and number of active constraints:

p q
CV'(x) = my Y (gi(x)) + my ) [y (x)] (4.2)

where m; and m, are the number of active inequality and equality constraints.

While CDP remains the most used strategy today, it is not due to a lack of alternatives, but
rather thanks to its parameterless nature and the lack of readily available implementations
and systematical performance review also on applied optimization problems.

79



Chapter 4. An Improved Constraint Handling Strategy: cEpsilon

4.1.2 Selected ¢ constraint-handling methods

Following the observed challenges of CDP in Chapter 3, more balanced approaches are
sought to solve MODACct problems. In particular, e-constrained methods are thought to be
effective for highly constrained problems [50], since they introduce a relaxation scheme. ¢-
constrained methods are also common in operational research—e.g., in NOMADS [6, 101]
where it is called barrier method. In this section, selected e-constrained methods for EA are
detailed.

Takahama and Sakai [171] introduced the original e-constrained method (E) by modifying
CDP to have some tolerance ¢:

Definition 4.1. Given two solutions x; and x, and for any € > 0, x is said to e-constrained-
dominate x,, written x; <. x,, if:

xX; <X, if CV(x,),CV(x,) <e
X 2% e X <x, if CV(x;) = CV(x,) (4.3)
CV(x;) < CV(x,) otherwise

where < is the Pareto dominance operator, recall Definition 1.1.

Definition 4.1 can be seen as a generalization of CDP, since when ¢ = 0, they are equivalent.
In addition, Takahama and Sakai [171] suggest that € should be updated at each generation
using the following scheme.

€(0) = CV(xg) (4.4)

t\P
e(O)(l - T—) ifo<t<T,

C

e(t) = (4.5)

0 otherwise

where X, is the top 0" individual of the initial population, ¢p € [2,10] a parameter to control
the reduction rate, T, the cut-off generation after which € = 0 and ¢ the current generation.
@ represents the number of solutions considered valid initially, and is set as a fraction of the
population size u of the used algorithm: 6 = |yu]. Similarly, T, is set as a fraction of the
total number of generations Ty T = AT pax-

With this scheme, ¢ is strictly decreasing until it reaches 0 at T;. Its general shape and the
effects of ¢, and T are illustrated in Figure 4.1. Its initial value depends on the initial pop-
ulation and 6 allows to select the proportion of the population that should be considered
‘feasible’.

IThere is a small difference for two infeasible solutions with the same constraint violation level.
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Figure 4.1: Evolution of € along generations for different parameter values.

The challenges of this method are the high number of parameters, which need to be adapted
for each problem and the strict decay, which could trap the algorithm in sub-optimal feasible
area. To address these shortcomings, Asafuddoula et al. [5] proposed the adaptive epsilon
method (aE). It uses the same dominance relation (4.3), but the acceptable violation thresh-
old is set based on the feasability ratio (FsR)—see Definition 3.1—of the current population
and its average CV':

€ = CV{eanFSR (4.6)

That way the threshold is set to 0 for either totally feasible (CV’ = 0) or infeasible pop-
ulations (FsR = 0). In between, FsR adjusts the part of the population with acceptable
constraint violation.

Fan et al. [49] proposed their own improvement of the original method that includes a mech-
anism to dynamically increase the value of € for given situations. Their improved epsilon
method (iE) uses the same dominance relation (4.3), but the € update scheme is changed:

€(0) = CV(xy) 4.7)
e(0)(1 — Tic) ifFSR<aand0<t< T,

€(t) =11+ 17)CVy,, ifFsR>aand0<t<T, (4.8)
0 otherwise

where CV,,,, is the maximum CV value seen during an optimization, and 7,a € [0,1] are
two additional parameters that control when and by how much € increases.
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In 2020, Stanovov et al. [167] proposed five new variants, tested on single-objective optimiza-
tion problems so far. Two of these variants can be used in a multiobjective setting. These
methods are ‘population-based’: the € value is set at each generation based on the CV values
of the current population and instead, the parameter 6 is decreased iteratively. Their first
method (pE) still keeps the dominance relation (4.3), but changes the update of ¢ to:

o(t) = [y,u(l _ Ti) pJ (4.9)
_ CV(XQ(t)) ift <T,
)= { otherwise (410)

Their second method (ipE) introduces a per-constraint ¢; value that is controlled similarly
to pE, assuming that the optimization problem only has inequality constraints?.

ej(t) _ {g] (XQ(t)) ift<T, 4.11)

0 otherwise

Moving to a per-constraint view affects the dominance relation since the individual con-

straints g; need now to be compared against their respective ¢;.

x; <X, if CVE(xy), CVE(x,) < 25?:1 ¢
X1 Zeip X2 © 11X 2 X; if CVE(x;) = CVE(x,) (4.12)
CVe(x;) < CV¢(x,) otherwise

where CV* is calculated using these equations:

gi(x) if gi(x) > ¢
0 otherwise

7 (x) = (4.13)

14
CVE(X) = ), ¢f(x) (4.14)
j=1

With this approach, Stanovov et al. [167] make a first step to consider inequality constraints
individually, but they keep some sort of ‘group-level’ € formed by the sum of all individual

Ej.

’In practice, this is not a strong assumption since strict equality constraints are difficult to implement numeri-
cally and are thus transformed into inequality constraints: |h;(x)| — 8 < 0, where & is a small number.
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4.2 Adapted per-constraint epsilon values

Per-constraint relaxation has existed for many years in non-stochastic optimizers [6, 101].
The concept itself is, however, of great interest in the case of problems with many con-
straints. Indeed, when CMOPs have multiple simultaneously active constraints—and of
potentially different scales—the CV value can become blurry. A reduction of the CV value
could actually hide increased violations of other constraints. Thus, the e-constrained meth-
ods acting on the CV cannot guarantee that all constraints effectively improve at each iter-
ation.

A new strategy called cEpsilon (cE) is introduced here to address this shortcoming. The
update scheme for ¢; is a per-constraint transposition of the original e-constrained method.

(0) = g(xo) (4.15)

C
ej(0)<1— Ti)p ifo<t<T,

c

61([) = (4.16)

otherwise

Using the same CV*€ as ipE, the preference relation is, however, adapted to be stricter:

X <x; if CVEé(x1),CVe(x,) =0
X] Zee X2 ©1X1 X, if CVé(x;) = CVé(x,) (4.17)
CVe(x;) < CV&(x,) otherwise

The proposed method guarantees that at each step the thresholds for all constraints are low-
ered and the requirements are effectively tightened. Thus, this method generates a relatively
high selection pressure towards finding good feasible regions, while offering some tolerance
adjusted to the scale of each constraint. In addition, it is possible to have per-constraint 6, c,,
and T, parameters, allowing a very fine control over each individual constraint. The down-
side, however, is the steep increase in the number of parameters. So, unless domain specific
knowledge is available that can guide the selection of the parameters, this approach remains
quite theoretical.

4.3 Methods of the numerical investigations

A large-scale investigation is conducted to evaluate the performance of the e-constrained
methods previously presented along with CDP and SR. To limit the impact of additional
effects, a single base algorithm is chosen and only the CHS is changed. NSGA-III [36, 87] is
selected. NSGA-III is a reference-direction based many-objective optimizer. In the context
of this work, it offers two important advantages:

1. NSGA-III allows a parallel evaluation of the objective and constraint functions, which
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is important in the context of ‘real-world’ benchmark problems such as MODAct.

2. Decomposition-based algorithms struggle with certain Pareto front shapes [85], which,
from the performance of C-TAEA, seems to apply to MODAct problems.

This section clarifies the integration of the considered CHSs and details the methods used
for the numerical investigation.

4.3.1 Integration within NSGA-III

The handling of constraints by NSGA-III is described by Jain and Deb [87]. Compared to
the algorithm for unconstrained problems, two parts are adapted:

1. Modification of the non-dominated sorting procedure to use CDP, effectively sort-
ing the population by CV value and additionally ranking feasible solutions into non-
dominated fronts.

2. Modification of parent selection procedure, replacing the random parent selection by
a binary tournament preferring less constrained solutions.

This forms the original CHS for NSGA-III and is referred to as the CDP method. The imple-
mentation of NSGA-III within pymoo [9] is used and the additional SR, E, iE, pE, ipE, and
cE methods have been implemented to fit into the same frame. Only an initialization and
an update steps have been added for the e-constrained methods, see Algorithm 4.1.

Algorithm 4.1 Overview of NSGA-III with an € update scheme

Ry < INITIALIZEPOPULATION
INITIALIZECHS(R))

t<0

while t < T,,,, do

M; < SELECTPARENTS(F)
Q; < VARIATE(M,)

Ry < RUQ

P .1 < SELECT(R;)
UPDATECHS(F 1)

t—t+1
return F,

[

R A U B o 4

-
=4

Consequently, the non-dominated sorting procedure is changed to follow the preference
relation of each method. The binary tournament is also adapted to use the appropriate pref-
erence relation to discriminate between “feasible” and “infeasible” solutions, followed by
random selection if both parents fit in the same category.

Finally, a stochastic ranking SR method is also implemented. In the SR method, infeasible
solutions have a probability py to be treated as feasible solutions [61, 155]. In practice, this
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is achieved by randomly setting the CV value of infeasible solutions to 0 with a probability of
py and then applying the original procedure of NSGA-IIL. In the binary tournament, this is
repeated at every tournament, while it is done only once prior to the normal non-dominated
sorting. Thus, this implementation slightly deviates from the original ‘bubble-sort’ proce-
dure [155], to benefit from the fast sorting algorithm.

4.3.2 Experimental conditions and data analysis

Building on the results from Chapter 3, the following benchmark problems are selected:
C3DTLZ4 [87], DAS-CMOP with complexity level 9, 10, 11, and 12 [51], and MW [112]. In
addition, 12 problems from MODAct as well as the windturbine design problem proposed
at the 3" Evolutionary Computation Competition by the Japanese Society of Evolutionary
Computation [91] are included. In total, the various CHSs will be tested on 64 problems with
different properties, summarized in Table 4.1, which also indicates the number of optimiza-
tion generations T,,,, performed for each problem. T, has been adapted to the complexity
of the various problems. The only exception is the Windturbine problem where each ob-
jective and constraint evaluation takes about 3 s and the number of evaluations had to be
restricted due to time considerations?.

Each optimization (pair of problem and CHS) is executed 30 times. The parameters for
NSGA-III are specified in Table 4.2 and follow common practice for this algorithm. The
reference directions are generated using Das and Dennis’ approach [33]. As recommended
by Brockhoff et al. [12], an unbounded external archive (UEA) is used to collect all feasible
non-dominated solutions generated through an optimization run.

The hypervolume indicator [204] is used to evaluate the convergence and diversity of the
obtained archive of each run, and is calculated by the implementations of the Walking-
Fish Group [28, 189]*. The best-known Pareto fronts of each problem, as provided by their
authors or obtained by aggregating all the solutions from the UEAs, are used to estimate the
ideal z* and nadir 2" points. They serve then to normalize the obtained fronts and calculate
the hypervolume with a common reference point r = (1.1, ..., 1.1)T. In this context, where
no cross problem comparison is required, there is no need to go all the way to the relative
hypervolume error, Eq. (3.10).

For the statistical analysis of the difference between the CHSs, the non-parametric Kruskal-
Wallis test [98] is applied with the null hypothesis that all CHSs perform equally well on a
given problem with a confidence interval of 99%. If the null hypothesis is rejected, Mann-
Whitney U tests [119] with Holm’s correction for family-wise error control [73] are applied
with a confidence interval of 99% to perform the multiple pairwise comparisons. The statis-
tics are calculated with pingouin [182].

3With a total budget of 42 000 per optimization, this experiment already greatly exceeds the budget of 10 000 of
the competition.
4A python interface has been developed and is available at: https://github.com/epfl-lamd/hvwfg
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Table 4.1: Number of objectives, decision variables and constraints of the selected bench-
mark CMOPs and the defined number of generations for each problem.

[mfn ] p]a] T
C3DTLZ4 |3 12| 3 ]0] 750
CS1, CT1 2[20| 7 |0]1500
CS2, CT2 2 120| 8 | 01500
CS3,CT3 2120|100 | 1500
CS4, CT4 2120| 9 | 01500
CTS1 3120 0 | 1500
CTS2 3 (20| 8 |0 1500
CTS3 3 (20100 |1500
CTS4 3[20] 9 |0 1500
MW1, MW2, MW6, MW9 | 2 [ 15| 1 | 0| 600
MW3, MW7, MW12, MW13 | 2 | 15| 2 | 0| 600
MW4, MW8, MW14 3 (15| 1 |0 600
MWS5, MW10 2 (15| 3 | 0| 600
MW11 2 /15| 4 | 0| 600
DAS-CMOP{1..6}_9 2130|110 1500
DAS-CMOP{1..6}_10 2 130|110 | 1500
DAS-CMOP{1..6}_11 2 130|110 | 1500
DAS-CMOP{1..6}_12 2 (30|11 |0 | 1500
DAS-CMOP{7..9}_9 3 (30| 7 |0 1500
DAS-CMOP{7..9}_10 3 (30| 7 |0 1500
DAS-CMOP{7..9}_11 3 (30| 7 |0 1500
DAS-CMOP{7..9}_12 3 30| 7 |0 1500
Windturbine | 5| 32]22|0] 200

Table 4.2: Parameters used to configure each run of NSGA-III.

Parameter NSGA-III
Population size u 210
Number of function (i.e., solution) evaluations  u + Tpax
Mutation 7, 20
Mutation rate 1/n
Crossover 7, 20
Crossover probability (CXPB) 0.9
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Table 4.3: Parameters and their range for the parameter tuning configuration of irace.

Parameter Accepted value Condition
CHS (E,iE, pE, ipE, cE, SR} -
Py [0,1] Only for SR
A [0,1] Except for SR
Cp [2,10] Except for SR
Y [0,1] Except for SR
a [0,1] Only for iE
T [0,1] Only for iE

4.3.3 Parameter tuning setup

Since most considered CHSs have many parameters, a parameter tuning step—also called
automatic algorithm configuration or meta-optimization—is performed using irace [110].
Irace is configured to search for the CHS and its parameters that maximize the hypervol-
ume of the obtained Pareto front following the procedure suggested for multiobjective evo-
lutionary algorithms (MOEASs) [108]. The acceptable parameter values are summarized in
Table 4.3. To consider only the effects of the CHS, only those parameters are considered and
the parameters of NSGA-III are excluded. The tuning procedure is executed repeatedly for
a maximum of 5000 experiments per run and for the different problem families—MODAct,
MW and DAS-CMOP grouped by complexity level. Due to time limitations, the Windturbine
problem has not been used for tuning.

4.4 Results

4.4.1 Automated tuning of parameters

The best and second-best configuration of each run of irace have been collected. Similar
configurations were manually aggregated. In the end, a total of 10 configurations were se-
lected for the six methods with parameters. Including the two parameterless methods (CDP
and aE), 12 configurations are to be evaluated, see Table 4.4. Interestingly, the tuning pro-
cess suggested the stochastic ranking method with p; = 1 (SR;), which is equivalent to
solving the unconstrained problem, despite the fact that only feasible solutions contribute
to the hypervolume.

4.4.2 Performance comparison

With 12 configurations and 64 problems, a total of 23040 optimizations have been per-
formed using the school’s high power computing clusters. The median achieved hypervol-
ume and the interquartile range (IQR) for each configuration on each problem is reported
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Table 4.4: List of the considered CHSs with the parameters of the various configurations
obtained through the tuning procedure.

