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Abstract

Dealing with today’s complex systems requires highly qualified systems engineers. How-
ever, in order to be effective as systems engineers, engineering students need practical and
real world experiences with such complex systems, in addition to the necessary knowledge
in their traditional engineering discipline. In fact, Systems Engineering (SE) education is
as much about skills and processes, as it is about knowledge transfer. This makes teach-
ing SE a very challenging task where the complexity of the engineered systems has to be
considered together with SE complexity itself. Significant efforts have been made the last
two decades in order to deal with this complexity. Attention has been paid to enhance
both SE practices and SE education practices. These efforts are provided by organizations
using SE, as well as by academic institutions dealing with engineering and SE education.
They led to the production of standards, standards documentation, processes assessment
models, competency models, competencies assessment resources and more, while improv-
ing SE practices within industry and organizations. By organizations we address all the
different fields, other than industry, where systems engineering is applied, such as govern-
ment departments and agencies...etc. In addition, many practical attempts addressed SE
education at undergraduate, graduate, post-graduate, and professional levels.

This thesis surveys the current practices and advancements in SE education, and
concludes that there is no common conventional learning path for this discipline (if we
consider it as such). One of our most important finding is that there is no conventional
education solution, among academia and industrials/organizations, capable of respond-
ing to different industry and organization’s challenges, for seeking well-trained systems
engineers, or specialized engineers with the minimum viable knowledge about the fun-
damental principles of SE. A solution that can produce systems engineers with different
depth levels of expertise, and that should be easily transmissible from a university to
another, and from a specific engineering discipline to another. We tried to consider some
basic questions such as: what pedagogical model should be used ? what role technology
and educators should play in a perfect SE educational environment? which tools should
be used?

We ended up proposing a novel solution for SE education (an approach with its sup-
porting web-based platform). The proposed approach is based on the recommendations
of academic and industrial communities. It is centered around the use of SE standardized
processes and at the same time very adaptive, with learning scenarios that can be driven
by the acquired or to-be-taught SE competencies. The proposed solution is a web based
platform that has been developed to support this novel approach within a distant Project
Based Learning (PBL) environment. Finally, we put this solution to the test, firstly by
questioning a sample of undergraduate students and their educators about this approach
and its platform features, and then through another sample of doctoral students using it
in the context of an introductory course to systems engineering, within a Project Based
Learning (PBL) course. Students using this solution will be able to not only engineer the
requested system in a distant and collaborative way, but also to engineer it the right way.
The solution aims to ease the learning at the same time of fundamental principles and
processes of systems engineering, along with communication, team management, collabo-
ration, and related soft skills. On the other hand, educators will be able to better manage
their learning scenarios, training resources, and the expected outcomes. Last, educators
and students’ organizations using this solution will be able to manage and normalize the
competencies to be acquired by their future systems engineers at every level.

Keywords Systems Engineering, Systems Engineering Education, Systems Engineering
Standards, Project-Based Learning, Lifecycle Model, Competency Models.



Résumé

Faire face aux systéemes complexes d’aujourd’hui nécessite des ingénieurs systemes haute-
ment qualifiés. Mais pour étre efficace en tant qu’ingénieur systeme, les étudiants en
différentes disciplines d’ingénieries traditionnelles ont besoin d’une expérience pratique et
réelle dans ce type de systemes complexes, en plus des connaissances théoriques nécessaires
dans leur discipline.

L’éducation dans le domaine de l'ingénierie des systeémes (IS) concerne aussi bien
les compétences et les processus, que les faits transférables et les connaissances. Cela
rend ’education en IS un sujet tres difficile, avec un besoin de considérer a la fois la
complexité des systemes a concevoir, ainsi que la complexité et 'abstraction de I'IS dans
certains de ses principes fondamentaux. Des efforts considérables ont été accomplis afin
d’améliorer les pratiques de cette discipline et pour faire face a la complexité des systemes
actuels et a 1’éducation en IS. Ces efforts sont fournis par les organisations utilisant 'S
et les établissements universitaires et colleges formant des ingénieurs. Ils ont conduit a la
production de normes, de documentations pour ces normes, des modeles d’évaluation des
processus, ainsi que des modeles de compétences, tout en améliorant le déploiement et la
pratique de cette discipline dans l'industrie.

Au cours de cette these, nous avons examiné les pratiques actuelles en matiere d’éducation
en IS, et nous avons conclu qu’il n’existe pas de solution d’apprentissage formelle, unique,
et adoptée par la communauté pour cette discipline. Une solution capable de répondre aux
défis de I'industrie, et de produire des ingénieurs systemes bien formés ou des ingénieurs
spécialisés ayant des connaissances minimales viables sur les principes fondamenteaux de
I'IS. Une solution qui devrait étre facilement transférable d’une université a une autre, et
d’une discipline d’ingénierie a une autre, et qui permet de former des ingénieurs systeme
de différents niveaux d’expertise en largeur et/ou en profondeur sur les principes de I'IS.
Nous avons ensuite essayé de prendre en compte quelques aspects de base du domaine de
I’éducation, comme le modele pédagogique qui devrait etre utilisé et le role que la technolo-
gie et les formateurs devraient jouer dans un environnement idéal d’éducation en IS. Nous
avons fini par proposer une approche novatrice pour former les étudiants sur les principes
fondamenteaux de I'IS, indépendamment de leur discipline technique. Nous avons proposé
une approche centrée sur 'utilisation des processus normalisés en IS, tout en faisant en
sorte que le scénario d’apprentissage soit tres adaptable et qu’il puisse étre piloté par les
compétences d’IS acquises ou a acquérir. Ensuite, une plateforme Web a été développée
pour soutenir cette nouvelle approche d’apprentissage. Enfin, un échantillon d’étudiants
de premier cycle et de leurs formateurs ont été interrogé sur l'utilité et D'efficacité de
cette solution, et un autre échantillon de doctorants I'avait expérimenté dans un cours
d’initiation a IS, dans le cadre d’un apprentissage par projet (APP).

En utilisant cette approche, les étudiants ne seront pas seulement en mesure de bien
concevoir le systeme demandé de maniere distante et collaborative, mais ils seront aussi ca-
pables de 1’élaborer de maniere appropriée. Cela leur permettra d’apprendre les principes
et processus fondamentaux de I'IS, a mieux communiquer dans un environement de travail,
la gestion d’équipe, la collaboration et les compétences techniques connexes. Les forma-
teurs d'un autre coté pourront mieux gérer leur parcours d’apprentissage, les ressources
pédagogiques, et les résultats escomptés. En utilisant cette solution, les organisations de
ces formateurs et étudiants, c’est-a-dire les universités et colleges, pourront gérer et nor-
maliser les compétences acquises par leurs futurs ingénieurs systemes a tous les niveaux.

Mots-clefs Ingénierie des Systemes (IS), Education de I'IS, Normes de 1'IS, Apprentis-
sage Par Projet, Modele de Cycle de Vie, Modeles de Compétences.
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General introduction

1.1 Context

To ensure their survival, basic needs, and to shape a better future, humans have always
been impacting, and were impacted by their surrounding systems at different levels and
different degrees of involvement. Humans learned from the early ages how to observe the
solar system and used it for counting, how to be a part of the plant cycle to ensure food and
survival, and how to design and master other man-made systems, for hunting, preserving
water, and protecting themselves. But when producing new systems, they also felt the
need for good ways about how to transfer the acquired knowledge from a generation to
another, both regarding the usability of their systems, in addition to best practices, moral
and environmental considerations, and relationships with their fellow citizens, and with
their interests. Some of these systems died out, others remained over time, while the
most important and most useful ones evolved within their environment. A good example
is pottery [[] industry which is still improving and developing, although the first potter’s
wheel was invented more than 6000 years BC, new pottery systems are continuously being
conceived, or existing ones are continuously being improved and enhanced, depending on
which region of the world and which environment we are talking about.