Name Symbol Parameters

Constrained dominance principle CDP -

Adaptive epsilon aE -

Stochastic ranking SR, pr =0.36
SR2 br = 1

Epsilon E; A=10.18,c, = 8.76,y = 0.72

Improved epsilon ik, A=0.26,c, =9.51,y = 0.66,a = 0.52,7 = 0.8
iB, A=04,c,=2811,y=0.6,a=0577=0.66

Population epsilon PE; A=0.73,c, = 6.96,y = 0.87

pE, A=0.57c,=7.557y =038
Individual population epsilon ipE;  4=10.93,¢, =3.19,y = 0.23
Per-constraint Epsilon cE; A=0.11,¢, =9.11,y = 0.66

cE, A=0.5¢, =4.52,y = 0.59

in Table 4.5. Without statistical considerations, the following trends are visible:

1. CDP seems best for the Windturbine design problem;
2. cE seems most interesting for MODAct problems;
3. iE performs best on C3DTLZ4 and MW problems;

4. SR seems most suitable for DAS-CMOP problems.

In particular, the unconstrained optimizer SR, seems to be the most suitable method for
DAS-CMOP with complexity level 11, while it fails to find feasible and interesting solutions
for most optimization runs on the Windturbine and MODAct problems. There are few other
singularities:

1. None of the 360 optimizations has been able to find any feasible solutions to DAS-
CMOP1_12.

2. Some methods have not been able to find any feasible solutions for problems CS3,
DAS-CMOP3_12, and DAS-CMOP6_12.

3. Excluding DAS-CMOP1_12, ipE and cE are the only methods that have found solu-
tions for all other problems.

The numerical results, however, also suggest that multiple methods have similar perfor-
mance. The results of the statistical analysis are reported in Table 4.6 by indicating how
many times a given strategy was better/equal/worse than others for each problem. For eight
problems—namely DAS-CMOP1_11, DAS-CMOP1_12, DAS-CMOP4_9, DAS-CMOP5_9,
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Chapter 4. An Improved Constraint Handling Strategy:
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Chapter 4. An Improved Constraint Handling Strategy: cEpsilon

DAS-CMOP7_11, DAS-CMOPS8_11, MW5, and MW6—no significant difference between
the methods can be detected. Additionally, for 15 problems, there are three configurations or
more that share the best performance. This leaves 41 problems, for which one or two con-
figurations are best. The statistical analysis mostly confirms the previously stated trends,
expect for MW problems where E; instead of iE; is more commonly among the bests.

To obtain a global view of the results, the methods are ranked from the best to the worst
using these statistical outcomes. A dense ranking approach is used and ties are given the
same rank. With the ranks, family-wise means are calculated. The resulting ranks are re-
ported in Table 4.7. Mean ranks offer a chance to identify versatile methods that have good
performance over several individual problems and the closer to one the better the expected
performance.

Across all problems, the configuration cE; followed by cE, seem to be the best compromises.
However, the mean overall ranks of all algorithms are quite close to each other, except for
SR,, which seems performing well only on DAS-CMOP with complexity level 11. SR; has
overall the second worst rank and performs best only on DAS-CMOP with complexity level
10. The original E; performs best on MW. The iE method obtains the best ranks on C3DTLZ4
and DAS-CMOP with complexity level 12. The population-based methods by Stanovov et al.
[167] only obtain good ranks on DAS-CMOP with complexity level 9. Their per-constraint
method does not perform well for any problem family, although it shares its main concept
with cE. In particular, its performance is relatively poor on MODAct. There, the newly
proposed cE and its configuration cE, obtains the best rank. Finally, the promise of the
parameterless aE method is not delivered and its performance is disappointing.

In order to visualize the practical differences, the final populations achieving the best and
the median hypervolume for four configurations (cE;, cE,, iE; and pE,) are compared against
the best-known Pareto fronts for two difficult problems from MODAct: CS4 and CT4, Fig-
ure 4.2. Key observations are:

1. Both cE configurations have good convergence and spread for CT4 even for the median
case, while cE, is clearly outperforming all others on CS4. Fronts obtained by cE;
remain however of engineering quality.

2. The fronts obtained by iE; are of very limited use to engineers. These results suggest
that the algorithm got trapped on all runs in a sub-optimal feasible region (CS4) or
was not able to maintain sufficient diversity (CT4).

3. The best front obtained by i pE; could be of engineering value. Yet, the outcome seems
not sufficiently reliable.

Some insights into the mechanisms at play in the different methods can be gained by looking
at their respective € values. Figure 4.3 shows the mean ¢ value for E;, cE,, iE;, ipE;, and pE,
along generations when optimizing CS4 and CT4. While by definition, € could increase
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4.4 Results

Table 4.6: Results from the statistical comparison procedure summarizing for each method
and problem how many times the method performed better/equal/worse than the others.
For problems where the null hypothesis of the Kruskal-Wallis test could not be rejected, all

methods are considered equivalent. Best performing methods are highlighted in gray.

cDP aE E; cE, CE, ipE; iE, iE, pE; PE, SR, SR,
C3DTLZ4 3/5/3 3/5/3 9/11 3/5/3 9/1/1 3/5/3 1/1/9 10/1/0  2/5/4 3/5/3 3/0/8  0/0/11
cs1 1/9/1 2/9/0  1/10/0  2/9/0 2/8/1 1/9/1 2/9/0 2/9/0 6/5/0 1/9/1 1/4/6  0/0/11
Cs2 2/9/0 2/9/0 2/9/0 2/9/0 2/9/0  1/10/0 2/9/0 2/9/0 2/9/0  1/10/0  1/2/8  0/o/11
cs3 4/5/2 4/5/2 0/3/8 4/5/2 10/1/0 4/5/2 0/3/8 0/3/8 10/1/0  4/5/2 4/5/2 0/3/8
cs4 2/7/2 3/6/2 1/5/5  10/0/1  11/0/0  2/7/2 2/7/2 3/6/2 1/1/9 3/6/2 2/7/2 o/o/n
CT1 1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  0/0/11
cT2 1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/9/1 1/10/0 2/9/0  1/10/0  0/0/11
CT3 5/6/0 5/6/0 1/3/7 5/6/0 5/6/0 4/7/0 1/3/7 1/2/8 2/4/5 5/6/0 4/7/0  0/0/11
CT4 5/4/2 5/4/2 1/2/8  10/0/1  11/0/0  5/4/2 1/2/8 1/2/8 4/0/7 5/4/2 5/4/2  0/0/11
CTS1 6/5/0 7/4/0 1/4/6 7/4/0 7/4/0 7/4/0 1/2/8 1/2/8 3/2/6 6/1/4 3/2/6  0/0/11
CTS2 6/3/2 6/5/0 2/3/6 8/3/0 8/3/0 6/5/0 1/1/9 1/2/8 3/2/6 6/3/2 3/2/6  0/0/11
CTS3 1/10/0  1/10/0  1/8/2 7/4/0 7/4/0  1/10/0  1/8/2 1/8/2 1/8/2 1/8/2 1/8/2  o/o/11
CTS4 1/5/5 1/5/5 7/3/1 7/3/1 11/0/0  1/4/6 7/3/1 7/3/1 3/3/5 1/4/6 1/5/5  o/o/11
DAS-CMOP1_9 0/11/0 ~ 1/10/0  0/11/0  ©0/11/0  0/11/0  0/11/0  0/11/0  ©0/11/0  1/10/0  1/10/0  1/10/0  0/7/4
DAS-CMOP1_10  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/10/1  0/11/0  0/11/0 2/9/0  0/10/1
DAS-CMOP1_11  0/11/0  0/11/0  ©0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  ©0/11/0  0/11/0  0/11/0
DAS-CMOP1_12  0/11/0  0/11/0  ©0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  ©0/11/0  0/11/0  0/11/0
DAS-CMOP2_9 1/10/0  1/10/0  1/10/0  0/11/0  ©0/11/0  1/10/0  0/11/0  0/11/0  1/10/0  0/11/0  1/10/0  0/5/6
DAS-CMOP2_10  0/10/1  0/9/2  ©0/10/L  2/9/0  0/10/1  0/10/L  ©0/10/1  0/10/1 ~ 0/10/1  0/10/L  10/1/0  0/9/2
DAS-CMOP2 11 0/10/1  0/10/1  ©0/10/L  0/10/1 ~ 0/10/1  ©0/10/L  ©0/10/1  0/10/1  0/10/1  0/10/L  0/10/1  11/0/0
DAS-CMOP2 12 0/10/1  0/9/2  ©0/11/0  0/11/0  0/11/0  0/10/1  1/10/0 6/5/0  0/11/0  0/10/1  0/10/1  0/10/1
DAS-CMOP3_9 5/6/0 3/8/0 2/6/3 2/9/0 0/2/9 5/6/0 0/5/6 0/2/9 4/7/0 5/6/0 3/8/0 2/5/4
DAS-CMOP3_10  6/4/1 6/4/1 1/4/6 1/4/6 1/4/6 6/4/1 1/4/6 1/5/5 6/4/1 s5/5/1 11/0/0  0/0/11
DAS-CMOP3_11 ~ 1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  0/0/11
DAS-CMOP3_12  0/3/8 0/3/8 5/6/0 5/6/0 7/4/0 4/5/2 5/5/1 6/5/0 5/6/0 0/3/8 0/3/8 4/1/6
DAS-CMOP4_9 0/11/0  0/11/0  0/11/0  ©0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0
DAS-CMOP4_10  6/5/0 6/5/0 1/3/7 2/6/3 1/9/1 4/7/0 1/4/6 1/5/5 3/5/3 4/7/0 7/4/0  0/0/11
DAS-CMOP4_11  0/9/2 0/9/2 0/9/2 0/9/2 0/9/2 0/9/2 0/9/2 0/9/2 0/9/2 0/9/2  10/0/1  11/0/0
DAS-CMOP4_12  0/8/3 0/8/3  0/11/0  0/8/3  0/10/1  0/8/3 10/1/0  8/2/1 0/8/3 0/8/3 0/8/3 71212
DAS-CMOP5_9 0/11/0  0/11/0  0/11/0  ©0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0
DAS-CMOP5_10  7/4/0 7/4/0 1/4/6 3/5/3 1/5/5 5/5/1 1/5/5 1/3/7 2/6/3 5/5/1 9/2/0  0/0/11
DAS-CMOP5_11  0/9/2 0/9/2 0/9/2 0/9/2 0/9/2 0/9/2 0/9/2 0/9/2 0/9/2 0/9/2  10/0/1  11/0/0
DAS-CMOP5_12  0/11/0  0/11/0  ©0/10/1  0/11/0  1/10/0  1/10/0  1/10/0  1/10/0  0/11/0  0/10/1  0/11/0 2/5/4
DAS-CMOP6_9 1/10/0  1/10/0  0/10/1  0/10/1  1/10/0  1/10/0  1/10/0  ©0/10/1  0/10/1  1/10/0  0/10/1 5/0/6
DAS-CMOP6_10  0/10/1  0/10/1  0/11/0  0/10/1 6/5/0  0/11/0  ©0/11/0  0/11/0  0/10/L  ©0/10/1  0/11/0  0/10/1
DAS-CMOP6_11  0/9/2 0/9/2 0/9/2 0/9/2 0/9/2 0/9/2 0/9/2 0/9/2 0/9/2 0/9/2  10/0/1  11/0/0
DAS-CMOP6_12  0/6/5 0/5/6 6/3/2 0/7/4 1/7/3 5/3/3 11/0/0  9/1/1 0/7/4 0/6/5 0/6/5 8/1/2
DAS-CMOP7_9 1/10/0  1/10/0 2/9/0 2/9/0 2/9/0  1/10/0  1/10/0  1/10/0 2/9/0 2/9/0 1/5/5  o/o/1
DAS-CMOP7_10  7/3/1 7/31 3/1/7 5/3/3  1/0/10  5/5/1 3/1/7 2/0/9 5/3/3 s/5/1 11/0/0  0/0o/11
DAS-CMOP7 11 0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  ©0/11/0  0/11/0  0/11/0
DAS-CMOP7_12  8/3/0 8/3/0 3/1/7 5/4/2 1/1/9 5/4/2 3/1/7 1/1/9 5/3/3 5/6/0 6/5/0  0/0/11
DAS-CMOP8_9 1/10/0 2/9/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0 2/9/0  1/10/0  1/8/2  0/0/11
DAS-CMOPS_10  5/5/1 6/4/1 3/1/7 s/4l2 1010 5/5/1 3/1/7 2/0/9 5/5/1 5/5/1 11/0/0  0/0/11
DAS-CMOP8_11  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0
DAS-CMOPS_12  6/5/0 6/5/0 3/1/7 5/6/0  1/0/10  5/6/0 3/1/7 2/0/9 5/2/4 6/5/0 6/5/0  0/0/11
DAS-CMOP9_9 0/10/1  0/11/0  ©0/11/0  ©0/10/1  0/10/1  0/10/1  ©0/11/0  0/10/1  0/11/0  0/10/L  0/10/1 7/4/0
DAS-CMOP9_10  0/8/3 0/8/3  0/10/1  0/10/1  0/10/1  0/8/3 6/5/0 6/5/0 0/8/3 0/8/3 9/2/0 0/8/3
DAS-CMOP9_11 ~ 1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  0/1/10  0/11/0
DAS-CMOP9_12  0/6/5 0/6/5 4/7/0 0/9/2 0/9/2 0/6/5 4/7/0 7/4/0 0/9/2 0/6/5 7/4/0  4/7/0
MW1 0/11/0  0/11/0  0/11/0  0/11/0  1/10/0  0/11/0 2/9/0 2/9/0 0/9/2  0/11/0  0/8/3  0/11/0
MW2 0/10/1  0/6/5 3/8/0 4/7/0  1/10/0  0/11/0  1/10/0  1/10/0  0/11/0  0/9/2 0/9/2  0/11/0
MW3 2/9/0  1/10/0 2/9/0 2/9/0 2/9/0 2/9/0 2/9/0 2/9/0  1/10/0  1/10/0  1/3/7  0/0/11
MW4 1/10/0  1/10/0 2/9/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/10/0  1/9/1  0/0/11
MW5 0/11/0  0/11/0  0/11/0  ©0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0
MW6 0/11/0  0/11/0  0/11/0  ©0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0  0/11/0
MW7 2/9/0 2/9/0 2/9/0 2/9/0 2/9/0 2/9/0 2/9/0 2/9/0 2/9/0 2/9/0 0/1/10  0/1/10
MW8 0/11/0  0/11/0  4/7/0 5/6/0 0/7/4  1/10/0  0/9/2 0/8/3 5/6/0 2/9/0 0/6/5 0/8/3
MW9 1/4/6 1/4/6 7/4/0 s/1/5 7/4/0 1/4/6 7/4/0 7/4/0 1/4/6 1/4/6  0/1/10 7/4/0
MW10 1/6/4 1/6/4 1/8/2  0/1/10  6/5/0 1/9/1 6/5/0 7/4/0 0/7/4 1/6/4 1/6/4 8/3/0
MWI1 0/4/7 0/4/7 11/0/0  6/4/1 6/4/1 0/4/7 7/3/1 7/31 0/5/6 0/4/7 4/1/6 6/2/3
MWI12 1/9/1 0/9/2 17100 1/9/1 1/9/1 1/9/1 10/1/0  1/9/1 1/9/1 1/9/1 1/9/1 1/0/10
MW13 0/4/7 1/5/5 5/6/0 3/8/0 3/8/0 1/6/4 5/6/0 5/6/0 5/6/0 13/7  0/1/10  4/7/0
MW14 0/11/0  0/5/6 3/8/0  1/10/0 3/8/0 0/9/2  1/10/0  2/9/0  0/11/0  0/11/0  0/8/3  1/10/0
Windturbine 6/5/0 5/6/0 4/3/4 5/6/0 6/5/0 4/7/0 1/2/8 1/1/9 4/5/2 4/7/0 2/1/8  0/0/11
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Table 4.7: Mean rank for each CHS per problem family. Rank is dense and ties are given the
same rank (smaller is better). Best ranked CHSs are marked in bold.
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Figure 4.2: Comparison between the best and median final populations obtained by aE, cE;,
cE,, and iE; and the best-known Pareto fronts for CS4 and CT4.
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Figure 4.3: Evolution of the mean ¢ value in logarithmic scale across all optimization runs
(and if applicable, across the multiple ¢;) for four configurations on CS4 and CT4.
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Figure 4.4: Evolution of the mean individual ¢; values in logarithmic scale across all opti-
mization runs with cE, and ipE; of CS4 and CT4.

with iE, ipE, and pE, in practice, an increase is seen only for iE; on both problems and for
ipE,; for CS4. The update scheme of iE seems very sensitive, jumping from small to very
high tolerances. Given the fronts shown in Figure 4.2, it seems that the method designed to
allow the search process to get out of traps might not have worked as expected. The mean €
values of cE; while somewhat lower than expected from its y follows the expected trend.

CcE, and ipE; maintain individual ¢ values. Figure 4.4 shows the individual ¢; values for
these two configurations for the same two problems. The interesting observation is that not
all constraints are relaxed. In particular, cE, only relaxes four constraints of the nine for
these problems. Figure 4.4 also highlights the radically different approach of the two meth-
ods. While cE, has a strictly decreasing tolerance, whose scale is appropriately scaled, i pE;
has per-constraint tolerance levels, but there is no imposed decrease of its values. Some con-
straints that were not relaxed previously can have high tolerances at the end of the search.
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4.5 Concluding remarks

4.5.1 Discussion

The executed large-scale investigation of seven existing CHSs and a novel per-constraint
€ strategy cEpsilon on 64 CMOPs has revealed important performance differences between
the strategies for the different problems. The analysis performed by means of ranking shows
that the per-constraint relaxation methods cE,, cE;, and ipE; form the top 3 in terms of
overall performance. Grouping the problems by family reveals, however, important differ-
ences. The original e-constrained method, for example, performed best on MW problems.
Remembering the differences in characteristics of these problems highlighted in Chapter 3,
it is no surprise to see that some methods are more effective at solving specific problems.
DAS-CMOP problems with complexity level 11, for example, have a high “convergence-
hardness” [51], which means the constraints are blocking convergence, but the optimal so-
lutions are not affected by the constraints. Hence, an optimizer disregarding constraints, like
SR,, is the ideal candidate. This is however, an unrealistic scenario for ‘real-world” design
applications. Considering the 13 mechanical design problem, the novel cEpsilon method
obtained the best rank, suggesting that an individually controlled relaxation of each con-
straint offers significant benefits.

The analysis of the € value on two MODACt problems revealed that each method does indeed
have a different relaxation method. The methods where ¢ is allowed to increase, worked bet-
ter on problems C3DTLZ4 and DAS-CMOP complexity levels 9 and 12, but not for MODAct.
Atleast, the mechanism that can lead to an increase of € in pE and i pE did not appear in CT4.
cE, starts with a lower tolerance, but has a slower decrease. While this is expected from the
selected parameters, all configurations have been suggested by the parameter tuning pro-
cedure. In that sense, all methods were given the same opportunity to select competitive
parameters. Further, the analysis of the per-constraint ¢; revealed that only four constraints
were relaxed by cE, and confirmed that the cEpsilon guarantees a constraint appropriate
scale for ¢; and a strict decrease of all constraints.

4.5.2 Path forward

The proposed cEpsilon method has proven to be a robust method across several families of
problems with best performance on mechanical design problems. While it offers sensible
improvements over existing constraint relaxation methods, it does not solve their core is-
sue: numerous parameters. The use of high power computing capabilities—with at times
up to 500 cores running in parallel—made it possible to run the tuning procedure and per-
formance evaluation campaign within a reasonable time, even for the slower MODAct prob-
lems. In practice, however, this is an important limitation, especially for computationally
expensive problems. Original ideas are needed that are effective on realistic benchmark
problems and that are applicable in practice. One idea could be to more tightly integrate
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the constraint handling within multiple components of algorithms, such as adaptive search
operators based on relaxation stage.

The reported results also reaffirm the need for better and more realistic benchmark prob-
lems. Indeed, the behavior of the evaluated CHSs differed between MODAct or the Windtur-
bine design problem and the more traditional synthetic problems. As long as most proposed
optimization techniques are tested only on the latter problems, their transfer into other dis-
ciplines and practice is limited.
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Tout change et grandit en ces lieux.
Quel air pur !

Guillaume (Guillaume Tell, G. Rossini)

Educating Future Engineers

ACHINE INTELLIGENCE and its use in engineering might substantially im-
pact the work of engineers in the coming years. The motto ‘adapt or die’
seems accurate in this context. Researchers stand at the front line of inno-
vation and may be the most capable of foreseeing the changes ahead. When

researchers are also educators, they can play an ideal and critical role in shaping the future
of engineering education.

Regarding the skills needed by engineers, an analysis of the skills listed for engineering po-
sitions in occupational databases—Ilike O*NET—reveals that professional skills represent
nowadays already an important part of the required skills, and some future-looking studies
predict that such skills will become increasingly important with automation and digitaliza-
tion [57, 129]. Also being able to work with, or even cooperate with machines, is fundamen-
tal, and requires computational thinking skills [66].

Two studies have been designed and performed with the participation of students from sev-
eral classes with the aim to address two sets of research questions. On the one hand, the first
study investigates the learning of professional skills by students working on team-based en-
gineering projects. On the other hand, the second study exposes students to the developed
automated design tool for actuators from Chapter 2, with the objectives to observe their
design process, and to evaluate their use of the tool.

After an introduction of the context of the studies and their participants, this chapter is
split into two parts. Section 5.2 discusses the topic of professional skills, and starts with the
background about learning by doing in projects and the challenges of assessing professional
skills. Then, through the use of a questionnaire applied in a pre-post study design, the im-
pact of two kinds of projects on the students’ self-efficacy beliefs is assessed and discussed.
Section 5.3 focuses on the effects of the use by students of the automated design tool. The
study design and the online platform, through which students interact with the tool, are
presented first. The analysis is then performed considering the students’ reports and the
traces they left in the platform.
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5.1 Context of the studies

5.1.1 Involved courses and study design

A total of three classes taught by Prof. Schiffmann in the department of mechanical engi-
neering of EPFL have been included in these two studies: “systémes mécaniques” (mechan-
ical systems, 2"¢ year Bachelor), “dynamique des systémes mécaniques” (dynamics of me-
chanical systems, 3™ year Bachelor) and “applied mechanical design” (Master). Figure 5.1
shows an overview of the timelines associated with each course.

The two Bachelor (BA) courses are mandatory for all mechanical engineering students and
cover engineering fundamentals. They include 14 weeks of classes (ex cathedra lectures and
exercise sessions), a written exam and a structured in-course group project (groups of four
to five) with a final report. The in-course project starts on week 10. The final report (one per
group) needs to be submitted on week 14 and evaluates the group’s technical work. Teaching
assistants are available every week to answer questions. The in-course project contributes
to 20% of the students’ grade (one grade per report) and its workload is estimated to 1 ECTS
(about 28 hours) for each student.

The Master (MA) course is an optional capstone-like design project course where students
work on a product design task (open-ended problem) in groups of three to four for the whole
duration of the course. The design task is common to all groups, making it similar to a de-
sign challenge. The students need to hand in 3 written reports (week 3, week 10 and week
17) and do an oral presentation in front of the class (week 14), contributing to 10%, 40%, 40%
and 10% of their grade respectively. In addition to the product, the grading process reviews
project planning, risk assessment, and design process, which can be tracked through the
repeated assessment. In parallel to the project, the students receive six theoretical lectures:
the design process (four lectures), project management, and creativity fostering. As a sup-
port, each group has a dedicated teaching assistant. They meet weekly for followups. The
total workload is estimated to 4 ECTS (about 112 hours) for each student.

The three courses are used to evaluate the development of professional skills by students
through their participation in in-course or capstone projects. The interest is to see if there
are differences in the learning between mostly technical short in-course projects and longer
running capstone projects focusing on process skills. While in both cases, the group-project
environment forces the students to practice their professional skills, the MA course includes
theoretical lectures and a grading process that also considers planning and risk assessment.
The changes are investigated through a questionnaire in a pre-post study design and since
both BA classes are built using the same approach, their results are grouped in this study.

The effects of automated design on the product selection, the design process and the ap-
proaches followed by students for the use of such tools are investigated in the frame of the
MA course. For this purpose a single design task is given to the students, and they are asked
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IPMQ pre IPMQ post
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Figure 5.1: Overview of the timeline for the three courses highlighting the different phases
and when the questionnaires were collected.

to provide two product propositions, once using a traditional approach and once using the
automated design tool presented in Chapter 2. The timing of the two phases is shown in
Figure 5.1. The traditional design phase starts on week 2 and ends on week 10 with the sub-
mission of the students’ report containing their design. The automated design phase follows
and ends on week 17 with the submission of the report containing the outcome of the au-
tomated phase. Other key milestones are report 1 occurring on week 3, which is used to
clarify and formally validate the specifications, and the oral presentation on week 14 where
the students present their designs to the rest of the class.

In order to contextualize the student data, their responses have been compared against those
of experienced industry professional by having them fill the same questionnaire (profes-
sional skills) and by using an existing commercial product.

The specific details of the study design and the used instruments are given more in details
in the corresponding sections.

5.1.2 Data collection protocol and population

Since the studies use data collected in the frame of teaching, students are required to give
their informed consent for the use of their data for research. To ensure that the teaching
is unaffected by the decision of students to participate or not in the study, the informed
consents have been collected by Cécile Hardebolle from the teaching support center of EPFL
and the consent information was only released after the grades had been validated. The
corresponding data was anonymized by assigning each student a random ID. This protocol
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has been reviewed and approved by the EPFL Human Research Ethics Committee (HREC
046-2018).

The studies were performed in the fall semester 2018 (MA class) and in the spring semester
2019 (BA classes). From a total of 339 students, 205 gave their consent—174/306 BA and
33/33 MA students. All data produced by these students in the frame of teaching have been
collected. These students did however not necessarily participate in all activities. The details
of the collected data for each instrument are given in the corresponding sections.

5.2 Professional skills’ development through projects

The work presented in this section stems from a collaboration between the Laboratory
for Applied Mechanical Design (LAMD) and the Teaching Support Center (CAPE) of
EPFL. The content reproduces, with minor stylistic changes and with the agreement of
all authors, the following preprint:

C. Picard, C. Hardebolle, R. Tormey and J. Schiffmann. “Which Professional Skills do
Students Learn in Engineering Team-Based Projects?”. Accepted for publication in the
European Journal of Engineering Education, April 2021.

Author contributions: CP, CH, RT, and JS designed research; CP and CH performed
research; RT and CH wrote the related work; CP wrote the results and discussion.

In this section, we focus on the following research questions:
« Which professional skills do students learn from projects?

« How can we assess those skills and their evolution while taking into account scale
issues of large-size engineering classes?

« Which characteristics of projects make students develop professional skills?

Using a previously validated instrument [99], we have assessed students’ self-efficacy beliefs
regarding their skills in five different areas: planning, risk assessment, ethical sensitivity,
communication, and interprofessional competence. This instrument has allowed drawing
comparisons across different levels of studies and careers, as well as assessing the progress
students have made over the course of one specific project. Further, an analysis of students’
answers to open-ended questions through a feedback survey has allowed investigating what
non-technical skills students feel they have acquired from the projects and also which ones
they have found to be the most challenging. Finally, comparing the format of the courses
has led to the identification of some project characteristics, which might improve the devel-
opment of professional skills for students.

In the following, a review of existing literature in the field is introduced, before present-
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ing the context and the methodology used. Finally, the results are presented and discussed
before concluding.

5.2.1 Related work

In 2005, while reflecting on the importance of the professional skills included in the ABET
“Engineering Criteria 2000”, Shuman and his colleagues acknowledged the range of meth-
ods applicable to teaching professional skills [162]. The methods included decision-making
exercises, project management or business simulations, project driven classes, case studies,
as well as embedded modules. More recently, Winberg et al. [191] have attempted to clas-
sify these approaches in a systematic review of engineering employability studies. While
reporting important variations in what the reviewed studies called “professional skills”, the
authors defend the idea that professional skills cannot be considered as generic but are in-
stead linked to disciplinary practices. Therefore, they argue that engineering knowledge
and professional skills should be better integrated.

Teaching professional skills through projects

As Prince and Felder [145] highlight in their review, projects used in teaching may vary
significantly in scope and scale. From in-course to semester to BA or MA projects, the com-
plexity of the problem, their duration and the size of the student group vary a lot. There
are also variations in the ways in which projects are embedded in engineering curricula.
This can be conceptualized as a continuum which ranges from projects being embedded in
traditional engineering education programs in parallel to traditional courses, to projects be-
ing seen as central to a re-imagining of the whole engineering curricula. Some examples of
the latter are the conceive-design-implement-operate (CDIO) approach or some variants of
project/problem-based learning (PBL) [20, 30, 46, 95, 158]. In traditional program designs,
projects frequently come at or near the end of a program through “capstone projects” or the-
sis [30], as a way to integrate learning and prepare students for the professional world. They
are also increasingly being introduced earlier in the curriculum (“cornerstone” projects) as
a way to scaffold students’ understandings of real-life educational practice [65]. Although
‘whole curriculum approaches’ are influential within the literature and in the engineering
education research community, they are perhaps less widely practiced than more traditional
curricular approaches. Chen et al. [20], for example, found that two-thirds of the reviewed
studies on project-based learning focused on projects within courses (rather than across
courses or across whole curricula). Similarly, the large-scale cross-institutional survey of
capstone design courses in the United States by Howe et al. [77] shows that most capstone
projects are run with traditional lectures in parallel or before.

There is evidence that the inclusion of projects has a positive impact on some aspects of
student learning. The presence of capstone-type projects has been found to generally im-
prove employer satisfaction and employment ratios — possibly indicating an indirect effect
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on professional skills, but also student motivation and retention [76]. Studies within the
PBL framework also point to an impact on some types of learning: Gijbels et al. [63] and
Newman [127], for example, found that while problem-based learning had little impact on
the learning of knowledge and facts, PBL did, however, have a notable and positive impact
on understanding of principles and on the ability to apply what is learned.

Hattie’s (2009) review of meta-analyses of learning provides a useful benchmark for eval-
uating such impacts: he argues that effect sizes (i.e., Cohen’s d statistic) of less than 0.15
should be regarded as indicating effectively a lack of teaching, effects between 0.15 and 0.4
reflect normal teaching effects, and effects greater than 0.4 should be regarded as being in
the desired zone. He noted few effects were greater than d = 0.7. The effect of PBL on
ability to apply knowledge has been identified as d = 0.4, and for ability to use principles as
d = 0.75 [63].

This highlights that one of the challenges with project-based learning is the validity of as-
sessment — that is, are we assessing the things that we actually want to teach using project-
based learning? There are numerous lists of professional or transversal skills to be learned
by engineers. Accreditation bodies, for example, typically identify skills including ability to
scope, plan, and design solutions to complex and ill-defined problems, ability to communi-
cate, to work in teams, and to apply ethical reflection in their work (see for example, [47]). In
their review of assessment tools for professional skills, Cruz et al. [31] focused on a similar
set of skills: communication, lifelong learning, innovation/creativity and teamwork. Given
that engineers are faced with complex problems that can often not be solved by any one dis-
cipline, interdisciplinary and interprofessional work has also been increasingly identified as
an important professional competence [93, 100].

Conditions for learning professional skills during projects

One specific difficulty in projects comes from the tension between two different outcomes:
the final product or solution on one hand, and student learning on the other hand. As Shu-
man et al. [162] highlight, professional skills have a strong “process” component, meaning
that students need to learn about the processes behind communication, teamwork, project
management, etc. Projects should therefore be an opportunity for students to focus their
attention on such processes. This has not only been shown to be difficult by nature when
“learning from doing” [8, 72] but can become even more challenging when projects are ex-
pected to lead to usable results, such as in industry-sponsored projects. Howe et al. [77]
show that instructors are conscious about this issue since more than two thirds of respon-
dents reported that they found the process to be equally or more important than the product.
However, from the same survey, the final written report, the final oral presentation, and the
final product play the biggest role when evaluating the students’ work in projects. Whether
such sources allow assessing how much students have developed process skills, is a key
question that we will discuss in the next section. Another question is the type of support
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that can help students to focus their attention on the process during projects, thus fostering
the development of professional skills.

In their review, Shuman et al. [162] argue that conditions for the effective development of
process skills are that students should not be “thrown into team projects without support”
but do not provide details about the instructional techniques behind such support. The
same holds for the review by Winberg et al. [191], which underlines the importance of us-
ing adequate pedagogical approaches when integrating professional skills with engineering
knowledge and skills. Unfortunately, the authors do not specifically review the associated
instructional techniques. Overall, we were able to find much advice but very few studies
looking at evidence concerning how professional skills development can be best supported
during students projects. One such study, a large scale study by Cabrera et al. [13] has exam-
ined how teaching practices in team-based and hands-on design projects relate to students’
gain in professional competencies. Using self-reported measures of both teaching practices
and professional competencies as perceived by undergraduate engineering students, this
multi-institutional study has shown that the practices used in class contributed more to the
learning gains perceived by students than their background, demographics, or motivation.
Interaction with and feedback from instructors as well as collaborative learning were the
two instructional practices shown to predict gains in professional competencies, defined in
this case as group skills, problem-solving skills and professional awareness. While very in-
teresting by its scale, this study dates back almost twenty years and uses students as the only
source of information, in a post-only survey. In a more recent but smaller qualitative study,
Costa and her colleagues used focus groups to investigate the professional skills students
considered to have developed during an interdisciplinary engineering project. The teaching
techniques involved in the project were not the focus of the study but the authors do sum-
marize a set of best teaching practices and conclude by emphasizing the critical importance
of supervising and guiding students [27].