The evolution of man-made systems, as well as the permanent will of better under-
standing and using surrounding systems with their relationships and interactions, is not
without consequences. The most important point resulting from this constant evolution
is Complexity: complexity of systems in their nature and behavior, complexity of systems
regarding their design, and complexity of systems regarding their maintenance and use in
good conditions.

During the last few decades, the complexity of man-made systems has increased to an
unprecedented level. This complexity is caused essentially by:

e The increasing number of stakeholders being part and/or having an interest in
nowadays systems, throughout their entire lifecycle.

e The increasing number of stakeholders’ disciplines involved in a system, along with
the geo-distributed context of todays’ engineering makes continuous collaboration
difficult during the system lifecycle.

e The increasing number of elements forming one complex system in order to deliver
the intended service satisfying the stakeholders needs and requirements.

IPottery is the craft of making ceramic material into pots or potterywares using mud
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e The complexity of existing interactions, more interestingly, the collaboration within
the elements forming a complex system, and between different independent systems
to deliver the expected service.

e The wide range of available technologies, materials, tools, and methodologies to
conceive, produce and retire a system. In addition, the rapid growth of these re-
sources means that systems need to be adapted and engineered /re-engineered very
quickly, respecting more restrictive schedules, budgets and with more requirements
to be satisfied.

e The difficulty to manage and benefit from the huge amount of knowledge being
generated within nowadays complex systems engineering activities and operations.

” Perhaps for the first time in history, humankind has the capacity to create far more
information than anyone can absorb, to foster far greater interdependency than anyone can
manage, and to accelerate change far faster than anyone’s ability to keep pace. Certainly
the scale of complexity is without precedent.” [T]

Conceiving, designing, producing, using, and retiring these kind of complex systems,
with better management of their requirements and their stakeholders’ requirements, in
other words ”engineering” these systems, has led to the emergence of new approaches for
managing the complexity generated through all the mentioned stages. One of these ap-
proaches is what we call Systems Engineering (SE). Systems Engineering is a structured
approach focusing on the design and the management of complex engineering projects
over their entire lifecycle. It is presented by the International Council on Systems Engi-
neering (INCOSE), as "an interdisciplinary approach and means to enable the realization
of successful systems. It focuses on defining customer needs and required functions early
i the development cycle, documenting requirements, proceeding with design synthesis and
system validation while considering the complete problem: operations, cost and schedule,
performance, training and support, test, manufacturing and disposal.” [2].

Significant efforts have been made to address the adoption of systems engineering
and its challenges as a new way of engineering systems. These efforts are primarily
the development of multiple international standards, guides and methodologies, to help
the industry and organizations adopting this approach. They led to the appearance of
a harmonized view of all involved processes required throughout a system’s lifecycle to
transform customer needs into a system solution [8]. This harmonization took the form
of several standards that have been defined, from the early US Military Standard MIL-
STD-499 dating back to 1969, to the last revision of the ISO/IEC/IEEE 15288 published
on May 15th, 2015 [4]. Thanks to the creation of such standards, and if well adopted,
companies dealing with engineering complex systems may better cope with the problems
that occur within the stages of a system lifecycle.

Because of this change in the engineering of systems and especially the fact that
nowadays companies are dealing with very complex and multidisciplinary systems that
need much more than technical excellence, the time where companies were seeking people
based on a mere excellent background in their technical specialization or discipline is
revoked. They actually need engineers who are not only excellent in their discipline,
but also and more importantly, who are good team workers, adept communicators, and
lifelong learners [9]. In addition, they seek people who are able to manage complex
systems in order to produce clients expected outcomes, while satisfying different project
stakeholders, and ensuring an optimization of time, cost, energy and different resources
throughout the entire lifecycle of a project. In other words, these companies are seeking
well-trained systems engineers, with high systems thinking capabilities, who master the
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fundamental and domain-specific Systems Engineering principles and their corresponding
processes, tools, and methods.

This need for systems engineering and for well trained systems engineers is demon-
strated by Wasson, in his paper [10], when he stated that: ” Unfortunately, the engineering
of systems, performed in many organizations is often characterized as chaotic, ineffective,
and inefficient. Objective evidence of these characteristics is exemplified by noncompli-
ance to requirements, cost overruns, and late schedule deliveries in program metrics for a
project’s contract or task triple performance constraints — i.e., technical, cost, and sched-
ule.”. Based on his experience, the author suggests that "many engineers are estimated
to spend on average from 50% to 75% of their total career hours collaborating with others
concerning the engineering of systems — i.e., systems engineering - for which they have no
formal education”. The author also stated that, universities and colleges are proposing
systems engineering courses or capstone projects based on systems engineering principles
and practices, to meet program accreditation requirements and industrial needs. How-
ever, the outcomes of these programs are more likely to focus on domain-based design
and engineering, with not significant amount of systems engineering concepts, principles,
and practices required to effectively and efficiently perform systems development. In fact,
engineering students need practical and real world experience in addition to the necessary
knowledge in their traditional engineering discipline, in order to be effective as systems
engineer, [I1]. Also, engineering students, willing to be effective systems engineers, need
to be taught on systems engineering in real-life like environments, they need to learn
within a multidisciplinary and geo-distributed context, while using reality like processes
and tools [12].

In addition to the efforts from the industries and organizations dealing with systems
engineering and standardization institutions, to harmonize the practice of systems engi-
neering and to help its deployment, another effort is made by universities and colleges,
in order to train and produce more qualified systems engineers, capable of meeting the
previous challenges. They are mostly interested in investigating new paths to teach sys-
tems engineering, by defining which competencies best characterize a systems engineer,
which pedagogical model should be used in teaching this discipline, what characteristics
the learning environment and context should have, the role of educators in this context,
what can substitute the professional experience, etc. Interesting statistics presented in
[13] suggest that the number of formal education courses in the U.S., related to systems
engineering, have passed from 30 in 2000, 48 in 2005, 69 in 2010, to 282 in 2016, including
both systems engineering and industrial engineering programs.

In this context of seeking good practices and means to efficiently teach systems en-
gineering, the Placif| project, in which this thesis was performed, has been initiated by
three French engineering schools, along with industrial partners, in order to create a
collaborative educational platform for systems engineering.

1.2 Objectives and main issues

Our main goals in this thesis is the improvement of SE education by the design and devel-
opment of an appropriate systems engineering educational environment, by investigating
the different practices in the field of SE education. In this thesis we are mainly addressing
the fact of educating systems engineering principles and practices, to undergraduate and

2Placis Project: Collaborative Platform for Systems Engineering, driven by Supméca. And funded by
the French Ministry of Higher Education and Research under the future investments program with the
reference ANR-11-IDFI-0029
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graduate students. The obtained results might be transferable in the future, to industrials
and organizations, who have careers plan to let specific domain engineers become systems
engineers. However, we can’t expect the same outcomes, as within systems engineering
practitioners, systems engineering principles and practices are being acquired by directly
working on real projects. In order to propose an adequate systems engineering educational
environment, We start by considering the following three questions:

First, why is teaching systems engineering so important, and why shouldn’t we treat
it as any ordinary engineering discipline, if we consider it as a discipline?

Second, are the current practices to teach systems engineering good enough, consid-
ering the importance of this discipline to the different industries and organizations?

Third, from which perspective should we ideally analyze the problem of teaching
systems engineering, in order to be able to provide innovative and efficient approaches
and means for future systems engineers training?