It was noted above that teamwork is an important engineering skill. There is evidence that
the relatively homogeneous environment of engineering education makes student teams a
potentially unpleasant environment for those who are not part of the majority group (e.g.,
[2]). The importance of guidance has been explored in studies focusing on teamwork skills
more specifically [132, 144]. Because group work has the potential to lead to challenging
experiences and outcomes for students (e.g., [83]), the explicit steps taken by instructors
have been shown to be essential to assure learning. Reflection and self-assessment were
shown to be effective techniques. Other studies focusing on engineering design projects,
but not necessarily on professional skills, also underline the importance of guidance and
supervision for student learning. Feedback, in particular, has been identified as a key factor
for helping students learn by making them reflect on the process [8, 72].
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The challenge of assessing professional skills

As introduced above, appropriate assessment methods are key to determine whether stu-
dents do or do not develop professional skills in engineering design projects. However, sev-
eral studies report that assessing professional skills is a challenge. Shuman et al. [162] state
that efforts have been made to develop assessment tools for these skills but that “the litera-
ture remains sparse with respect to robust, effective measures for these outcomes”. Some of
the issues they identified are a lack of consensus on the definition of the skills, a difficulty
to identify the moment when the skills should be assessed when learning is distributed over
the curriculum, the very nature of the skills to assess and the cost in time and efforts when
assessing those skills in large size classes. These difficulties continue to be acknowledged
in more recent studies such as [13, 71, 144, 151], suggesting that this is a lingering concern.

Although there are a diversity of assessment methods [20, 77], the most widely used meth-
ods for assessing projects are final reports, presentations, and/or products. It is doubtful
that these would allow valid assessment of students’ professional skills. Project manage-
ment skills such as planning illustrate this issue well: besides splitting the work into de-
fined tasks, evaluating the time necessary to accomplish them, and organizing them along
a timeline, appropriate planning requires a continuous adjustment, taking into account the
evolution of the work as well as imponderables. A final project report alone is not likely to
provide reliable information on the process through which students have made their plan
evolve over time. More generally, the nature of professional skills makes the choice of the
type of learning traces to collect, when to collect them, and the criteria and scales to eval-
uate them, challenging. In the context of projects, the adequate alignment between assess-
ment methods, learning objectives and teaching methods is an additional difficulty [ 71, 191].
As a result, various other assessment formats have been explored in the literature, among
which multi-source feedback (mixing peer feedback, self feedback, and instructor feed-
back [[121]]), portfolios — often in combination with rubrics [151, 191], and self-assessment
questionnaires [71].

Cruz et al. [31] have recently mapped the range of assessment tools that can be used to assess
some of the professional skills at issue in PBL: communication, lifelong learning, innova-
tion/creativity and teamwork. They note that the kind of assessment used depends in part
on the purpose of the assessment: where the goal is to assess students’ learning, rubrics
were the preferred assessment tool. However, where the goal is to assess the effectiveness
of the course, questionnaires were commonly used. Such questionnaires typically rely on
student self-reports of their own beliefs about their skills or their attitudes. Although Cruz
et al. mention in passing their belief that self-report questionnaires are open to bias, this
question has been subject to more detailed analysis in both psychological and statistical
domains. From a psychometric point of view, it has been speculated that self-reports are
biased when those with low skills in a domain are poor at assessing their own skill level in
the domain (known as the Dunning-Kruger effect). More recent explorations of this appar-
ent phenomenon suggest that this apparent bias is actually an artifact of the experiments
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designed to test it [130, 131]. They suggest that while self-reports are susceptible to mea-
surement error (as with any measure), these measurement errors are not biased and are
already taken into account in standard measures of reliability. From a psychological per-
spective, self-report measures are widely used in areas such as personality, metacognition,
and self-efficacy. As Paulhus and Vazire [139] note, self-reports are popular in some do-
mains in psychology not just because they are cheap and get a good response rate but also
because they can provide access to information on the internal working of a person’s psy-
chological processes which would not otherwise be available, and because they assess how
a person perceives something and this - rather than begin simply a source of bias - is ac-
tually a meaningful thing to measure in itself. This is particularly relevant in the case of
self-efficacy beliefs, defined as a person’s judgments of their own capabilities to undertake
the actions needed to attain a designated goal. Students with higher self-efficacy beliefs have
been found to choose more challenging tasks in the domain, to put in greater effort, to per-
sist longer in the face of challenges, and to suffer reduced anxiety and stress. Self-efficacy
beliefs also show a moderate to strong correlation with performance [203]. Overall then,
there are good grounds for saying that self-report questionnaires may be a valuable assess-
ment tool, if they are psychometrically assessed as valid and reliable (see also [13]). Where
self-assessment tools are valid and reliable they can also have other benefits. Chen et al.
[20] have highlighted that the challenges of assessing such learning in PBL are addressed
both through more traditional assessment modes (such as quizzes and exams) as well as
less traditional models (self-assessment, peer review, portfolios etc.). This, in turn raises
problems for comparing learning from different PBL approaches - if all assessments are dif-
ferent (assessing different learning goals and with different psychometric characteristics) it
is hard to draw meaningful conclusions about the impact on student learning of different
ways of organizing PBL. The use of standard instruments means that it is possible to com-
pare the impact of one type of pedagogy to another. This can provide valuable information
to teachers who are seeking to enact pedagogies with demonstrated effectiveness.

It is worth noting that self-assessment questionnaires also have pedagogical advantages. In
particular, responding to self-assessment questions can trigger students’ self-reflection and
draw their attention to what they learn, a key to “learning from doing” [8, 72]. Previous
studies have shown that such tools could enhance learning and help students develop self-
monitoring habits that are essential for the self-regulation of learning [161]. Panadero et al.
[136] even propose that self-assessment tools originally designed for measurement could be
considered as pedagogical interventions because of these effects.

Overall then, it is clear that professional skills are an important component of engineering
education and these include the kinds of skills that are needed when working on complex
and open-ended projects. Such skills include scoping, and organizing to design solutions
to complex problems, integrating ethical considerations into one’s work, communicating
effectively in teams and working within interdisciplinary and interprofessional contexts. It
is also clear that in engineering education, these skills are often targeted through projects—
typically projects in courses. These seem to be organized in a wide variety of ways, even
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Table 5.1: Summary of the different participants and the data collected.

Group Study type # Students  # Participants
Bachelor (BA) IPMQ pre 306 168 (55%)
IPMQ post 306 47 (15%)
Survey 306 253 (83%)
Master (MA) IPMQ pre 33 32(97%)
IPMQ post 33 29 (88%)
Professionals (Pro) IPMQ single - 40

if there is evidence that coaching, direction and feedback are all likely to be important in
student learning. The assessment of different ways of organizing these projects in courses
is made more complex by the use of a wide range of assessment instruments which may
not actually address the competencies in question. This paper aims to contribute to this
literature by exploring the differential impact of different approaches to organizing projects
within a traditional engineering curriculum, using a psychometrically validated and reliable
standardized assessment.

5.2.2 Methodology

Participants

Crossing the collected consents and questionnaires, 168 pre- and 47 post-questionnaires
from BA students and 32 pre- and 29 post-questionnaires from MA students were collected.
While the low number of respondents to the post questionnaire could imply biases in the
data, the comparison of the answers to the pre questionnaires of the students that answered
the post against the ones that did not, returned no statistical difference (two-sided indepen-
dent t-test, p = 0.27). As such, it may be reasonable to hypothesize that this sub-group is
representative of the wide class. In addition to the questionnaires, 253 anonymous student
feedback forms were collected from the BA students.

Answers from 51 professionals were collected through anonymous survey links sent to en-
gineering and technology companies collaborating with the university between Oct. 2019
and Jan. 2020. Based on the reported years of experience, professionals with less than 4
years of experience have been discarded (11 answers) to retain only the experienced ones.

The breakdown of participants is summarized in Table 5.1.

Instruments

The Interprofessional Project Management Questionnaire (IPMQ) was used as main quan-
titative instrument for this research. The IPMQ is a 24-item questionnaire available in two
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languages designed to assess one’s self-efficacy beliefs in five domains: (A) planning, (B) risk
assessment, (C) ethical sensitivity, (D) communication, and (E) interprofessional compe-
tence. This questionnaire was previously identified as having good factorial validity and
reliability [99]. The questions and their factors are listed in appendix in Table B.1. Each
question is evaluated with a 5-level Likert scale. The processing of the IPMQ implies the
calculation of per-factor scores (average over the questions related to the factor) and a total
score (average over all questions). After filling the questionnaire, the students received a
feedback sheet summarizing their score with instructions on how to understand it and tips
for further improving their skills. As such, the IPMQ can be considered as an educational
intervention [161].

In addition to the IPMQ, data from anonymous student feedback have been collected from
BA students. They were asked to report:

« “The 3 most important non-technical things I learned while carrying out the team
project are” (open answer)

« “The 2 biggest challenges I encountered during the realization of the team project:”
(open answer)

+ “For the [first/second] of these challenges, I learned the skills to better manage a sim-
ilar problem in the future” (two Likert questions associated to the previous question)

Research design and analysis

The students were asked to fill the IPMQ twice in a pre-post design. BA students could
fill out the pre-questionnaire from week 7 until week 10 (start of project), and the post-
questionnaire was open for answers starting after week 14 (end of project), see Figure 5.1.
Additional questions have been added to the questionnaire to have students report their
prior experience (pre) or gained experience (post). The students were asked to report the
number of projects they had worked on, the number of project management courses fol-
lowed, and the number of risk assessment courses followed. MA students were asked to
fill the pre-questionnaire between weeks 3 and 5 (project started on week 1). The post-
questionnaire was opened after the end of the project on week 17, see Figure 5.1. For the
pre/post analysis, only the answers of students that responded to both questionnaires were
considered.

Using the single questionnaire filled by professionals, a cross-sectional study comparing
pre-scores of students against professionals was performed.

The statistical difference between two sets of answers is evaluated using independent (be-
tween population) or dependent (within population) t-tests. T-tests have been shown to be
appropriate and robust for data from Likert scales even with moderate violation of normal-
ity [193]. When reporting the significance level of statistical tests, the APA star notation is
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Figure 5.2: Cross-sectional comparison of pre-scores of students and professionals per factor
and of the total score of the IPMQ. The 1.5 interquartile range (IQR) convention is used for
the whiskers and the outlier identification. In addition, the mean value of the distributions
is shown with a red triangle. Statistically significant differences between populations within
factors are shown using the star notation, see Table 5.3.

Table 5.2: Mean and standard deviation (SD) of students’ pre-scores and professionals’
scores per factor of the IPMQ.

Factor

BA (N = 168)

MA (N = 32)

Pro (N = 40)

Planning

Risk Assessment
Ethical sensitivity
Communication

Interprofessional competence

3.65(SD = 0.56)
3.34(SD = 0.61)
3.62(SD = 0.73)
3.71(SD = 0.60)
3.68 (SD = 0.59)

3.60 (SD = 0.57)
3.49(SD = 0.48)
3.84(SD = 0.61)
3.84(SD = 0.57)
3.76 (SD = 0.54)

3.87(SD = 0.62)
3.74 (SD = 0.51)
3.68(SD = 0.77)
3.75(SD = 0.50)
3.96 (SD = 0.49)

Total IPMQ Score

3.60 (SD = 0.46)

3.71(SD = 0.41)

3.80 (SD = 0.39)

used: * when p < 0.05, ** when p < 0.01 and *** when p < 0.001.

The open-ended survey questions have been analyzed using a coding approach. The code-
book has been created through two iterations, ensuring a none overlapping coding and a
common code for all questions.

5.2.3 Results

Cross-sectional view of professional skills

In a first step, the evolution of IPMQ scores across student levels to professionals is analyzed.
For this analysis, only the pre-scores of the students are considered. Figure 5.2 is a box plot
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Table 5.3: Results of the independent T-test statistical pairwise comparison between popu-
lations (BA, MA and Pro) within factors of the IPMQ with the alternative hypothesis that
scores improve from BA to Pro (one-sided tail).

BA vs MA BA vs Pro MA vs Pro

Factor T DoF  p-value ‘ T DoF p-value ‘ T DoF  p-value
Planning 0442 4308  0.6696 | -2.033 5511  *0.0234 | -1.892 68.55 *0.0314
Risk Assessment 1,567 5217  0.0616 | -4282 6833 **30e-5 | -2.118 68.12 *0.0189
Ethical sensitivity 1.833 4921 *0.0364 | -0.407 56.74 03427 | 1.038 7000  0.8485
Communication 1124 4497  0.1335 | -0.343  67.61 03663 | 0.723 62.53  0.7638
Interprofessional -0.743 4625 02305 | -3.083 6873 **0.0015 | -1.612 63.37  0.0559
COmpetence

Total IPMQ Score 1310 4723 0.0983 | 2762 67.84 **0.0037 | -0.950 64.88  0.1729

of the reported scores by population and factor and Table 5.2 reports the mean and standard
deviation values.

Looking at the average scores per factor, it can be seen that there are differences and trends
between students and professionals on the factors they are better at or worse. For students,
risk assessment has the lowest score, while communication has the highest. For profession-
als, interprofessional competence has the highest score and ethical sensitivity the lowest.

More than the ranking of factors, it is the changes within factors from Bachelor students
to professionals that are of interest. On the total IPMQ score, the mean value gradually
increases, suggesting a progression from the first years of engineering education to profes-
sional practice. A similar trend is visible on planning, risk assessment, and interprofessional
competence. Further, the lowest individual scores are within Bachelor students.

In order to confirm this trend, a statistical pairwise comparison between populations within
factors is conducted and its results are reported in Table 5.3. This analysis confirms that
there is a statistically significant increase between Bachelor students and professionals on
planning (p < 0.05), risk assessment (p < 0.001), interprofessional competence (p < 0.01),
and on the total IPMQ score (p < 0.01). There is also a significant increase between Master
students and professionals on planning (p < 0.05) and risk assessment (p < 0.05). The
difference between Bachelor and Master students is less clear. Statistically, they differ only
on ethical sensitivity (p < 0.05).

Evaluation of an in-course project

Focusing on in-course projects first, their effect on the development of professional skills
is assessed by running a pre-post comparison of IPMQ scores and by an analysis of course
evaluation survey data.

Figure 5.3 shows the pre-post score distribution for the BA courses. The effective differ-
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Figure 5.3: Box plot comparing pre/post scores of BA students per factor (mean value in-
dicated by a red triangle). Only students that answered both questionnaires are considered
(N = 47). Statistically significant differences within factors are shown using the star nota-
tion, see also Table 5.4.

Table 5.4: Mean and standard deviation, and results of the paired T-tests between pre/post
scores per factor for BA students with the alternative hypothesis that post scores are better
(one-sided tail). Only students that answered both questionnaires are considered (N = 47).

Factor Mean pre-score Mean post-score \ T p-value Cohen’sd
Planning 3.81(SD = 0.56) 3.89(SD =0.59) | -0.697  0.2445 0.136
Risk Assessment 3.40(SD = 0.67) 3.57(SD = 0.58) | -1.538  0.0654 0.280
Ethical sensitivity 3.72(SD = 0.67) 3.80(SD = 0.62) | -0.714 0.2395 0.124
Communication 3.75(SD =0.58) 3.96(SD =0.57) | -1.897 *0.0321 0.371
Interprofessional competence  3.64 (SD = 0.59) 3.85(SD = 0.51) | -2.038 *0.0237 0.379
Total IPMQ Score 3.66 (SD = 0.46) 3.81(SD = 0.45) | -1.632  0.0547 0.333

ences within factors between pre and post has been statistically assessed and the analysis is
summarized in Table 5.4, along with the mean and standard deviation for each factor.

The results show a positive trend on the total IPMQ score and a significant increase over
the course of the project on interprofessional competence (p < 0.05) and communication
(p < 0.05). However, with Cohen’s d of 0.379 and 0.371 respectively, the effect sizes lie
slightly below average for educational interventions. The other factors show no statistical
difference.

While the primary objective of in-course projects is the development of technical skills, these
projects are considered to be an important contribution to the development of professional
skills. Yet, the results suggest none or limited impact of these projects on the learning of
professional skills, even though students participated in several projects during the same
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Table 5.5: Reported prior experience and training by BA students and evolution during the
semester.

Prior to the semester During the semester
Number of projects Median = 3; IQR =3-4 Median =2; IQR =14
Courses on project management Median =0;IQR=0-1 Median =0;IQR =0
Courses on risk assessment Median = 0; IQR =0-1 Median =0;IQR =0

time frame (Median 2, IQR = 1-4, see Table 5.5). During the same time, the students also
reported that they had no additional courses addressing project management or risk assess-
ment. As a consequence, the lack of explicit instructions and guidance is hypothesized as
an important reason for the reported learning.

In complement to the IPMQ, the open-ended questions from the anonymous feedback sur-
veys were processed. Since the survey is anonymous, the answers cannot be matched with
the IPMQ, but they nevertheless offer additional insights into similar topics. The coded
items reported by students in their top 3 of important non-technical things they learned are
presented in Table 5.6, sorted by descending number of occurrences. Among the most com-
monly reported topics are communication (49), organization and coordination (46), time
management (41) and task distribution (41). Although less frequent (29), team up chal-
lenges are also reported, inline with existing literature on difficulties of students in team
projects [83]. With communication topics being reported first, the survey data are consistent
with the significant increase and medium effect size found with the IPMQ on the commu-
nication factor.

The results of the second open question on challenges that students encountered and whether
they feel they learned how to address them are reported in Table 5.7. There, the same aspects
of planning are frequently reported as important challenges and have a relatively higher
share of students disagreeing that they have learned how to address them.

Finally, inline with the learning goals of the project, mechanical engineering design method-
ology aspects are the most reported challenges, but have the highest share of students posi-
tive about their learning, confirming that the project achieves its primary goal.

Evaluation of a capstone project

Regarding the effect of capstone projects, the analysis is performed using a pre-post compar-
ison of IPMQ scores. The results of the comparison are shown in Figure 5.4. The associated
statistical tests including the mean and standard deviation are summarized in Table 5.8.
Visually, there seems to be a clear increase in the reported scores for almost all factors. Sta-
tistically, planning (p < 0.001), risk assessment (p < 0.05), interprofessional competence
(p < 0.05) and the total IPMQ score (p < 0.01) show a significant increase between the pre
and post questionnaires.
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Table 5.6: Analysis of students’ answers to the open question “The 3 most important non-
technical things I learned while carrying out the team project are:”, N=136. The table
presents only answers with more than 4 occurrences, grouped by topic with verbatim ex-
amples and ordered by decreasing frequency.

“The 3 most important non-technical things I learned while carrying out

the team project are:” # Occurrences

Communicate, share information 49
“Communication with other members of the group”, “Good discussion in the group”

Organize, coordinate, manage work 46
“Organize work”, “Coordination”

Manage time and workload 41
“Do a job with a deadline”, “Plan”, “Work regularly”

Split and distribute tasks 41
“Share work”, “Distribute tasks”

Interpersonal attitude 35
“Trust others”, “Be patient”, “Listen to others”, “Cope with others’ motivation”

Collaborate, cooperate, work in group 29
“Cooperate”, “Work together”, “Teamwork”

Team up, get along 29

“Work with unknown people”, “Get to know people”,
“Highlighting the qualities of each person is important”

Mechanical engineering design methodology 10
“Check results”, “Work specifications out”
Anticipate and solve issues 5

”

“Learn to prevent issues”, “Issues need to be addressed as soon as they occur”

The gains on the planning and risk assessment factors and on the total IPMQ score show
an effect size (d = 0.538, d = 0.453 and d = 0.465 respectively) above the 0.4 threshold,
suggesting an above average effect of the educational interventions on professional skills.

A closer analysis reveals that this is actually notably affected by a single outlier who scored
extremely low on the post test (e.g., risk assessment at 1.4). For example, if this student is
excluded, the effect size for the risk analysis factor rises from a moderate effect (d = 0.453)
to a very strong effect (d = 0.718) among educational interventions.

5.2.4 Discussion

Reverting to our research questions, we first look at our results in terms of the professional
skills’ development. In general, professional skills tend to be implicitly and not explicitly
treated as part of traditional curricula [77]. For example, project planning skills are seen as a
prerequisite for higher education (e.g., ABET), but are nevertheless only addressed in ad hoc
classes. Indeed, both BA and MA students in our study showed a significantly lower score
compared to professionals. So while, planning is required to deal with the project in class,
the students don’t seem to develop their skills through their studies in general. Further,
neither students nor professionals seem to learn certain skills, such as ethical sensitivity,
which has also been reported by Cech [17] or Tormey et al. [178]. This calls for a broadening
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Table 5.7: Analysis of students’ answers to the open question “The 2 biggest challenges I
encountered during the realization of the team project:”, combined with two Likert ques-
tions: “For the [first/second] of these challenges, I learned the skills to better manage a sim-
ilar problem in the future”. The number of students having answered all three questions is
N=110. Answers are grouped by topic, presented with examples and ordered by decreasing
number of occurrences on “Agree”. Answers with 4 occurrences or fewer are not presented.

“For the [first/second] of these
challenges, I learned the skills
to better manage a similar
problem in the future”
“The 2 biggest challenges I encountered during # Agree # Disagree
the realization of the team project:”

Mechanical engineering design methodology 68 6

“Understand the problem”, “Gearbox dimensioning”,
“Calculate the forces”

Manage time and workload 59 13
“Time management”, “Meeting deadlines”, “Work”

Split and distribute tasks 55 13
“Allocation of work”, “Split tasks”

Team up, get along 43 11

2

“Working with unknown people”, “Make sure everyone
is involved in the project”

Organize, coordinate, manage work 24 5
“Organize as a group”, “Coordination”, “Decision making”

Communicate, share information 21 3
“Intra-group communication”, “Information sharing”

Use software tools, Matlab 18 5
“Code in Matlab”, “Use Matlab”, “Use of digital tools”

Interpersonal attitude 18 4
“Trust”, “Stay calm”

Availability of teaching assistants 6 1
“Not enough assistants”, “Have access to assistants”

Collaborate, cooperate, work in group 5 1
“Work in group”

use of professional skills assessment tools as teacher reflective devices about the content of
one’s courses and as reflective devices for students to make the learning goals of projects
explicit.

There has been a growing focus on the methods - and their quality — used to assess pro-
fessional skills [31], which echoes our second question about assessment methods. In this
study, we have evaluated the use of a standardized questionnaire: the IPMQ. The usefulness
of the IPMQ as a measure of students’ learning seems confirmed by the benchmark against
experienced professionals. The latter indeed scored higher than students except in ethical
sensitivity and communication. Their relative low score on ethical sensitivity may actually
well reflect the reality of industry, where such questions are not necessarily the highest pri-
ority. Within courses, the IPMQ was able to capture different gains between in-course and
capstone projects. Students increase a bit their self-efficacy beliefs on courses where profes-
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Figure 5.4: Box plot comparing pre/post scores of MA students per factor (mean as a red
triangle). Only students that answered both questionnaires are considered (N = 29). Sta-
tistically significant differences within factors are shown using the star notation, see also
Table 5.8.

sional skills can be learned, and more when they are explicitly taught.

Yet, the IPMQ may not be sensitive to all learning. In the BA courses, students reported,
through their answers to a survey, learning coordination, time management and task split-
ting that correspond mostly to items from the planning factor of the IPMQ (define work
plan Q2, breaking work into tasks Q3 and keep track of tasks Q5) on which there was no
significant difference. This could be explained by the individual framing of IPMQ questions
whereas students see those as group activities, or they feel their learning are not sufficient
to state that “they are good at”.

While there have been recent publications discussing the characteristics of projects that
make students develop professional skills more [27, 191], these are mostly prescriptive stud-
ies. With respect to that, our data specifically suggest that:

1. A broader learning is obtained from bigger and more complex projects than from
smaller in-course projects.

2. A stronger learning is obtained when there is explicit teaching and regular formative
and summative feedback on process skills.

There are, however, a few open questions and limitations to our study. The reported gains in
self-efficacy beliefs of interprofessional competence are unexpected and cannot be related
to the settings of the projects (all students were from the same department) nor was it part
of the teaching. Since this could be due to a transfer by the students from interprofessional
to intra-group interindividual concepts, it also highlights the challenges of self-assessment.
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Table 5.8: Mean and standard deviation (SD), and results of the paired T-test statistical com-
parison of pre/post IPMQ scores per factor for MA students with the alternative hypothesis
that post scores are better (one-sided tail). Only students that answered both questionnaires
are considered (N = 29).

Factor pre post \ T p-value Cohen’sd
Planning 3.59(SD =0.60) 3.90(SD = 0.58) | -3.622 ***(.0006 0.538
Risk Assessment 3.48(SD = 0.50) 3.75(SD = 0.66) | -1.817 *0.0400 0.453
Ethical sensitivity 3.85(SD = 0.63) 4.01(SD = 0.70) | -1.330 0.0971 0.234
Communication 3.78(SD = 0.56) 3.96(SD = 0.58) | -1.682 0.0518 0.312
Interprofessional competence  3.74 (SD = 0.56) 3.95(SD = 0.64) | -2.030 *0.0260 0.347
Total IPMQ Score 3.69(SD = 0.43) 3.91(SD = 0.54) \ -2.583 **0.0077 0.465

Indeed, while self-efficacy beliefs have been shown to correlate with performance [203], it is
still unknown if this correlation stands for professional skills. The use of objective measures
would limit this issue, but objective measures of performance in these domains that can
standardize across disciplines and courses still need to be developed. Further, while Likert
scale based self-assessment tools are simple to apply and score, motivating large classes to
participate remains a challenge of its own and certainly even more if the questionnaires are
not well aligned with the explicit learning objectives of courses.

5.2.5 Concluding remarks

While the results suggest that even in in-course projects student develop their communi-
cation and interprofessional skills, capstone projects seem to support a broader set of skills
and a deeper development, in particular of risk assessment and planning skills. However,
the results also highlight the remaining gap with respect to professionals, emphasizing the
need for greater practice through the curriculum.

In terms of tool, the IPMQ proved to be capable of measuring differences in pre-post assess-
ments. The collection, scoring, and report generation for student feedback can be highly
automated, making it practical to assess in a standardized way the self-efficacy beliefs of
many students. The challenge remains, however, the participation of the students in larger
classes. The other shortcomings of the questionnaire are the lack of context specific aspects,
highlighted by the students, including team-up and team organization issues.

Professional skills are gaining importance for future engineers and need to be included in
modern curricula. However, simply replacing traditional classes by projects and implicitly
expecting students to develop such skills without explicit teaching and adequate feedback is
not supported by our data. Broad and strong learning can be achieved by explicitly including
profession skills in the instructions and by providing multiple feedback loops. Such changes
are possible today, without whole curriculum redesign, and should help better prepare the
engineers of the 21% century.
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Figure 5.5: Overview of the models accessible to the students in each phase.

5.3 Use of machine intelligence by novice engineers

In this section, the consequences of the use of machine intelligence by novice engineers are
investigated by observing its impact on the obtained designs and on the design process. The
goals are to clarify the challenges faced by students, while also demonstrating the effective-
ness of the automated design tool.

In the following, the study design is presented along with the Online MODelling platform
(OMOD), through which students perform simulation requests. Then, the data analysis
approach is detailed. Finally, the results are exposed by focusing first on the differences in
terms of obtained actuators from the use of the automated tool, and second, on the processes
applied by students.

5.3.1 Study design

In addition to more pronounced professional skills, modern engineers also need to be trained
to interact and to take advantage of the growing machine intelligence tools. In order to
gather evidence about these questions, the students of the MA design class have been given
the task to design an electro-mechanical actuator for automotive HVAC flap control. The
specifications given to the students are the same as an existing product and are summarized
in Table 5.9.

The 33 students formed nine groups of three to four. They repeated the design task twice:
once following a traditional approach and once using the developed automated design tool.
Atthe end of each phase, each group submits one report—report 2 and report 3 respectively—
which presents the design of their actuator, including detailed information and drawings.
The students are given access to different models, see Figure 5.5, through a web app named
OMOD, which also allows data collection. The platform is described in more details in Sec-
tion 5.3.2.
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Table 5.9: Relevant specifications for the actuator to be designed.

Min Nominal Max

Output specifications

Cl1  Operating temperature -40 25 80 °C
C2  Voltage supply 9 14 16 v
C3  Operating torque (3rpm) 0.4 06 Nm
Fatigue 10000 cycles at —40°C

50000 cycles at 25°C

20000 cycles at 40 °C

10000 cycles at 80 °C

C4  Holding torque 1.21 Nm
Fatigue 1000 cycles at —40°C

5000 cycles at 25°C

2000 cycles at 40 °C

1000 cycles at 80 °C

C5  Efficiency 60 %
C6  Motor drive 0.5 A
C7  Minimal resolution 6400 steps/rev

Manufacturing / Assembly

C8  Allowed processes Plastic injection for gears
(given list of materials)
C9  Single component Consecutive pinion and wheel
are injected as a single part
C10 Stepper motors Chosen based on given list
Coil Fill factor 0.5 1.2 -
Resistance scaling 0.5 1.2 -
Cl11 Assembly Components are inserted se-
quentially in housing following
the z (height) axis
C12 Axislocations Axis supports should be part of
housing

System level

C13 Housing dimensions 46 mm X 79 mm X 24 mm
C14 Cost To be minimized

In the traditional design phase, students only had access to component models from the au-
tomated design tool and had to rely on their own tools and skills in particular for the system
integration steps. This phase is considered “traditional”, since it corresponds to the most
common state in many industries: numerical models are available for specific components
and team work following a segregated approach. While, there was no rule that prohibited
the use of optimization techniques, the setting made it difficult in the allotted time. In the
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automated design phase starting W10, students were given access to the actuator and the
optimization module, and thus to the whole automated design tool.

In order to support students, a one hour lecture is given on week 2 to present OMOD, a
two-hour lecture on week 9 to introduce the principles of automated design, and another
two-hour lecture on week 10 to present the automated design tool in OMOD.

5.3.2 OMOD - User interface

The automated design tool and its models is made available through OMOD, which is a
web interface built using the Python web framework: tornado’. It allows students to access
complex software through a modern web browser requiring only a computer with internet
connection. The web interface allows students to:

1. start new calculations—called ‘evaluation’—of one of the four available models, see
Figure 5.5;

2. visualize the results of previous evaluations;
3. download the data related to an evaluation for offline processing.

Each student from the course is granted individual access—managed through the school’s
central identity provider service—but each member of a group can view the results from
evaluations of the other group members.

The general architecture of OMOD isillustrated in Figure 5.6. OMOD is coupled to a database
to store the evaluation requests and their results, and acts as an intermediary between the
students and the actual automated design code. Through a queue, it can dispatch calcula-
tions to “workers” and results become available when processing is completed. The results
are shown as tabular data, interactive plots generated by bokeh? [11], and 3-D meshes using
three.js* [32] depending on the type of evaluation.

To start motor or gear-pair evaluations, students fill out an online form asking for the pa-
rameters and operating conditions of the respective models. Due to the large number of
parameters, actuator simulations and optimizations are started by submitting “job files”.
An example for each type has been provided to the students, and is shown in Appendix C.
While this interface does not allow students to define arbitrary objectives and constraints, a
generic function has been set up and can be customized through these job files. With over
30 variables to choose from to define the objectives (from two to three) and constraints, stu-
dents can activate almost all options—available in 2018—of the integrated model. Some of
these variables have even been added following specific requests by students. Students can

Thttps://www.tornadoweb.org
“https://bokeh.org
Shttps://threejs.org
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Figure 5.6: General architecture overview of the OMOD interface.

also configure the population size and the optimization budget—limited to 150 000 solution
evaluations. Regarding the results, all available outputs from the models are returned—
geometrical, kinematic, mechanical strength, system-level, and so on. For the optimiza-
tions, the results include graphs representing the convergence process (minimum and max-
imum CVvalues and hypervolume evolution), the Pareto front, a parallel coordinate plot and
a table for the decision variables, and the meshes of all actuators. The data can be down-
loaded as JSON or CSV files for tabular results, interactive HTML for plots and Wavefront
OBIJ for meshes.