We had no difficulties to find answers to the two first questions. As to the first one,
because of its multidisciplinary nature, SE cannot and should not be treated like any other
regular engineering discipline. Teaching SE differs from traditional mono-disciplinary
engineering courses, since the training needs to focus more on skills and less on transferable
facts, especially in order to produce good systems engineers. A particular attention should
be payed to soft skills inculcation [14]. Also, teaching SE is about processes, about learning
how to think like an engineer; it is much more than a prescription of content [15], and one
of the most important skills we need to inculcate to systems engineers is systems thinking.
Are the current practices used to teach systems engineering good enough? For both
systems engineering practitioners and academia, this is definitely not the case. As stated
by some researchers such as Wasson [10], systems development projects still experience
technical performance issues, in relation with the lack of well trained systems engineers.
And this, despite the multiplication of education and training courses, the formulation
and development of capability assessment and competency models, certifications, etc.
Wasson formulated five issues, in relation with this question within the U.S. Department
of Defense (DoD), but he observed them in other business domains, too. These issues are
[10]:

e [ssue 1: Key systems engineering practices known to be effective are not consistently
applied across all phases of the program lifecycle.

o [ssue 2: Insufficient systems engineering is applied early in the program lifecycle,
compromising the foundation for initial requirements and architecture development.

e [ssue 3: Requirements are not always well-managed, including the effective transla-
tion from capabilities statements into executable requirements to achieve successful
acquisition programs.

o [ssue 4: The quantity and quality of systems engineering expertise is insufficient to
meet the demands of the government and the defense industry.

o [ssue 5: Collaborative environments, including SE tools, are inadequate to effectively
execute SE at the joint capability, system of systems (SoS), and system levels.

The third question however was not easy to answer. It directed us to a deeper in-
vestigation of the subject, in order to finally propose effective means to teach systems
engineering. The issues we are considering as our research questions are:

Question 1: Systems engineering standardized processes, like those from the ISO/IEC/IEEE
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15288 standard [4], encompass the fundamental principles of SE. According to the liter-
ature, there is no doubt about the interest of these SE standardized processes, within
a SE educational environment. We think that all kind of processes may play a good
role within a systems engineering educational environment, from technical processes to
technical management processes, passing by agreement processes, and projects enabling
processes. However, is there a good way to efficiently incorporate them within the learning
scenarios, while providing/preserving:

e For students, the ability to acquire the necessary critical thinking, soft skills, the
holistic view capabilities when engineering a system, and to master the different SE
principles incorporated within these processes.

e For educators, the ability to manage the size of their learning projects, to adapt
these processes to their projects’ size and their learning goals, and to ensure that
the processes are really executed as intended, and that the student really learned
the fundamental and critical principles of systems engineering.

Question 2: There are several SE competency models, intended to be used for various
purposes, including for managing the competencies of systems engineers, within systems
engineering practitioners and academia.

The question is, which competency model should be applied to manage the acquired/to
be acquired competencies in a SE educational environment, and how could this be done
within the environment that incorporates the standardized SE processes of the first ques-
tion? Even if students assessment is not the focus of this thesis, will the use of processes
and competencies will allow the emergence of better ways to assess students acquired
competencies and skills in SE?

Question 3: Numerous researchers and practitioners agree that SE is better taught
through On-The-Job activities within real projects. But it is not always possible to teach
SE this way because of the generated costs, the companies confidentiality and intellectual
property protection policies, and the insufficient number of companies willing to incorpo-
rate interns in this discipline. As another reason, according to [16], we can no more count
only on job experiences after graduation. The fact is that there are fewer and fewer op-
portunities to apply the processes and learn from experience. The authors assumed that
a today’s graduating engineer can expect only one military aircraft development program
during his career, because of the increasingly longer program development times.

Most importantly, in most of cases companies that seek systems engineers do not
have the time to train them everything about systems engineering. They hope to recruit
engineers with at least a solid background about fundamental principles of SE; so that
they can quickly adapt their knowledge to company methodologies, methods and tools.
However, researchers and educators agree that the best way to teach SE, in the absence
of On-The-Job experience, is the adoption of a Project Based Learning (PBL) approach,
ideally in a geo-distributed, and culturally diverse educational environment.

The question is, how to incorporate a PBL approach while using a standardized pro-
cesses based learning scenarios, driven by competencies management? How to decide
and manage which supports and pedagogical resources to provide students with? How
to avoid or broaden the well-known boundaries of a PBL approach, by exploiting tech-
nologies forces, such as the authenticity of PBL experiences compared to industry design
experiences, the management of multidisciplinary engineering teams, and the evaluation
of the performed work in regards to the quality of the produced results, along with the
quality of the execution?
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Question 4: Providing coaches, or better industrial coaches [9], is highly recommended
for PBL based SE educational environments. If educators are the coaches, what should
be the relation between educator and students within the SE educational environment?
How to materialize this relation in a technology-based environment? What kind of in-
teractions should or should not exist between them? In the case where educators lack
industrial experience in SE, which is a very common situation, should industrial partners
be involved in the education scenarios, and how?

An important thing not to be neglected is the role of technology, especially of educational
technologies that allow the implementation of a distant PBL approach, helping students
and educators to communicate without adding any further cognitive load.

1.3 Contributions

The main focus and contribution of this thesis is about improving SE education, by finding
the best way to integrate SE standardized process in learning scenarios, within a PBL-
based SE educational environment. During this thesis, several significant contributions
have been made.

1. First, a survey about current practices on SE education, and their classification was
realized [I7]. We concluded our survey by a number of recommendations on how to
improve SE education. This survey outcomes have been extended a lot in this thesis
manuscript, by both telescoping the breadth of todays practice in SE education, and
in-depth micro-scoping of these practices operations.

2. A new approach for SE education based on the use of standardized SE processes was
designed. In this approach, each learning action is seen as a process, standardized
or not, tailored or not. It allows the educators to adapt the processes, to the project
size, learning goals, etc.

3. A web-based environment was developed to support this approach, allowing the
use of processes to define the most adequate learning scenario for each project.
An environment that allows geo-distributed students belonging to the same team,
by executing the systems engineering processes as defined/tailored by the educator
to engineer the requested system, while being assisted by the educator and/or an
industrial expert.

4. Proposition of a new approach to match SE competencies from any SE competency
model (like the INCOSE Competency framework, or Nasa Appel competencies) with
the activities of SE standard processes (like the 15288 standard and 29110 series).
This was the base for a new component: a ”competencies management system”, that
was added to the proposed solution. This component assists the educator in better
defining his learning scenarios for each new project, according to the competencies
to be taught. We can then imagine that these competencies will be used, in the
future, to better assess the students acquired knowledge, but also to select students
participating in a specific project, based on their already acquired competencies, in
addition to the competencies to be acquired.

5. Enabling new methods to evaluate students and improving at the same time PBL
assessment challenges. This is done by giving the educators, in addition to the
competencies management system, a vision of everything that is happening during
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the system engineering lifecycle. The solution opens the door to implementations
of novel methods of students assessment, regarding their final results, execution
quality, along with their acquired knowledge and skills. Also, we are responding to
other PBL challenges, such as controlling the complexity of the project, enabling
geo-located teams management, distributing our solution in time and place, etc.

6. The first version of the proposed educational environment, -without the competen-
cies management system-, has been evaluated by students from different engineering
schools and universities, who have a minimum of knowledge in SE. Then, the second
enhanced version, was experimented during a three-days doctoral training courses,
introducing them to SE. We also propose at the end of this manuscript, a set of
important directions to be considered in order to take the proposed approach and
its supporting educational environment to another stage of efficiency and to made it
fit a new kind of situations, for both educational and industrial purposes especially
for small entities.

Throughout the lecture of this thesis, it is important to remember that systems engi-
neering is a multidisciplinary approach. One of the disciplines which takes a major part of
the systems engineering efforts, and which looks itself like systems engineering in nature,
methods, and processes, is Software Engineering. As a matter of fact, most of nowadays
complex systems include, or are even based on, important and complex software systems.