OMOD and its workers run on a single server featuring an Intel Xeon E5-1650 v4 (6 cores, 3.6
GHz)with 64 GB of RAM. There are two workers running in parallel to process all evaluation
requests from the groups. A third worker was set up during the automated design phase to
process all non-optimization requests to ensure small jobs would not get queued for hours.
For the optimization, each worker can use up to 3 cores to evaluate the solutions in parallel.
NSGA-II with adaptive search operators—the same as presented in Section 2.4—and the
e-constrained method (4 = 0.5,¢, = 5,y = 0.5)* are used for the optimization.

5.3.3 Approach to the analysis of data

The analysis aims at investigating the changes in the design and also in the process followed
by students during the two phases. The collected data for this purpose includes for each
group: (i) three reports (R1, R2, and R3), (ii) the stored evaluations in OMOD, and (iii) the
self-reported time sheets. Most analyses are performed at the group level where each group
is identified by a group ID (GID).

The selected design for each group in each phase is extracted manually from their reports
and converted into an actuator definition understandable by the automated design. The
performance metrics of the actuators are evaluated using the same ‘actuator’ module that
was available to students, but a unified set of operating points is used, see Table 5.10. This

4The better constraint handling strategy cEpsilon was not ready back then.
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Table 5.10: Most critical operating points based on Table 5.9 used to evaluate the actuators
and assess their performance.

Output Taesirea  Temp. # cycles

0.314rads™! 04Nm —40°C 10000 9V 0.5A running
0.314rads™® 04Nm  25°C 50000 9V 0.5A running
0.314rads™? 04Nm  40°C 20000 9V 0.5A running
0.314rads™! 04Nm  80°C 10000 9V 0.5A  running

0.0056rad 1.21Nm —40°C 1000 9V 0.5A holding
0.0056rad 1.21Nm 25°C 5000 9V 0.5A holding
0.0056rad 1.21Nm 40°C 2000 9V 0S5A holding
0.0056rad 1.21Nm 80°C 1000 9V 0.5A holding

o~
~

max  Condition

ensures that all solutions are evaluated on equal foot and that the actuators fulfill the min-
imum requirements from the specifications. For comparison purposes, the same process is
applied to the existing industrial product. Relative performance metrics are calculated by
normalizing the value with the ones obtained by the industrial design.

Another preprocessing step is a similarity analysis between the selected designs of each
group and the components and actuators that have been simulated in OMOD. Two motors
or gear pairs are considered similar if their decision variables are each within a 1 x 107°
absolute or 1 X 10~* relative tolerance. The similarity of two optimizations is calculated, if
the searched actuator configuration is the same, by counting the number of entries of the
definition file that are equal. Finally, the similarity of two actuators is calculated, for actu-
ators sharing the same configuration, by counting the number of design variables that are
within 1 x 1073 absolute tolerance of each other. These similarity scores also allow linking
actuator simulations and optimizations.

Finally, the different optimizations are classified into one of these eight categories (first fit):
1. Example if 80% or more similar to the example file;
2. Error if the definition contains unknown variables (mostly typo errors);

3. Test if the optimization budget is smaller than 10000 or the configuration only in-
cludes two gear stages;

4. Badly defined when a constraint or an objective is incorrectly configured (e.g., min-
imizing compactness or requiring the resolution to be smaller than 6400);

5. Missing constraint when constraints related to the specifications or the chosen ob-
jectives are missing (e.g., impose a minimum torque excess unless it is an optimization
objective);

6. Invalid OP when there are no 9V supply condition or the total number of cycles is
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Figure 5.7: Comparison of the proposed actuators based on selected motor, number of stages
and the use of multiple materials for the gears.

lower than 99 000 cycles for the chosen operating points;
7. Constrained if the optimization did not find any feasible solution;
8. OK otherwise.

In addition to this categorization, the sequences of optimization submissions is considered
with the aim to identify batched submissions. In sequential submission, students submit an
optimization, wait for the results, and submit a follow-up optimization based on the previ-
ous outcomes. In contrast, batched submissions are series of optimizations submitted by a
group within a short time and that run in parallel, prohibiting feedback between the opti-
mizations of the batch. Unfortunately, the dataset does not allow knowing precisely when
an evaluation was completed. However, the chosen optimization budget allows estimating
a lower bound for the computation time. Optimizations that are started before this estimate
from the previous submission and at the latest within 15 min are considered to form a batch.

5.3.4 Impact on the selected products

Results

Starting with a high-level comparison, Figure 5.7 displays all the actuators from the students
grouped by selected motor, number of stages and whether a single polymer is used for all
gears. In the traditional approach, actuators have 4 or 5 gear stages and diverse motors, but
about half are restricted to a single material. The actuators selected during the automated
design phase use motor F only, have mostly 4 stages with a single 3-stage actuator and are
composed of more different materials.

Moving to the quantitative analysis, Figure 5.8(A) shows paired plots comparing the ac-
tuators from the traditional to the automated phase based on four metrics related to the
specifications. Looking at the torque excess, the security factor to gear tooth bending and
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Figure 5.8: Paired plots comparing actuators between the two phases based on (A) speci-
fications and (B) performance objectives. All individual solutions are represented as dots
and colored in green and red to indicate an increase or a decrease from the traditional to
the automated design respectively. Grayed zones indicate specification violation zones. The
industrial product is shown as an olive point.

the fatigue margin, it appears that with the automated design tool, students have chosen so-
lutions closer to the specifications, thus avoiding unnecessary overdesign. For the first two
metrics, one also sees a reduction in the inter-group variability. On the contrary, a broader
spectrum of resolutions—linked to the transmission ratio—is achieved by actuators from
the automated design phase. In terms of objective metrics, Figure 5.8(B) shows paired plots
for cost and three volume-based metrics. Seven out of nine groups have been able to reduce
cost by using the automated design tool, while two groups have actuators with similar cost.
The reduction of cost can be related to an important reduction of volume, an increase of
compactness—fraction of useful volume in total volume—and a decrease of housing sur-
face. With narrower margins to the specifications, the inter-group variability of cost and
volume is similarly decreased. Overall, both figures suggest a more efficient use of material
and volume in actuators originating from the automated design phase.

Figure 5.9 compares all actuators using two volume metrics against cost and further high-
lights that most groups were able to improve their product on multiple aspects simultane-
ously using the automated design suite. In addition, seven designs Pareto dominate the
industrial product on cost and compactness, four of which also dominate it on volume. Fig-
ure 5.9 also highlights the diversity of the obtained designs.

It is worthwhile noting, however, that not all actuators respect the requested specifications.
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Figure 5.9: Biobjective comparison of the actuators where colors represent each group (GID)
and marker styles each phase.

Violated specification Traditional Automated
Gear quality (gliding speed) 8 4
Min. torque & stresses 4 6

Packaging (assembly, collisions) 2, 7,9 -

Table 5.11: GID of the groups whose design violates certain specifications.

This is the case of five traditional designs and 2 automated designs. Table 5.11 summarizes
the violations. The number of issues with packaging is surprising since two of the three
groups have chosen the simpler step-like stacking of gears—each gear pair is put on top
of the previous one. While automated design did not help resolve all issues, even if it can
handle them, it did eliminate packaging related issues.

Improvements in packaging are, however, not the only reason for better use of space. Fig-
ure 5.10 shows the diameters of pinion and wheel, and the thickness of the gears per stage.
Compared to the gears designed by the students, the automated design tool suggested:

1. more differentiated wheels depending on the stage;
2. smaller pinions across all stages;

3. thinner gears up until the output stage.

In addition, the diameters of the pinions and wheels selected by the automated tool are
closer to those of the industry product. The reduction in pinion size is possible, because
contrary to most student groups, the automated design tool leverages the profile shifts of
the gears to use pinions with down to nine teeth. Indeed, five out of nine groups have used
a single pair of profile shifts for all stages, three of which have not even followed the recom-

125



Chapter 5. Educating Future Engineers

=
w
W

124
5 e
35 104 2
g £ 251
= <
5 8 S )
£ 6 320
bE" * § 15 [ Traditional
4 I Automated
. 10—, : , :
dis o, drn dr3 dra > 5

=)
f

[=))
L

=

>

Gear thickness (mm)
(38 £

g Fg
by b by by bs

Figure 5.10: Comparison of three gear parameters by stages between traditional and auto-

mated design. Individual points are represented by dots. Since not all designs have the same

number of stages, the number of points varies by stage. The parameters of the gears of the
industrial product are shown in olive.

mended long and short addendum—or “V-Null”—rule [128], suggesting that the students
were not familiar enough with the concept of profile shift. In such conditions, it is difficult
to design pinions with less than 16 teeth.

Discussion

Considering the products, the use of an automated design tool has enabled students to find
designs that are less overdesigned and that make better use of the material and available
space. The obtained actuators are also closer to the industrial product in terms of selected
motor and gear design, which is not necessarily a surprise since the tool has been developed
for that purpose. Particularly striking however, is that some groups have been able to suggest
actuators that outperform the industrial product on several metrics simultaneously.

While purely in terms of performance, the actuators designed by students during the tra-
ditional phase are fully competitive, the fact that a majority violates the required specifica-
tions highlights the difficulty of this design task. Indeed, the design of a 4-stage actuator
is a coupled parameter design problem with 35 variables requiring system-level awareness,
something humans are known to struggle with [199]. The typical trial-and-error approached
followed by novice engineers [3] due to their lack of domain knowledge [19] is in such cases
very time-consuming. The selection of the motor and the gearbox are interdependent and
have a significant influence on the packaging. Further, several specifications concern the
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whole system, which thus needs to be completely defined in order for these specifications
to be assessed.

It is therefore interesting to look at the strategies used by the students and their effects on
the product. In the traditional segregated design approach, one would typically decouple
the motor from the gearbox by choosing a priori the transmission ratio of the gearbox. The
minimum angular output resolution sets, with that respect, a lower threshold on the trans-
mission ratio and most students (7/9 groups) seem to have followed this path, leading to
actuators all very close to the required resolution. In addition, the following simplifications
made by the students are visible in their design:

1. Limited pinion designs (one or two different numbers of teeth), and large and safe
number of teeth which avoids the need to use profile shifts;

2. “Constant” wheel sizes across stages, allowing easier packaging;
3. Restricted choice of materials (5/9 use a single material);

4. “Step-like” gear layout.

Most simplifications hinder however to find a truly optimal design and certain design deci-
sions can seem counter-intuitive. This explains the large conceptual changes in the actua-
tors recommended by the students from one approach to the other. As an example, choosing
the smallest allowed output resolution might seem to be an adequate decision when trying
to obtain smaller systems. The actuators obtained through optimization are more compact,
while having a greater output resolution, providing a counter-example to this intuition.

5.3.5 Understanding the process

The traces left by the students in OMOD offer more information than just a snapshot of
the final product. They suggest the design path taken by them and this section analyzes
and discusses what the logged evaluations can tell and what not. To get a first sense of the
amount of work done by the students, Table 5.12 summarizes the number of requests made
by each student. With a total of 4792 requests in the first phase and 1218 requests in the
second one—of which 686 are optimizations—it seems clear that the platform has been
extensively used.

Traditional design phase

The numbers in Table 5.12 seem to confirm a decoupling between motor and gears, since in
most groups, students seem to have simulated either one or the other. Additionally, the stu-
dents seem to have put, comparatively, more efforts into numerically exploring the motors
than the gears. Indeed, excluding group 8 which accounts for 60% of the evaluated gears,
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Table 5.12: Number of unique simulations by available model per student.

GID UID Motor Gears Actuators Optimizations

1 5 16 87 116 18
10 20 7 18 3
30 16 6 3 1
2 1 0 114 23 36
8 106 0 5 62
11 38 0 0 53
31 1 73 0 51
3 12 21 130 1 23
24 31 12 4 7
25 11 117 57 22
27 10 33 0 0
4 6 0 29 0 3
17 8 100 11 10
23 65 0 0 7
5 3 10 131 5 6
4 52 8 9 25
15 64 46 65 48
16 15 0 2 13
6 2 0 81 22 14
13 0 0 0 0
18 64 69 6 64
7 21 29 68 21 55
22 15 82 6 5
26 2 100 12 30
33 0 58 0 53
8 7 1 3 0 0
9 6 0 26 15
19 16 46 67 33
29 11 2275 0 0
9 14 68 0 34 27
20 101 0 16 2
28 79 122 2 0
32 119 0 1 0
Total 995 3797 532 686
Average 30 115 16 21
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there are 961 motor against 1473 gear simulations, whereas in terms of complexity, there are
three variables for motors against eight per gear stage. Nevertheless, all groups seem to have
followed a data-driven exploration approach. Indeed, a singular value decomposition—also
called generalized eigendecomposition—of the matrix with all the simulated variants re-
turns a full or almost full rank for all groups, suggesting that the influence of each variable
has been evaluated to some level.

Figure 5.11 shows the spread in time of the requests for motor and gear simulations during
the traditional design phase. It highlights the different approaches followed by each group.
The following trends can be noted:

1. The decoupling between motor and gearbox is also temporal for many groups.
2. Most groups started by exploring the motor (7 of 9 groups).

3. On average students spent less time on gears (20d 7.56 h, SD 15d 6.7 h) than on the
motor (37d 7.36 h, SD 13d 19.1 h).

4. Groups 4, 6 and 8 did not simulate all selected stages—group 9 uses the same gear
design for all stages.

Within the gearbox, some groups seem to go from the motor to the output, e.g., group 2 or 3,
while others go the other way around, e.g., group 6. Overall, however, it is difficult to offer
conclusive statements, since it is not possible to know whether a component simulation is
part of a general search process or the result of directed refinement. Especially for the gears,
since some calculations could have happened outside the platform, it is difficult to interpret
the intentions of the students.

Besides, an analysis trying to identify the stage to which each gear simulation belonged was
not successful. In fact, the analysis revealed numerous inconsistencies in the defined input
speed, torque, and number of fatigue cycles that hinder the classification of the simulations
with sufficient confidence.

Studying the chosen operating points for their simulations also reveals that three groups (5,
8, and 9) have not performed, in the platform, the required simulations to ensure their gears
fulfill the specifications. Three groups (4, 6, and 8) have not simulated the performance of
their chosen motor in worst-case conditions (9 V supply and extreme temperatures). Lack
of validation does not, however, imply that the actuators do not meet the specifications.
Indeed, only group 4 ended up having too little torque and failing the fatigue specifications—
although this group performed the simulations confirming they would not pass fatigue.

To summarize, students executed numerous simulations certainly as a way to understand
how the models they were given worked. In particular, the comparatively large number of
simulations and the longer duration of the search for the motor—which is not the primary
domain of mechanical engineering students—are inline with the findings of trial-and-error
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Figure 5.11: Heat map of the number of simulations per day and per group. The shown
time window starts from the start of OMOD to report 2. The colorbars are cropped at the
98 (A) and 99" (B) percentiles. The ticks of the x-axis correspond to the days on which
the weekly lectures or meetings were scheduled. The blue and red bars indicate for each
group the start and the end of the search process, meaning that there are more than 4 (A)
or 5 (B) consecutive simulations with less than an hour in between each. (A) displays the
motor simulations, and for each group distinguishes between the simulations of the same
motor kind “S” and the others “O”. The orange dots show the first time the exact motor
configuration selected in report 2 is evaluated. (B) displays the gear simulations. The colored
dots show the first time a stage of the actuator of report 2 is simulated.
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Table 5.13: Number of optimizations by category (see Section 5.3.3).

GID Ex. Error Test Badlydef. Missingc. Invalid OP Constrained OK

1 3 1 4 10 0 4 0 0
2 5 2 68 6 59 17 7 41
3 2 3 15 32 0 0 0 0
4 1 0 8 0 8 0 0 3
5 1 10 55 11 10 0 1 5
6 5 0 26 45 3 5 2 0
7 1 1 107 7 0 0 6 31
8 12 0 9 11 3 16 1 0
9 2 2 11 0 0 0 0 15
Total 32 19 303 122 83 42 17 95

approaches by novice engineers [3]. These results also echo the findings that the use of
prototypes—and numerical models can be seen as virtual prototypes—by novice engineers
is often unintentional [43]. Under such conditions, it is difficult to “optimize” solutions
within the allotted time.