Therefore, even though we decided to focus on systems engineering in this work, we
highlight the fact that the proposed solution addresses Software Engineering Education
as much as it addresses Systems Engineering Education. It can be used, very naturally,
to promote software engineering education within a systems engineering educational en-
vironment or within a dedicated software engineering educational environment. For this
purpose, the ISO/IEC/IEEE 12207 standard (Systems and software engineering-software
lifecycle processes) or the software engineering profile of the ISO/ITEC 29110 series can be
used. This projection can also be confirmed by the nature of the 12207 standard because,
since 2015, it is harmonized in structure and content with the 15288 systems engineering
standard [4].

1.4 Document organization

After explaining the context of our work, we present within chapters two to four our
literature study and analysis, related to our topics of interest. These topics are about the
importance of systems thinking and systems engineering in order to manage complexity,
SE standards and processes, SE competency models and systems engineers competencies,
and then the importance of SE education, characteristics, and current practices. In chap-
ter five, a full description of our vision about a perfect SE educational environment is
provided, followed by the presentation of our first contribution, i.e. a process centered
adaptive approach for teaching SE, in a PBL context. In chapter six, the architecture
of the competency management system will be presented, and how it can be used with
any SE competency model, in addition to the relationship between the competency model
and and the SE standardized processes within the learning scenario. We also highlight
the added value of this component within the proposed solution. In chapter seven, the
developed supporting web platform is presented in detail, along with its scenarios of use,
before presenting our two experimentation plans and their results. We conclude this
manuscript by the lessons learned from this thesis, and the perspectives for further work
in the domain of educating systems engineers.
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Systems Thinking and Systems Engineering

2.1 Introduction

In this chapter, we are interested on what systems engineering is and what relation it has
with systems thinking, while providing different definitions of systems engineering. Then
we will show the differences between systems engineering and domain engineering, before
evoking the origins and evolution of systems engineering, while relating it to its interna-
tional standards. we conclude this chapter by additional details about two standards that
we are interested in.

2.2 Systems thinking

2.2.1 What is Systems Thinking

Systems Thinking (ST is an undissociated part from systems engineering. Is is what pro-
vides engineers by a systemic view of their systems being engineered. ST allows engineers
to perform their systems engineering tasks (technical, managerial, etc.), not forgetting
that their system is a part of something bigger, regardless on which system level they
are working. ST allows engineers to see the whole of a system, and to pay close at-
tention to the interrelationships between systems element and the relationships with the
environment. Systems thinking is both more challenging and more promising than our
normal ways of dealing with problems. It helps us to see and understand complex situa-
tions. According to Senge [18], ” Systems thinking is a discipline for seeing wholes. It is a
framework for seeing interrelationships rather than things, for seeing patterns of change
rather than static "snapshots.””. He argues that because of the complexity overwhelming
us today, systems thinking is needed more than ever, and it might be the antidote to
the sens of helplessness that many engineers feel when they face the interdependence of
todays systems.

Wasson in [10], said that systems thinking skills are an integral part of systems engi-
neering attributes. Greene and Papalambros [19] believe that a wide adoption of systems
thinking in engineering remains limited, and adding this to the fact that soft-skills are
neglected in technical professions, led to a limited appeal to the holistic approach of sys-
tems thinking. They assume that "systems thinking —Ilike all thinking— is at its core
an exercise in cognition, and relies upon high-order cognitive skills and a knowledge of
why, when, and how to utilize them”. To develop the skill of ST, Davidz and Nightingale
[20] showed that ST development enabling mechanisms are: experiential learning, certain
individual characteristics and a supporting environment.
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According to Daniel Allegro et al. [21] " systems thinking supports the reasoning that
identifies, defines and analyzes a complex system. It responds to the need for understand-
ing, which doesn’t necessarily imply an action. Systems thinking alone doesn’t enable the
system to be realized”. The authors also stated that, systems thinking enables to ask
the rights questions at the right moments. To fully understand a situation, this thinking
mode is involved for decisions making, taking opportunities, or managing risks. Then,
the authors proposed a mind map for systems thinking, which includes two aspects of
systems thinking: Systems thinker attitudes, systems thinking concepts. Each of the
proposed attitudes and concepts are then divided into several elements and levels.

Boardman et al. [22] , stated that A holistic approach is required as opposed to
piecemeal efforts. This is why Systems Thinking is being seen as a much more valuable
resource — because it gives analysts and problem solvers a vantage point to see the bigger
picture.”. Boardman proposed, what he call "a Conceptagon”, to make an important
addition to the systems thinking toolkit. The major contribution of the Conceptagon,
according to the authors, is to distill the essence of the different ”systems languages”
proposed by different systems thinking pioneers, into a set of concepts that are familiar
to a wide variety of domain specialists.

2.2.2 Holistic systems thinking

It appears clearly that the Holistic view of a system is the core of systems thinking.
According to Kasser et al. [23], there are nine viewpoints from which a system should be
viewed in a systemic and systematic way. This is known as the ” holistic systems thinking” .
The nine viewpoints are:

e Big picture perspective: in order to understand the whole system, including its
interactions with adjacent or more distant systems, and with its environment.

e Operational perspective: it is about understanding how the system operates or will
operate, without going deeper in the details. This is what we call the " black boaﬂ
perspective”. This perspective is often documented using, use cases and concept of
operations H

e Functional perspective: allows the understanding of the functions of a system with-
out linking them to the elements of the systems that perform them. The system is
viewed here as a white box [l

e Structural perspective: includes physical, technical, and architectural views of the
system, and enables the understanding of the interconnections between elements
and sub-systems.

e Generic perspective: places the system in the context compared to similar ones in
other domains, in the present or in the past.

LA black box is a device, system or object which can be viewed in terms of its inputs and outputs (or
transfer characteristics), without any knowledge of its internal workings [Wikipedia]

2A Concept of Operations (CONOPS) is a user-oriented document that ”describes systems character-
istics for a proposed system from a user’s perspective. A CONOPS also describes the user organization,
mission, and objectives from an integrated systems point of view and is used to communicate overall
quantitative and qualitative system characteristics to stakeholders[24]

3 A white box (or glass box, clear box, or open box) is a subsystem whose internals can be viewed but
usually not be altered. [Wikipedia]
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e Continuum perspective: considers that a problem may have more than one correct
solution, and that a system can show different types of behaviour with different
conditions. helps analyzing the failure modes of a system and its components.

e Temporal perspective: concerns the behaviour of the system over time, including
using past patterns to predict future ones and to assess if enough data about the
past patterns and their environment are understood.

e Quantitative perspective: intended to be used to develop the performance require-
ments. It is related to the three first perspectives, big picture, operational and
functional perspectives.

e Scientific perspective: while the first eight perspectives are descriptive, this one
is prescriptive. It covers the formulation and testing of hypothetical candidate
representations of the solution system.

According to the same authors, the previous approach was developed from the only
systematic and systemic approach discovered in the literature, for applying systems think-
ing, called the seven streams of system thinking mentioned in [25], as: dynamic thinking,
closed-loop thinking, generic thinking, structural thinking, operational thinking, contin-
uum thinking, and finally scientific thinking. In addition, some popular systems thinking
methods and tools have been presented in the INCOSE systems engineering handbook
[2]. This subject has also been treated by the Systems Engineering Body of Knowledge
Sebok. [26]

2.3 Systems Engineering and Systems Thinking

According to Frank [27], systems thinking development can be accelerated within well
designed and well taught systems engineering courses. This skill can be acquired through
education, On-The-Job experience, and training [20], and systems thinking development
is enabled by experience, individual characteristics, and supporting environment [20].
The experience element is highlighted by Davidz et al. [20] as: ” To develop systems
thinking, systems engineering education and training programs should include experiential
opportunities” .

Frank [28] thinks that systems thinking skills enable individuals to successfully perform
systems engineering tasks. Beasley and Partridge [I] state that the nature and some of
the outcomes of systems thinking application are what differentiates systems engineering
from other kinds of engineering. Therefore, systems thinking skills are required to do
systems engineering. For Beasley and Partridge, ” Systems Thinking is the underpinning
skill required to do Systems Engineering [...] It is radically different from the more common
analytical or reductionist thinking found in most engineers” [1].