Automated design phase

The start of the automated design phases means students get their hands on an integrated
model for actuators and an optimization module. Based on the categorization method, Ta-
ble 5.13 lists the number of optimizations by category performed by each group. Overall,
the largest share of optimizations falls into the test category. Since the computational re-
sources were limited, students had been asked to perform optimizations with little budget
until they were more confident about their configurations. It also appears that all groups
have run at least once the example file. Then, depending on the groups, different behaviors
and approaches can be seen: few, but mostly well-configured optimizations—e.g., group 9
with 50% OK—many tests like group 5 or 7, and everything in between. Group 3 did not
perform any simulation past the badly defined category, and groups 1, 6, and 8 have no opti-
mization using the worst-case operating points. Translated in terms of total computational
budget, the groups have evaluated for all their optimizations between 527 000 and 7 392 520
solutions.

In terms of evolution, Figure 5.12 shows a heat map of the number of optimizations per-
formed by each group per number of stages. The map shows that most groups started their
optimizations about a week after the beginning of the second phase and stopped few days
before their final oral presentation. Two groups performed additional optimizations into
the Christmas break (W15 and W16). On average, students spent only 20d 15.8h (SD 7d
14.1 h) on optimizations, but as for the traditional design phase, there are various behaviors.
As had been recommended by the teachers, six groups have rapidly implemented their actu-
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Figure 5.12: Heat map of the number of submitted optimizations per day, per group and per
number of gear stages (showing only > 3). The shown time window spans the automated
design phase. The oral presentation is shown as a brown bar. The colorbar is cropped at
the 98™ percentiles. The ticks of the x-axis correspond to the days on which the weekly
lectures or meetings were scheduled. The blue and red bars mark the first and last day
when optimizations that are not the provided example are executed. The orange dots show
when the optimization from which the final design stems is performed. The pink dots and
diamonds show when the actuator in or the closest to report 3 has been simulated in the
actuator module (first appearance). The green and purple dots indicate when the actuator
of report 2 and the first actuator linked to an optimization has been simulated in the actuator
module.

ator from report 2 into OMOD to help them understand the way the integrated model works.
In addition, five groups have started to test obtained actuators in the actuator module early
in their exploration process.

Another interesting way to look at this mass of optimizations is to count the number of dif-
ferent inputs the students gave for the various settings, see Table 5.14. The numbers high-
light the exploratory behavior followed by most groups. Specifically, students have investi-
gated many objective combinations, constraints, but also, more surprisingly, many search
bounds for the gears. There are not many settings that students have not tried to change.
Table 5.15 shows the number of times optimization with the same set of settings—excluding
optimization configuration like the budget or the bounds—have been performed, which fur-
ther confirms the significant exploration effort done by students. Most optimization config-
urations have been run only once and few have been run more times, probably to try longer
optimizations or to adjust the number of stages searched for.
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Table 5.14: Number of different settings evaluated by students in their optimizations, ex-

cluding example optimizations.

GID #stages OPset Objectives Constraints Motor bounds Gear bounds
1 2 6 5 11 3 4
2 3 15 44 60 9 31
3 3 4 11 18 4 13
4 2 2 7 10 1 4
5 4 9 40 43 8 18
6 2 3 25 24 8 5
7 5 5 31 21 11 9
8 5 3 16 18 8 11
9 2 3 9 18 5 4

Table 5.15: Number of times similar optimizations—differing solely in terms of optimiza-

tion settings (budget or search bounds)—have been performed.

GID 1 2 3 4 2>5
1 14 2 0 1 0
2 72 40 11 2 1
3 20 7 0 1 2
4 13 2 1 0 0
5 70 3 1 1 2
6 39 10 3 3 1
7 40 12 8 4 6
8 23 7 5 0 0
9 18 6 0 O 0
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Considering the class as a whole, Figures 5.13(A) and (B) show two patterns that develop
over time. Figure 5.13(A) distinguishes between batched and non-batched optimizations
and shows that while mostly absent initially, batched optimizations are gradually increas-
ing until they become dominant in the last week before the oral presentation. Once one
knows how to use the automated design tool, batched submissions are the most effective to
evaluate multiple different possible designs. Figure 5.13(B) considers the similarity to the
example and shows how the submission by the students gradually diverge from it. It seems
students have performed numerous small steps away from the example to experiment with
their effects until they found the settings they thought were most appropriate. Figure 5.13(C)
shows the validity with respect to the specifications of the simulated actuators originating
from an optimization. While at first, no valid actuator was simulated, the quality of the ob-
tained actuators seems to increase. The search for valid actuators peeks following the last
course and seems to suggest a certain learning process.

However, Figure 5.13(C) also shows that throughout the automated design phase, there are
an approximately constant amount of simulated actuators that do not produce sufficient
torque for the application. They represent 40% of the simulated actuators and the lack of
torque is the violation in 75% of the cases. It seems peculiar that students did not correct
their optimizations and it is questionable whether the students did realize this problem.
Looking at the set of operating points for these actuators reveals that their performance are
mostly verified at 12V or higher. Compared to the other actuators (N = 182), the actuators
lacking torque (N = 130) have been simulated with a significantly lower running torque
requirement (p < 0.001, two-sided Mann-Whitney U test [119]) and a significantly higher
supply voltage (p < 0.001, two-sided Mann-Whitney U test). This difference in the chosen
supply voltage for the operating points can also be traced back to the linked optimizations
(p < 0.001, two-sided Mann-Whitney U test). Thus, the incorrect identification of the worst-
case conditions to guarantee the specifications is the key reason behind invalid actuators.
The results also suggest students might not have been aware of it, and the teachers missed
pointing this out.

Nonetheless, there has been a total of 138 valid actuators simulated by the students. Fig-
ure 5.14 displays them in a relative cost and relative volume map, and reveals the great
diversity of the solutions found by the students. In particular, an impressive 49 actuators
are below the (1, 1) threshold, meaning they outperform the existing industrial product on
both metrics. Yet, not all groups have contributed to these solutions, and groups 7 and 9
account for 43 of those solutions.

The relations between the optimizations from which the selected designs have been chosen
and the products described in report 3 are shown in Table 5.16. Considering the optimiza-
tions, most groups have restricted themselves to biobjective optimizations and all groups
haven chosen to minimize cost along with a volume-related metric. The chosen optimiza-
tions fall into the OK (4x), invalid OP (3x) and missing constraint (2x) categories. The in-
valid actuators are related to a missing constraint and an invalid OP optimization. Yet, not
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Figure 5.13: Per day view between the start of the automated design phase and the final
presentation. (A) Number of optimizations separated based on their inclusion in a batch.
The daily means for each week are shown as a solid line. (B) Number of optimizations
colored by the number of attributes (e.g., chosen objective combinations or constraints) they
share with the given example file. (C) Number of actuator simulations originating from an
optimization colored depending on how they respect the specifications.
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Table 5.16: Overview of the optimizations from which the actuators in report 3 have been
chosen and the differences.

GID Objectives Budget Opt. category Differences to opt. Simulated R3 Valid

1 Min. cost 60000 Invalid OP d;,d, Yes Yes
Min. assembly steps

2 Min. cost 48000 OK Exact Yes Yes

Max. safety factor
Min. volume

3 Min. cost 150000 Missing constraint FF, Ry, d1,ds, ds, dy No Yes
Min. volume

4 Min. cost 100000 Missing constraint Exact No No
Min. thickness

5 Min. cost 150000 OK d,,d,,d; No Yes

Max. compactness
Min. volumne

6 Min. cost 148000 Invalid OP dy,dy,ds,ds, V3 No No
Max. compactness

7 Min. cost 144000 OK d,,d,,ds,d, No Yes
Min. volume

8 Min. cost 150000 Invalid OP Rgcates V15 V4 bas b3y by Yes Yes
Max. safety factor

9 Min. cost 50000 OK Exact Yes Yes
Min. length

Min. thickness

all actuators selected from such optimizations are invalid and adjustments made by stu-
dents of group 3 and 8, for example, have allowed their design to pass the specifications.
In fact, a majority of groups have decided to manually adjust—beyond simple rounding—
the optimized design, mostly to increase inter-component spacing. As a matter of fact, the
automated design tool available to the students could return unrealistically small spacing
(< 1um). However, only two out of six groups investigated the impact of their changes on
the predicted quality, as seen by model. Finally, there is no correlation between the cost of
the actuator and the budget of the associated optimization, e.g., group 9 has the lowest cost
and the second lowest budget.

5.3.6 Discussion

In general, students have proven to be remarkably curious and dedicated to mastering the
various tools. Not yet conditioned by experience and fearful of a trial-and-error approach,
students have tried to understand the mechanics behind all modules following a black-box-
like exploration. In the context of automated design tools, where structured processes and
guidelines are not established [153, 190], this approach has allowed them to learn and apply
a novel tool and method unknown to them within on average 20d 15.8h (SD 7d 14.1h).
Doing so, they were able to suggest actuators that were better than the ones that they worked
on for an average 42d 1.56 h (SD 7d 8.07 h), and even better than the industrial product this
application is based on. As an extension, they confirmed the validity and usefulness of the

136



5.3 Use of machine intelligence by novice engineers

I Strongly agree Agree No opinion Disagree I Strongly disagree
I have found the comparison between the traditional and the automated design process useful.
I have learned how to use an A.L.-based tool to support the design process.
I am confident that I will be able to use other automated design tools in future projects.
_ 66.7% 3.3% 6.7%
I think that this experience with an A.L.-based design tool is valuable for my profile.
0 5 10 15 20 25 30

Figure 5.15: Anonymous student feedback for the MA course (N = 30).

developed automated design framework.

The integrated model is essential to tackle system design and allowed students to reduce
the packaging-related violations of their design. It offers a real support to better include
system-level constraints, a challenge for most humans [199]. It did, however, not help to
address other violations, among which the lack of torque. This could be related to an erro-
neous identification of the operating points to input. While some misconfigurations could
and should be automatically detected—it might have saved the students time if they had
received a warning about all the badly defined optimizations—not all can be inferred by
the tool. Human engineers still have to translate customer requirements into engineering
specifications, and then into “computer specifications”, a challenge common to many engi-
neering software. This clearly suggests that stronger problem analysis and computational
thinking skills should be promoted in engineering education.

When thinking of artificial intelligence, people often associate it with expensive computer
hardware requirements. While “Big Data” approaches often need large infrastructure,s some
automated design tools, such as the one used here, do not necessarily need such investments.
OMOD and its workers were running on a single 6-core machine that could handle the work-
load of nine teams. Including queuing and optimization time, most results were available
within 1.46 h (excluding example and test optimizations, IQR [0.33 h,4.19 h]), which is rea-
sonable for the obtained advantages.

Finally, out of all these technical considerations, the feedback of students regarding the
course they attended is shown in Figure 5.15. Overall, the students were extremely satis-
fied by the content of the course, and they mostly feel they learned from the experience.
In particular, they think they will be able to use this experience in their future occupation,
although given the answers, it seems they don’t know yet how this transfer will exactly hap-
pen. Here, while this only reflects the students’ beliefs, a similar question remains if the
demonstrated correlation between self-efficacy beliefs and performance [203] holds and if
this will indeed promote the use of machine intelligence driven engineering tool in industry.
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Limitations

The decision to perform the study in real conditions and in a teaching setting conditions
the study design. The size of the studied population may be limited but corresponds to
the traditional size of this class. The behavior of students is not predictable and is subject
to external and unknown disturbances and motivations. For example, the collected time
sheets show large deviations in the reported time worked on the project: [59.5,272.25] h,
and with the data at hand, it is impossible to explain whether these differences are real or
not. Yet, this setting makes it realistic, because much of this also happens in industry, even
if not many would admit it.

Despite the best intentions, this study design cannot answer all questions. Many students
argue, for example, that having performed the design task by hand help them learn the au-
tomated design tool. In addition, the developed platform did not gather data on the interac-
tions of the students with the results or ask students to state their intention when submitting
evaluations. These are many important points to investigate to further develop the use and
the education of machine intelligence in mechanical engineering.

5.4 Concluding Remarks

In this chapter, the results from two different investigations performed with students have
been reported. They yield valuable outcomes regarding the education of future engineers,
as well as the development of design automation tools.

In terms of skills, the results suggest that students can develop their professional skills
through projects, but that appropriate support and feedback are needed to strengthen their
learning, like for any other skill. Further, the results show that when technical computa-
tions are handed over to computers, the importance of problem-solving and computational-
thinking skills becomes more apparent. Indeed, the inappropriate selection of the operating
points in the tool was related to the generation of invalid designs. So, educating future en-
gineers also means highlighting to students those challenges.

Through their use of the automated design tool, students were able to:

1. propose more qualitative designs, both in terms of performance metrics—e.g., cost or
volume—and specification violations;

2. get rid off packaging errors;

3. simulate 49 actuators that outperform the existing industrial product in terms of cost
and volume;

4. investigate several trade-offs.
Furthermore, they did all of this on average in just over 20 days, including learning time.
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5.4 Concluding Remarks

Given that students also had other courses in parallel, this performance is certainly un-
precedented for novice engineers. With most optimization results available within 1.46 h,
students could experience the fast iterations and decision-making loops envisioned in the
introduction of this work in Figure 1.3.
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Et maintenant,

Maitre, c’est moi qui te convie

A vider cette coupe ou fume en bouillonnant
Non plus la mort, non plus le poison; mais la vie!

Méphistophélés (Faust, C. Gounod)

Conclusion

ESIGN AUTOMATION is a central concept to tackle the design of complex me-
chanical systems. Within the framework of the design of electro-mechanical
actuators, three important ingredients were investigated: integrated modelling,
efficient constrained multiobjective optimization, and future-looking educa-

tion of engineers. Through this work, like pieces of a puzzle, as the shortcomings are ad-
dressed, these ingredients come together to build an effective automated design tool.

6.1 Summary

The developed numerical model of actuators uses a modular approach to build up a sys-
tem view starting from interconnected components, such that different configurations can
be simulated. The focus was put on fast component models to free resources for modelling
complex system-level constraints, which are close to typical specifications. At the compo-
nent level, a steady-state model for stepper motors was derived from a set of ordinary differ-
ential equations (ODEs), while standard norms were applied for gears. At the system-level,
the layout of the actuator was considered and a 3-D representation of each system was built.
Leveraging fast techniques developed for the computer graphics industry, packaging and
assembly constraints were modelled.

The multiobjective optimization problems to obtain optimal actuators proved hard to solve
by state-of-the-art algorithms. This was highlighted by proposing a realistic benchmark
framework: Multi-Objective Design of Actuators (MODAct). This is one of few other at-
tempts to provide the evolutionary computation—and the broader operational research—
community with challenging optimization problems that better capture the properties of
problems from real applications. MODACct offers a standardized way for anyone to test
the performance of their optimization algorithms on mechanical design problems without
needing domain knowledge. The constraint landscapesd of the 20 new problems were char-
acterized using existing metrics of the decision space—feasability ratio (FsR) and ratio of
feasible boundary crossing (RFB,)—as well as newly suggested metrics—PFd and PFcv—
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Chapter 6. Conclusion

aiming at quantifying the effect of constraints in the objective space. This analysis and a
convergence study using NSGA-II, NSGA-III and C-TAEA confirmed differences between
MODACct and benchmark problems from literature.

Building on this new test suite, a large investigation of relaxation-based constraint handling
strategies (CHSs) was performed. The investigation has, once more, shown that MODAct
problems are different to many existing benchmark problems. The novel cEpsilon CHS,
introduced in this work to tackle many-constraint problems, proved to be the best compro-
mise across all problems, with in particular, outstanding performance on mechanical design
problems.

Based on the integrated model and multiobjective optimization, a tool for the automated de-
sign of actuators was created. Its qualities and potential were highlighted through two case
studies by the author, and more importantly, by the outstanding designs, which students—
i.e., novice engineers—were able to generate within a short time. Both author and students
found numerous design alternatives that show improvements over existing and established
industrial products. And while students were not always able to satisfy packaging specifica-
tions when designing “by hand”, the system-level constraints of the automated design tool
eliminated this iterative and tedious task. These constraints were also shown to be key to
ensure that qualitative and realistic solutions were generated by the tool. Further, the gen-
eration of 3-D representations allowed a rapid transfer from numerical vectors to tangible
concepts. All in all, the promise of fast iteration loops of design automation is fulfilled.