2.4 Systems engineering
In short words, systems engineering exists to address the complexity of systems, in order

to be able to transform users and stakeholders needs into operational systems via an
interdisciplinary process. But how many different influential organizations define it?
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2.4.1 System definition

One of the most used definitions of a system can be found in the general system theory
book [29]. For Bertalanfly, A system is a set of elements in interaction. Even if this
definition remains very general, it allows encompassing notions like the wholeness, holistic,
organismic, etc., which all signify that, in the last resort, we must think in terms of systems
of elements in mutual interaction.

This idea of wholeness is highlighted by Boardman and Sauser [30], when they state:
" We believe that the essence of a system is “togetherness”, the drawing together of various
parts and the relationships they form in order to produce a new whole”.

NASA defines a system as follows: ” A system is a set of interrelated components which
interact with one another in an organized fashion toward a common purpose” [31].

A consensus has been found by the International Council on Systems Engineering
(INCOSE). The adopted definition is too far away from the previous one, since INCOSE
considers a system as: 7 a construct or collection of different elements that together
produce results not obtainable by the elements alone. The elements, or parts, can include
people, hardware, software, facilities, policies, and documents; that is, all things required
to produce systems-level results. The results include system level qualities, properties,
characteristics, functions, behavior and performance. The value added by the system as
a whole, beyond that contributed independently by the parts, is primarily created by the
relationship among the parts; that is, how they are interconnected” [32)], [33].

Another recent definition, that considers the fact that a system can be considered
as a product or as the services it provides, is the ISI/IEC/IEEE 15288:2015 standard
definition: 7 A system is a combination of interacting elements organized to achieve one
or more stated purposes”. this definition also highlight the fact that: ” A complete system
includes all of the associated equipment, facilities, material, computer programs, firmware,
technical documentation, services and personnel required for operations and support to the
degree necessary for self-sufficient use in its intended environment.”

2.4.2 Systems engineering definitions

1. First definition: According to the first 2015 version of ISO/IEC/IEEE 15288 Stan-
dards, ”Systems engineering is an interdisciplinary approach and means to enable
the realization of successful systems. It focuses on defining customer needs and re-
quired functionality early in the development cycle, documenting requirements, then
proceeding with design synthesis and system validation while considering the com-
plete problem. It Integrates all the disciplines an specialty groups into a team effort
forming a structured development process that proceeds from concept to production
to operation. It considers both the business and the technical needs of all stake-
holders with the goal of providing a quality product that meets the needs of users
and applicable stakeholders”[4]. This same standard also resume this definition as:
"Interdisciplinary approach governing the total technical and managerial effort re-
quired to transform a set of stakeholders needs, expectations, and constraints into
a solution and to support that solution throughout its life”.

2. Second definition: for the International Council on Systems Engineering (IN-
COSE), "Systems Engineering is an interdisciplinary approach and means to enable
the realization of successful systems. It focuses on defining customer needs and re-
quired functionality early in the development cycle, documenting requirements, and
then proceeding with design synthesis and system wvalidation while considering the
complete problem: operations, cost and schedule, performance, training and support,
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test, manufacturing and disposal. Systems Engineering integrates all the disciplines
and specialty groups into a team effort forming a structured development process
that proceeds from concept to production to operation. Systems Engineering con-
siders both the business and the technical needs of all customers with the goal of
providing a quality product that meets the user needs.” [32].

The INCOSE definition, is laterally the same as the ISO/IEC/IEEE 15288 standard
definition, as they adopted this standard within the fourth version of their systems
engineering handbook. They only added a definition of the complete problem as:
”operations, cost and schedule, performance, training and support, test, manufac-
turing and disposal”, and they replaced the term of stakeholders, with the customer,
and the user.

These two definitions encompasses the main principles and characteristics of sys-
tems engineering, such as the need to define system requirements and functionalities
early on in the development cycle, treating the system as a whole, etc. However, we
assume that it lacks some important notions. First, this definition does not express
the importance of traceability, e.g. for requirements, and the ability to adapt them
over the system lifecycle. More importantly, it seems to ignore the importance of
considering the system in its environment over time and enabling multiple views.
Finally this definition only focuses on the systematic part and ignores the systemic
one, passing from system requirements and functionalities definition to system re-
tirement as a procedural process, which is not the case, especially for large complex
systems. According to Kasser, ” The INCOSE definition is a compromise designed
to satisfy everyone and fails to do so” [34].

. Third definition: Blanchard and Fabrycky define SE as, “Basically Systems En-
gineering is good engineering with special areas of emphasis, which includes: a top-
down approach, a lifecycle orientation, a better and more complete emphasis on
definition of requirements, and interdisciplinary approach” [35].

This definition re-emphasizes the importance of requirements and their traceabil-
ity, and the lifecycle orientation that suggest that (if we understand the definition
of a lifecycle) the different natures of systems engineering processes imply a non-
procedural execution of the lifecycle processes. However, it omits any consideration
concerning both the wholeness and the system environment while engineering a
system.

According to [1], the two previous definitions failed in distinguishing the system
engineering discipline from other regular engineering disciplines. However, we do
not completely agree on this conclusion despite the lacks we noticed.

. Fourth definition: In the definition used in Rolls-Royce currently, “Systems Engi-
neering is applying the concept of a system to a situation in order to gain insight and
understanding (Systems Thinking), in a systematic and repeatable manner (Systems
Approach), to the realization of a new system or the modification of an existing one.
Where a system is an assembly of components (technologies, people, information,
etc.), connected together in an organized way to form a whole, this whole show-
ing properties of the whole, rather than properties of the components. A system
has systemic properties and characteristics which we use to understand and make
predictions about the problem or situation under investigation.” [1]

. Fifth definition: in the”’NASA Systems Engineering Handbook”, systems engi-
neering is defined as follows: ” Systems engineering is a methodical, disciplined ap-
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proach for the design, realization, technical management, operations, and retirement
of a system. A “system” is a construct or collection of different elements that to-
gether produce results not obtainable by the elements alone. The elements, or parts,
can include people, hardware, software, facilities, policies, and documents; that s, all
things required to produce system-level results. The results include system-level qual-
ities, properties, characteristics, functions, behavior, and performance. The value
added by the system as a whole, beyond that contributed independently by the parts,
1s primarily created by the relationship among the parts. It is a way of looking at the
“big picture” when making technical decisions. It is a way of achieving stakeholder
functional, physical, and operational performance requirements in the intended use
environment over the planned life of the systems. In other words, systems engineer-
ing is a logical way of thinking.” [36]

These two last definitions, from Rolls Roys and NASA, are quite similar after careful
review. They are the particularly explicit about the fundamental notions of systems
engineering. Also, both of them mainly focus on the indispensable ideas of wholeness
and interrelationships.

In this work, We are adopting the definition which has been defined by a consortium of
experts, from different industries and different organizations. A definition that considers
both the technical and managerial efforts, and which is adopted for ISO/IEC/IEEE 15288.

2.4.3 Domain Engineering vs. Systems Engineering. Is Systems
Engineering a discipline?

Engineers can be classified into two categories: those with an in-depth expertise in a tech-
nology or a specific domain, and others with extended abilities and considerations to the
boundaries of a problem. The former set are labeled “domain engineers” (mechanical en-
gineer, computer science engineer, etc.), the latter are referred to as “systems engineers”.
More in depth details can be found in [37], including how the two kinds of engineers should
be trained. Additional information about the relationships between domain engineering
and systems engineering, with their convergent and divergent thinking is given.

A discipline is a particular field characterized by its own principles and methods [38].
According to Hyer [38], considering systems engineering as a separate field which can
be taught independently from other fields is a common misconception. Hence, systems
engineering should not be categorized with technical disciplines, neither should it be
considered as a purely technical management responsibility. However, Hyer believes that
it should be considered as a set of activities that can be used in a team environment to
apply principles and technologies from different disciplines to solve problems.

Kasser and Hitchins [39] argue that systems engineering is a discipline. However, they
also agree with Hyer that systems engineering is not a traditional engineering discipline.
It can and should be differentiated from other disciplines. Kasser and Hitchins identified
six overlapping camps for systems engineering: Lifecycle, Process, Problem, Discipline,
Systems thinking and non-systems thinking, and Enablers.

2.4.4 Comparison of process (systematic) and skill (systemic)
levels

We can see systems engineering through two different but valid lenses. The first one is the
"the systems thinking concepts” lens, and the second one is "the SE Process concepts” lens
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[1]. The full understanding of systems engineering should pass through the assimilation
of both concepts, and these two views can be summarized as:

SE = Process: individuals must know what to do, and if you do Systems Engineering,
success will come. [1]

SE = The skill of Systems Thinking: the focus is on getting the right skills into
organization roles, the right thinking will create better solutions. [I]

Systems thinking skill for engineers is not enough alone, they also need a SE process to
follow. Neither a good SE process without a skilled systems engineer is sufficient. Figure
2.1 below from [1] characterizes different balances between process and skill.

o No invention / rework A very good chance
® | Good No real thinking, Systems process The right understanding of problem —
E process | methods “by the numbers” methods, | skilled and appropriate use of
@ ineffective Systems Engineering process and method
@ No chance No control
_g’ Poor Cannot handle complexity and Individuals “uninterested” in process
o Process | unlikely to do well! —no control, critical things missed,
reinvention, some “mavericks”
Poor Systems Skills Good Systems Skills
Being Systemic

Figure 2.1: Comparison of process (systematic) and skill (systemic) levels [I]

2.5 Systems engineering origins and evolution

The term ”Systems Engineering” dates back to Bell Telephone Laboratories in the early
1940s [40]. According to Hall, Mr. Gilman, Director of Systems Engineering at Bell, was
the first who attempted to teach systems engineering as we know it today in 1950 at MIT.

In 1978, the concepts of systems engineering at Bell Labs have been traced back
to the early 1900s. Before that, the notion of systems analysis, an important part of
systems engineering, was created in 1946 by the United States Air Force. The Department
of Defense entered the world of systems engineering in the late 1940s with the initial
development of missiles and missile-defense systems [41].

A lot of research and development efforts have been made by the U.S. and its allies for
developing principles, methods, processes, and tools for military defense systems, com-
plemented by initiatives addressing industrial and governmental systems. These efforts
and the huge investments have been done as a response to the challenges of the Second
World War concerning the complexities of real-time command and control of extremely
large systems, along with the the Cold War and Russian space achievements. Afterwards,
the Software Engineering discipline has been defined as a response to the rise of software
parts within systems, as a closely related discipline to systems engineering [26], [42]

Figure 2.2 bellow illustrates the important dates in the origins of systems engineering.
Note that additional actions happened like the different INCOSE national chapters, es-
tablished in several countries, and the ISE/IEC/IEEE 15288:2015 is not included at this
figure.

26



1937 British multidisciplinary team to analyze the air defense system

19391945 Bell Labs supported NIKE missile project development

1951-1980 SAGE air defense system defined and managed by Massachusetts Institute of Technology (MIT)

1954 Recommendation by the RAND Corporation to adopt the term “systems engineering”

1956 Invention of systems analysis by RAND Corporation

1962 Publication of A Methodology for Systems Engineering by Hall

1969 Modeling of urban systems at MIT by Jay Forrester

1990 Mational Council on Systems Engineering (NCOSE) established

1995 INCOSE emerged from NCOSE to incorporate international view

2008 IS0, IEC, IEEE, INCOSE, PSM, and others fully harmonize SE concepts on ISOIEC/IEEE 15288:2008

Figure 2.2: Important dates concerning the origins of systems engineering [2]

After 1990, because of the boom and the rapid growth of information systems and
related technological advancements, systems engineering faced more challenges as systems
became more interconnected, more complex, and seeking for more interoperability. The
most important challenge is making future systems scalable, stable, adaptable, and human
[26]. Many systems engineering practices have evolved in response to these challenges,
such as lean, agile, iterative and evolutionary systems engineering approaches.
Enterprise systems engineering (ESE) approaches have been developed, which
consider the enterprise itself as a system to be engineered. And the increased need for
up-to-date, authoritative and shared models to support lifecycle decisions has led to the
development of model-based systems engineering (MBSE) approaches|26].”All
forms of systems engineering will be needed to solve the engineering problems of the future,
sometimes separately but increasingly in combination” [43]

The issues discussed above are considered in the INCOSE Systems Engineering Vision
2025 [44]. This vision gives an overview of both the likely nature and challenges of future
systems along with the question of how systems engineering needs to evolve in order to
catch up with these challenges. Some of the expected evolutions, in relation with our
subject, are [44]:

e Systems engineering practices will adapt to and be transformed by new technology as
efforts become more IT-centric and globally distributed among diverse collaborating
enterprises.

e Systems engineering’s theoretical foundations will advance to better deal with com-
plexity and the global demands of the discipline, forming the basis for systems ed-
ucation as well as the methods and tools used by practicing systems engineers for
system architecting, system design and system understanding.

e Methods and tools, based on solid theoretical foundations, will advance to address the
market demands of innovation, productivity, and time-to-market as well as product
quality and safety by harnessing the power of advancements in modeling, simulation
and knowledge representation, such as domain-specific standard vocabularies, thereby
meeting the needs of an increasingly diverse stakeholder community.

o Systems engineering will lead the effort to drive out unnecessary complexity through
well-founded architecting.

e FEducation and training of systems engineers and the infusion of sys-
tems thinking across a broad range of the engineering and management
workforce will meet the demands for a growing number of systems en-
gineers with the necessary technical and leadership competencies. and
deeper system understanding.
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2.6 Systems engineering standards

2.6.1 SE Standards Overview

The early standard for Systems Engineering was the US Military Standard MIL-STD-
499, Engineering management, published on July 17th, 1969 and produced by the US
Department of Defense (DoD) for the defense industry [8]. It has been adapted twice
after that: the MIL-STD-499A released on May 1st, 1974, and the MIL-STD-499B draft
of 1992. In 1994, a group of organizations called Electronic Industries Alliance (EIA)
collaborated to develop a commercial systems engineering standard meant to replace the
military one. This group included representatives from the DoD, the Aircraft Industry
Association (AIA), the National Security Industries Association (NDIA), the Institute of
Electrical and Electronics Engineers (IEEE), and INCOSE [§]. In December 1994, they
released the EIA Interim Standard 632 (EIA /IS 632) Systems Engineering. This Standard
became later the ANSI/EIA 632-1998, Processes for Engineering a System [45], which has
been approved on January 7th, 1999.

IEEE on one side, The International Organization for Standardization (ISO) along
with the International Electro-technical Commission (IEC) on the other side, were also
working on commercial systems engineering standards. In 1998, and after a trial-use
version in 1995 (IEEE Std 1220-1994) [46], IEEE came up with the IEEE Std 1220-1998,
Standard for Application and Management of the Systems Engineering Process [47], and in
2002, ISO and IEC released the ISO/TEC 15288 standard, Systems Engineering-System
Lifecycle Processes [48], which has been created by the same group that created the
ISO/IEC 12207 software life-cycle standard, along with Systems Engineering Experts [8].

Each of these three different commercial standards, EIA 632, IEEE 1220 and the
ISO/IEC 15288 addressed different breadth and depth levels in the Systems Engineering
processes, described in Figure 2.