The increasing automation and digitalization are favoring professional and computational-
thinking skills. Two studies with the participation of students were performed to understand
how to better shape the future of engineering education. On the one hand, the study sug-
gests that students’ learning of professional skills through team-based project is limited in
general, but can be supported by explicitly teaching those skills and by providing feedback
to students about them. These results suggest that promoting the development of such skills
by students does not require a full curriculum redesign, and that instruments for assessing
professional skills even in large classes exist. On the other hand, students were asked to de-
sign actuators for an automotive HVAC application using a traditional approach, followed by
an automated design approach. The students were given access to the developed numerical
models through a web interface, allowing their requests to be stored. The students learned
how to use the platform and the models by performing black-box-like searches. They put sig-
nificant effort in understanding the effects of the many parameters, and their efforts paid off.
This study showed, in particular, that once the technical challenges related to the design task
were taken care of by the automated design tool, only problem-solving and computational-
thinking related questions remained to be supported by educators. Through this study, stu-
dents had a unique opportunity to experience design automation and its process. Satisfied
with their experience, they will carry it over into their professional careers.

Finally, handing over the automated design tool to many students also contributed to im-
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6.2 Outlook

proving the tool itself. Not only were bugs identified and corrected, the learning path fol-
lowed by students emphasized the importance of early error detection and rapid feedback.
These two key characteristics should be part of any developed tool. In addition, contrary to a
widespread belief, not all machine intelligence applications require extensive and expensive
hardware.

6.2 QOutlook

Several contributions of this thesis form the basis for future investigations:

1. The automatic selection of the most interesting actuator configurations is a valuable
extension to the framework presented in Chapter 2. The optimization of variable-
length decision vectors is a challenge that comes on top of proper constraint handling.
The methodology, however, is of interest both for the design of many mechanical sys-
tems, for example high-speed turbocompressors, but also in other fields, such the con-
figuration of neural networks. Adapted and meaningful search operators are one way
to approach the optimization problem. The topic also questions the validity of the
calculated performance metrics with different configurations and asks for strategies
to include subjective configuration preferences that might be hard to capture numer-
ically.

2. Further numerical assessment methods to better identify and quantify the properties
of constrained multiobjective optimization problems should be developed. The mo-
tivation for such metrics is both practical and theoretical. In practice, they could be
used to select the most appropriate optimization methods for a given problem, or to
develop adaptive algorithms that require less tuning. They could also participate in
transferring the properties of MODAct problems back into better “synthetic” problems
that are useful for advancing theoretical research in the field.

3. There are still many open aspects of constrained multiobjective optimization to be
investigated. MODAct offers the tools required to develop algorithms that are specif-
ically targeted at similar applications and most importantly, that consider the con-
straints as a key part. Hybrid and ensemble techniques seem promising in that con-
text, but the field may benefit from opening up to fresh ideas.

4. The level of knowledge and skills needed to use intelligent tools is a very important
open question in the field and should be further investigated. Since in the presented
study, students gained experience by solving the same design task using conventional
methods before using the automated design tool, the question remains if prior expe-
rience supports the use of such tools.

Finally, as a general goal, researchers-educators should thrive to promote evidence-based
education and think about how their research impacts the engineers and scientists of to-
IMOITOW.
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Chapter A. Comparison of the steady-state stepper motor model
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Figure A.1: Comparison between stepper models for all defined steppers at ; = 12V and
with no current limitation.
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Interprofessional project

management questionnaire (IPMQ)

The questions of the Interprofessional Project Management Questionnaire (IPMQ) [99] are
reproduced here to ease the understanding, with the permission of its authors.

Table B.1: List of the questions of the IPMQ in English and in French along with the factors
they are linked to (A=planning, B=risk assessment, C=ethical sensitivity, D=communica-
tion, E=interprofessional competence).

Questions

Factors

Q1

I am good at making a clear problem statement to clarify the goals when I start working on
a project.

Je suis compétent.e pour formuler un énoncé clair du probléme afin de clarifier les objectifs
lorsque je commence a travailler sur un projet.

A

Q2

I am good at defining a clear work plan early in a project.
Je suis compétent.e pour définir un plan de travail clair dés le début d’'un projet.

Q3

I am good at breaking a large project into a number of smaller work packages.
Je suis compétent.e pour diviser un grand projet en plusieurs petits lots de travail.

Q4

T am good at analyzing a project work plan to identify the order, priority and importance of
work tasks.

Je suis compétent.e pour analyser un plan de travail de projet afin d’identifier Uordre, la priorité
et 'importance des tdches a accomplir.

Q5

I am good at identifying how to keep track of which tasks have been completed and how a
project is progressing.

Je suis compétent.e pour identifier comment suivre les tdches qui ont été accomplies et comment
un projet se déroule.

Q6

I am good at clarifying how likely it is that something will go wrong with a project.
Je suis compétent.e pour clarifier la probabilité que quelque chose tourne mal dans un projet.
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Chapter B. Interprofessional project management questionnaire (IPMQ)

Table B.1: (continued)

Questions Factors

Q7 I am good at identifying how much damage or trouble may be caused by something going B
wrong with a project.

Je suis compétent.e pour identifier les dégdts ou les problémes qui peuvent se produire si quelque
chose ne va pas bien avec un projet.

Q8  When working on a project, I am good at estimating the likelihood and potential impact of B
something going wrong with a project.

Je suis compétent.e pour estimer la probabilité et 'impact potentiel d’'un probléme lié au projet
sur lequel je travaille.

Q9 I am good at identifying what actions should be taken to minimize or alleviate something A,B
going wrong with a project.

Je suis compétent.e pour identifier les mesures a prendre pour minimiser ou atténuer les pro-
blémes liés a un projet.

Q10 TIam good atrecognizing that other team members’ definition of what it means for something B,D
to “go wrong” may be different from my own.

Je suis compétent.e pour reconnaitre que la définition des autres membres de l’équipe quant a
ce que veut dire “tourner mal” peut différer de la mienne.

Q11 When working on a project, I am good at asking myself if a project like this could have a C
positive impact on someone else’s life.

Quand je travaille sur un projet, je suis compétent.e pour me demander si un projet comme
celui-ci pourrait avoir un impact positif sur la vie de quelqu’'un d’autre.

Q12 When working on a project, I am good at asking myself if a project like this could have a C
negative impact on someone else’s life.

Quand je travaille sur un projet, je suis compétent.e pour me demander si un projet comme
celui-ci pourrait avoir un impact négatif sur la vie de quelqu’un d’autre.

Q13 TIam good at putting myself in the shoes of someone whose life could be affected by a project’s C
results.

Je suis compétent.e pour me mettre a la place de quelqu’un dont la vie pourrait étre affectée par
les résultats d’un projet.

Q14 Iam good at identifying all the people who could be impacted by a project, no matter how C
directly or indirectly.

Je suis compétent.e pour identifier toutes les personnes qui pourraient étre touchées par un projet,
que ce soit directement ou indirectement.

Q15 TIam good at trying to understand the perspective of other team members. D
Je suis compétent.e pour essayer de bien comprendre le point de vue des autres membres de
l’équipe.

Q16 Iam good at making sure that all the necessary information is shared with other team mem- D
bers.

Je suis compétent.e pour m'assurer que toute l'information nécessaire est partagée avec les autres
membres de I'équipe.

Q17 TIam good at explaining my ideas in ways that other people can understand. D

Je suis compétent.e pour exposer mes idées de facon qu'elles soient bien comprises par les autres.

148



Table B.1: (continued)

Questions

Factors

Q18

When someone disagrees with me, I am good at paying close attention to see if I can learn
something from their alternative perspective.

Quand quelqu’un est en désaccord avec moi, je suis compétent.e pour voir si je peux apprendre
quelque-chose de leur point de vue.

D

Q19

I can normally work productively with another team member even if I am angry or frustrated
with them.

Je peux généralement travailler de facon productive avec un autre membre de l'équipe méme si
Jje suis en colére ou frustré contre lui.

Q20

I am good at recognizing the knowledge and skills of different professions involved in a
project team.

Je suis compétent.e pour reconnaitre les connaissances et les compétences des différentes disci-
plines engagées dans un projet d’équipe.

Q21

Tam good at being sensitive to the way in which different professions may use the same word.
Je suis sensible a la facon dont différentes disciplines peuvent utiliser le méme mot.

Q22

I am good at clarifying with people from other professions how their knowledge and skills
contribute to each stage of a project.

Je suis compétent.e pour clarifier avec les personnes d’autres disciplines comment leurs connais-
sances et leurs compétences contribuent a chaque étape d’un projet.

Q23

I am good at identifying the skills or knowledge that other professions in the team have,
which I should try to develop.

Je suis compétent.e pour identifier les connaissances ou compétences dont disposent les per-
sonnes des autres disciplines au sein de l’équipe et que je devrais développer moi-méme.

Q24

I am good at sharing responsibility with the other professions in the team for the overall
success of a project.

Je suis compétent.e.e pour partager les responsabilités entre les personnes de différentes disci-
plines dans l'équipe afin d’'assurer la réussite globale d’'un projet.
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28
29

30

OMOD: Example Files

Content of the YAML example file given to students and that serves as a template to config-
ure the optimizations:

# Topology allows to test different number of gearpairs (here: 1 motor, 2 gearpairs)
topology:

- motor

- gearpair

- gearpair
# Objectives to mazimize (1) or minimize (-1)
# The order is kept for the graph of the results © -> 1, y -> 2, z (color) ->3
# Choose from the available variables
objectives:

- ["cost", -1]

- ["hmean_security_f", 1]

- ["passthrough_axes", -1]
# Objectives to mazimize (1) or minimize (-1)
# The order is kept for the graph of the results © -> 1, y -> 2, z (color) —->3
# Choose from the avatlable vartables (variables cannot appear twice)
constraints:

- interference

- contact_ratio

- ssil

- ss2

- security_f

- cycles_left_1

- cycles_left_2

- collision

- i_tot
# Under constraints_specs you can specify the way and the value the form the constraint.
# In the example below, it means that i_tot is >= 1600

# The following constraints are taken into account the following way <f you add them to

o the list above
# without the need to specify them here:

151



Chapter C. OMOD: Example Files

31 interference >= 0 <-— means no interference

32 contact_ratio >= 1.1 <-- 1f you want to change this email me
33 ssl >= -5 <-- if you want to change this email me
35 cycles_left_1 >= 0
cycles_left_2 >= 0

assembly_constraint <= 0 <-- meaning assembly is feasible if this ts O (not to confuse

#
#
#
34  # ss2 >= -5 <-- if you want to change this email me
#
6 #
37 #
~ with assembly score)
38 # passthrough_azes <= 0 <-- meaning all azes passthrough
39 # collistion <= 0 <-- meaning no collision
40
41 constraints_specs:
42 i_tot: [">", 1600]
43
4  # Optimization settings
45 # nfe = Number of function evaluations
46 # mu = Number of solutions evaluated per generation
47 optimization:
48 nfe: 1000
49 mu: 40
50
51 # Specify the bounds (lower / upper) allowed for the design
52 bounds:

53 gear:

54 allowed_materials: ['Ultramid-A3EG6', 'Genestar-N1001A', 'POM', 'Grivory-HT2V-5H',
& 'Grivory-GV-4H'] # <-- set materials to consider

55 Z1: [9, 40]

56 x1: [-0.1, 0.6]

57 Z2: [40, 100]

58 x2: [-0.6, 0.6]

59 m: [0.3, 1.0]

60 b: [5., 15.]

61 disp: [-40., 40.]

62 angle: [-3.15, 3.15]

63 motor:

64 allowed_motors: ['A', 'B', 'C', 'D', 'E', 'F'] # <-- set motors to consider

65 ff: [0.6, 0.8]

66 r_scale: [0.5, 1.]

67
68 # Specify the operating points of the output to test the actuator

69 Op:
70 - speed: 0.314

71 torque: 0.1

72 temperature: 40
73 ncycles: 10000
74 type: "running"
75 V: 12

76 imax: 0.5

77 - speed: 0.0056

78 torque: 0.2

79 temperature: -40
80 ncycles: 10000
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82
83
84
85
86
87
88
89
90

91

92
93
94
95
96
97

98
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100
101

102

103

104
105

106
107
108

109

110
111
112
113
114

115
116
117
118
119
120
121
122

type: "stall"
V: 12
imax: 0.5

# Settings of the model

settings:
shaft_r: 1.256 # default radius to consider for shaft
raddii: # posstbility to specify the radius of a particular shaft, here the 4th shaft

3: 2

limit_torque: True # <f True, motor torque is reduced if the output torque is higher
< than requested
shaft_overlap: True # if True allows multiple parts (pintion-wheel, pinion-wheel) to
< be on the same shaft

# For info only
variables:
- cost # sum of the cost of motor + gears
- cost_with_hull # cost + chull_area*1.5*rho*cost of Ultramid
- min_torque_excess # smallest torque excess (t_effective - t_desired) over all
< operating points
- mean_torque_excess # mean torque excess over all operating points
- passthrough_axes # 0 all azis passthrough / >= 0 some axis are "blocked"” by other
o gears
- assembly_constraint # only constraint, 0 +f assembly feasible, 1 if not feasible
- assembly_score # number of minimum asssembly steps (integer wvariable) / if greater
< than number of compoments —--> assembly not feasible
- hmean_security_f # harmonic mean of the effective flezion security factor over all
S gear pairs
- i_tot # total transmission ratio from electric signal to output : i_tot = i_tot_gp
o * Nm
- i_tot_gp # total transmission ratio of gears
# Bounding box dimensions —--> smallest azis aligned box that fits system (gears + motor
= only)
- bb_dx
- bb_dy
- bb_dz # z azis aligned with output shaft
# Oriented bouding box dimensions : rotation matrixz optimized to have to smallest box
o that fits the system
# No alignement guarantee
- obb_dx
- obb_dy
- obb_dz
# Minimum flexzion security factor over all gear pairs shifted by -1 (security_f = 0.1
& -=> real security factor = 1.1)
- security_f
- cycles_left_1 # minimum number of cycles left over all pinions
- cycles_left_2 # minimum number of cycles left over all wheels
- ssl
- ss2
- interference
- contact_ratio

- collision # 0 <-- no collision / 1 <-- every face %is colliding
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- compactness

- bb_compactness

- bb_volume

# volumes of
# volumes
# bounding box

- obb_compactness # wvolumes

< volume

- obb_volume

- chull_volume

components (gears + motor) / convex hull volume
of components (gears + motor) / bounding boz wvolume
volume

of components (gears + motor) / oriented bounding boz

# oriented bounding box wolume

# convex hull volume

Content of the YAML example file to start full actuator evaluations:

to

ac

se

op:

pology:

- motor

- gearpair

- gearpair

tuator:

O_motor_name: 'B'

0_fill_factor: 1.0

O_r_scale: 1.0

1_71: 13

1_72: 67

1_b: 10

1_m: 0.5

1_matl: 'POM'

1_mat2: 'POM'

1_x1: 0.3

1_x2: -0.3

1_disp: 5

1_angle: O

2_71: 17

2_72: 70

2_b: 10

2_m: 0.5

2_matl: 'POM'

2_mat2: 'POM'

2_x1: 0.0

2_x2: -0.0

2_disp: 5

2_angle: 1.2

ttings:

shaft_r: 1.25

limit_torque: True

- speed: 0.314
torque: 0.1
temperature: 40

ncycles: 80000

type: "runn
V: 12
imax: 0.5
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40
41
42
43

45
46

- speed: 0.0056
torque: 0.3
temperature: -40
ncycles: 80000
type: "stall"

V: 14
imax: 0.5
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Al
ASME
BLDC
CAD
CDIO
CDP
CDS
CHS
CMOP
DAC
DoF
EA
FCL
FEM
FsR
FVC
GAN
HVAC
IGD
IPMQ
IQR
1z

JE
MODAct
MOEA
MOO
nRFB,
ODE
OMOD
PBL
PWM
RFB,

Acronyms

artificial intelligence

American Society of Mechanical Engineering
brushless DC

computer-aided design
conceive-design-implement-operate

constrained dominance principle

computational design synthesis

constraint handling strategy

constrained multiobjective optimization problem
Design Automation Conference

degrees of freedom

evolutionary algorithm

flexible collision library

finite-element method

feasability ratio, see Definition 3.1

fitness violation correlation

generative adversarial network

heating, ventilation, and air conditioning
inverted generational distance

Interprofessional Project Management Questionnaire
interquartile range

ideal zone

Johnson Electric

Multi-Objective Design of Actuators
multiobjective evolutionary algorithm
multiobjective optimization

normalized ratio of feasible boundary crossing, see Eq. (3.7)
ordinary differential equation

Online MODelling platform

problem-based learning

pulse-width modulation

ratio of feasible boundary crossing, see Definition 3.2
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Acronyms

SD standard deviation
SR stochastic ranking
UEA unbounded external archive
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