System life

Process
descriptio

High level
practices

1]
L
Q
©
N
(o]
(]
>
o
|

¥ ety
P Transitiontg  Maintain, Replace
Develop Operation or Enhance or Dismantle

Figure 2.3: Breadth and Depth of Leading SE Process Standards [3]

The last active version of the EIA 632, Processes for Engineering a System, is still
the one approved in 1999 and reaffirmed in 2003. The IEEE 1220 has been revised once
in 2005 and is the currently active version of this standard [49]. The ISO/IEC 15288-
2002, after its adoption by IEEE in 2004, has been revised and became the ISO/IEC
15288:2008 [50], before it became the ISO/IEC/IEEE 15288:2015 [4] which was prepared
by Joint Technical Committee ISO/IEC JTC 1 (Information technology), Subcommittee
SC 7 Software and systems Engineering) in cooperation with the IEEE Computer Society
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Systems and Software Engineering Standards Committee [4]. In 2004, ISO/IEC 15288-
2002 has been adopted by IEEE, in the IEEE Std 15288T™.-2004 [51], Also, INCOSE
(International Council on Systems Engineering) adopted this standard and aligned upon
it the process and lifecycle content in their 4th Version of the SE Handbook [2].

By gathering the most important normalization institutions and big industrial play-
ers, ISO/IEC/IEEE 15288 became the most revised and the most complete standard for
systems engineering, even the starting point of many derivative products, different in-
stitutions and researchers producing content, guidance, reports, use cases, etc. Others
are creating completely new products, such as the ISO/IEC 29110 series [52] which is a
Systems and Software Lifecycle Profiles and Guidelines for Very Small Entities (VSEs).
YA wvery small entity (VSE) is an enterprise, an organization, a department, or a project
having up to 25 people” [53]. ISO/IEC 29110 is mainly based on ISO/IEC/IEEE 15288
for the systems engineering part, and on the ISO/IEC/IEEE 12207 for the software engi-
neering part.

We surveyed a sample set of standards, to show their importance in the field of systems
engineering. For more information about systems engineering standards, especially in
specific disciplines, please take a look at the Incose website [54]. Figure 2.4 illustrates a non
exhaustive list of todays systems engineering standards, one of the most important missing
from the Figure, is the ISO/TEC 29110 series, evoked previously. Most importantly,
no standardized systems engineering processes fit any kind of programs, projects, and
systems. A framework for instantiating product-specific processes, for product quality
achievement, was presented by Natarajan et al. in [55]

ISOVIEC/IEEE 15288 Systems and software engineering—System life cycle processes

ANSIEIA-632 Processes for engineering a system

ISOIEC/IEEE 26702 Systems engineering—Application and management of the systems engineering process
(replaces IEEE 1220™)

SEBoK Guide to the systems engineering body of knowledge

ISOVIEC TR 24748 Systems and software engineering—Life cycle management—FPart 1, guide for life cycle
management; Part 2, guide to the application of ISOVIEC 15288 (system life cycle
Processes)

ISOVIEC/EEE 24765 Systems and software engineeringe—Vocabulary

ISOVIEC/IEEE 29148 Software and systems engineering—Life cycle processes—Requirements engineering

ISOMEC/AEEE 42010
IS0 10303-233

OMG SysML™
CMMI-DEV v1.3
ISOMEC 15504-6

ISOTEC/IEEE 15289

ISOMEC/AEEE 15939
ISOMEC/EEE 16085
ISO/MIEC/IEEE 16326
ISOVIEC/IEEE 24748-4
150 31000

TechAmerical ANSI EIA-640-B
ANSIAIAA G-043A-2012e

ISO/MEC/EEE 15026

Systems and software engineerinc—Architecture description {replaces IEEE 1471)

Industrial automation systems and integration—Product data representation and exchange
Part 233: Application protocol: Systems engineering

Object management group (OMG) systems modeling language (SysML™)

Capability maturity model integration (CMMI®) for development

Information technology—Process assessment—Part 6: An exemplar system life cycle process
assessment model

Systems and software engineering—Content of systems and software life cycle process
information products (documentation)

Systems and software engineering—Measurement process

Systems and software engineeringc—Life cycle processes—Risk management

Systems and software engineering—Life cycle processes—Project management

Life cycle management—Part 4: Systems engineering planning

Risk management—Principles and guidelines

National consensus standard for configuration management

ANSIATAA guide to the preparation of operational concept documents

Systems and software assurance—Part 1, concepls and vocabulary; Part 2, assurance case;
Part 4, assurance in the life cycle

Figure 2.4: Current significant Systems Engineering standards and guides [2]
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2.6.2 Considered Standards

Since we are aiming to use standardized processes for systems engineering education
purposes, it seems natural that a decision needs to be made about which standards we
want to adopt. Based on the previous overview of the different standards for Systems
Engineering processes, the use of ISO/IEC/IEEE 15288 and ISO/IEC 29110 appears to
be the appropriate choice. As a matter of fact, one of these standards covers the entire
lifecycle of a system with a large number of different individual processes, while the other
one is a smaller set of processes focusing on the need of VSEs. Some of their advantages are
listed next. Note however that the previously cited standards, even the selected ones, are
usually not sufficient to engineer a good system in real life, because none of them explains
in detail how to apply them. For this reason, these standards are typically supported by
Systems Engineering approaches, and applied in conjunction with many other standards
such as the TR 24748, guide to 15288, the 42010 for architecture description, the 29148
for requirements engineering, 15289 documentation Standard and others.

The ISO/IEC/IEEE 15288 Standard
The most significant characteristics of the ISO/IEC/IEEE 15288 are:

e [t is the systems engineering reference standard, and it is promoted by mainly all the
standardization organizations including ISO and IEEE, and adopted by INCOSE.
It is up-to-date and based on proven practices.

e Our first goal is to let students learn the fundamentals of systems engineering,
but we do not want to bother them with much detail relative to deeper processes
application. We rather want educators to be able to select most suited topics to
learn for specific students and for specific kinds of systems. This standard provides
them with the ability to do that.

e Its processes can be applied in different manners: concurrently, iteratively and re-
cursively to a system, and incrementally to its elements. It can be applied to an
element of a system, considered as a system itself, as it can be applied at any level
in the hierarchy of a system across its lifecycle.

e [t applies to man-made systems configured with one or more of the following, hard-
ware, software, humans, or processes.

e When defining the lifecycle model and its different stages, educators can choose
which of this standard processes to consider and to be in conformance with. How-
ever, its processes can also be tailored to fit for example a specific learning goal.

e It can be used alone or jointly with the ISO/TEC/IEEE 12207, for software engi-
neering, which has the same terminology and concepts.

In its last revision of 2015, it includes 30 processes grouped into four categories, see
Figure 2.5. It includes 2 Agreement processes, 6 Organizational Project-Enabling
processes, 8 Technical management processes, 14 Technical processes. For each pro-
cess, the standard provides us with: its Purpose as a paragraph that describes at a
high level the overall goal of performing the process, its Outcomes that express the
observable results expected from the successful execution of the process, its Activities
providing the first level of structural decomposition of a process, they generally provide
a set of the related lower-level elements called tasks, and its activities tasks: tasks are
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requirements, recommendations, or permissible actions intended to support the achieve-
ment of the outcomes. In addition and some Notes. The standard provides a common
processes framework for describing the lifecycle of systems created by humans, adopting
a systems engineering approach[4]. It does not describe a specific system lifecycle model,
neither a development methodology, method, model or technique.

System Life Cycle Processes

Agreement Technical Technical
Processes Management Processes
Processes Busi
Acquisition Process Mhs‘zﬁ?a;f:h
(Clause 6.1.1) Project Planning Process Process (Clause 6.4.1)
(Clause 6.3.1) o o s
Supply Process - R 1 Definitl
(Clause 6.1.2) Project Assessment and Process (Clause 6':1.;]“
Control P
(Glasiag £.3.2) System Requirements
Definition Process
Decislo:r:l:::soemenl (Clause 6.4.3)
Organizational {Clauee 6.3 L BN
" on Process
Project-Enabling s (Clause 6.4.4)
Processes (Clause 6.3.4) Design Definition
Life Cycle Model Configuration st
Cl 6.4.5
Management Process Management Process e
(Clause 6.2.1) (Clause 6.3.5) System Analysis
Process
Infrastructure Inf tion Management
Management Process i p,“:;' Sl RAN
(Clause 6.2.2) (Clause 6.3.6)
" ph Process
Portfolio (Clause 6.4.7)
Management Process Measurement Process
(Clause 6.2.3) (Clause 6.3.7)
Integration Process
Human Resource Quality Assurance (Clause 6.4.8)
Management Process Process
(Clause 6.2.4) (Clause 6.3.8)
Verification Process
Quality Management (Clause 6.4.9)
Process
(Clause 6.2.5)
Transition Process
Knowledge Management (Clause 6.4.10)
Process
{Clause 6.2.6)
Validation Process
(Clause 6.4.11)
Operation Process
(Clause 6.4.12)

Maintenance Process
(Clause 6.4.13)

Disposal Process
(Clause 6.4.14)

Figure 2.5: ISO/IEC/IEEE 15288:2015 System Lifecycle Processes [4]

The ISO/IEC 29110 series

The most significant characteristics and advantages of this series and its differentiation
compared to the first one are:

e The recently published set of ISO/IEC 29110 international standards (IS) and Tech-
nical Reports (TR) [50] are specifically aimed at addressing the specific needs of
VSEs (Very Small Entities), i.e. enterprises, organizations, departments or projects
with up to 25 people.
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e The engineering standards and guides developed by an ISO working group, Working
Group 24 (WG24), are targeting VSEs which do not have experience or expertise in
selecting, for a specific project, the appropriate processes from lifecycle standards
such as ISO/IEC/IEEE 12207 or ISO/IEC/IEEE 15288, and tailor them to the

needs of a specific project [57].

e Building upon the success of ISO/TEC 29110 for software, in 2009, an INCOSE
working group was established to evaluate the possibility of developing a standard
using the generic profile group scheme of the ISO/TEC 29110 series and the systems
engineering lifecycle processes standard ISO/TEC/IEEE 15288 (2008), for organi-
zations developing systems instead of just softwares. This new ISO/IEC 29110
series is targeted for VSEs that do not have experience or expertise in tailoring
ISO/IEC/IEEE 15288 to their needs. The result is the publication of a Systems
Management and Engineering Guide Entry profile (ISO/TEC TR 29110-6-5-1:2015),
i.e. for VSEs working on small projects (e.g. at most six person-months effort) and
for start-up VSEs and Basic Profile (ISO/IEC TR 29110-6-5-2:2014) [5§].

e The systems engineering basic profile is composed of two processes: Project Man-
agement (PM) and System Definition and Realization (SR). An acquirer provides a
Statement of Work (SoW) as an input to the PM process and receives a product as
a result of SR process execution, see Figure 2.6.

System Definition and

Acquirer Realization Process
T System Definition and
Realization Initiation

Statement of |

Work Product

System Requirements
Engineering

Project Management Process

Project Planning Project Assessment

and Control

Project Plan
Execution Project Closure

System Architectural

- Design
System Construction
System Integration,

Verification and
Validation

Product Delivery

Organizational Management

Adapted from (Varkol 2010)

Figure 2.6: ISO/IEC TR 29110-6-5-2:2014 architecture

2.7 Conclusion

In this chapter we highlighted that each of the systems engineering and the systems
thinking concepts are necessary to each other. we also presented different definitions
of systems engineering, while presenting the differences between them. This made
us understand that systems engineering, regardless which definition we consider, is
mainly here to manage the complexity of nowadays systems. We also demonstrate
in this chapter the impact of systems engineering standards on its evolution.
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3

SE Competencies and Competency Models
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3.1 Introduction to SE Competencies and Compe-
tency Models

System Engineering (SE) competencies are defined as “the knowledge, skills, and abili-
ties (KSAs) necessary for a systems engineer to perform tasks related to the discipline”
[59]. According to the Systems Engineering Body of Knowledge book (SEBoK) [26], sys-
tems engineering competencies reflect the individual’s Knowledge, Skills, Abilities, and
Attitudes (KSAAs), which are developed through education, training, and on-the-job ex-
perience. According to the same source ” For an individual, a set of KSAAs enables the
fulfillment of the competencies needed to perform the tasks associated with the assigned
systems engineering role” .

Systems engineering competencies which, in a specific way, form A systems engineering
competency model, reflect the individual’s KSAAs. The KSAAs in their turn are related
to the different roles in the company/project, which are then associated with a set of
tasks. So, a competency model is a framework for organizing a collection of observable
KSAs/KSAAs. According to [26], ”SE competency models generally agree that systems
thinking, taking a holistic view of the system that includes the full lifecycle, and specific
knowledge of both technical and managerial systems engineering methods are required to
be a fully capable systems engineer”.

KSAAs can be used as learning objectives for systems engineering competencies devel-
opment, especially when defining them in terms of a standard taxonomy, as authors did in
[42]. They developed a systems engineering competency career development model, as an
analytical approach using Bloom’s taxonomy. More generally, in addition to the ability
to use them for education, training, and career development, competency models can also
be used for recruitment and selection, and human resources planning and placements [26].

" In practice, KSAs tend to be lists of statements written by, or on behalf of, candi-
dates. These statements are targeted to specific positions and describe as applicable a
number of (lists) situational challenges and outcomes in a prior position that are to be
used by evaluators in a pass-fail mode when looking for qualified candidates for the specific
position” [60].

Competency models, can also be used by universities in order to manage the systems
engineering competencies and skills which students should develop before and during in-
dustrial placement [61]. In this project preparing students for industrial placement, Hub-
bard explained how they were able to create a competency map identifying the relevant
competencies for systems engineers, from different sources, with a focus on the INCOSE
competency framework, while adding a set of soft skills. Then, they create a link to an
online personal development planning tool (called RAPID), to record academic, profes-
sional, and individual development, for monitoring progress of transferable skills. Most
importantly, they did a mapping with which modules enable the acquisition of necessary
skills and competencies. and finally, develop a ”preparing for industry” guide for systems
engineering undergraduates.

Unger highlighted the relevance of systems engineering competency models in [62],
by developing a systems engineering capability development plan. The author developed
a systems engineering competency model (starting from the NASA competency model),
before suggesting a set of development strategies for each competency area. The proposed
competency model includes 9 areas of technical excellence and 6 areas in the field of
interpersonal skills.

34



3.2 Main Competency Models

The competency model describes the competencies, key actions and behaviors that are
needed for systems engineers to be efficient in their jobs.[63] There are two kinds of
systems engineering competency models. The first one is the shorter ”success model”
that describes a small set of competencies for successful systems engineers. The longer
”comprehensive model” has the objective to identify all the competencies required to
fulfill a particular systems engineering role [63].

Different competency models exists for systems engineering. Most of them have been
developed for specific contexts or specific organizations. Since the required competencies
vary between different organizations and projects, these models can and should be tailored.
The most well-known competency models in the field of systems engineering are:

e Defense Acquisition University (DAU) ENG Competency Model, to identify com-
petencies required for the Department of Defense (DoD) acquisition engineering
professionals [64].

e NASA Academy of Program/Project and Engineering Leadership (APPEL), a project
management and systems engineering competency model, to improve project man-
agement and systems engineering at NASA [65].

e The MITRE Institute Systems Engineering Competency Model, to define new cur-
ricula systems engineering and to assess personnel and organizational capabilities
[63]

e INCOSE UK Working Group Competency Framework, to identify the competencies
required to conduct good systems engineering projects [66].

Most organizations tailor such models by including specific domain KSAAs (compe-
tencies) and other particularities of their organization. Also, different competency models
can be used together in order to develop a new competency model for a specific need, or
for a specific organization, as already done by White [42].

3.2.1 Defense Acquisition University (DAU), ENG Competency
Model (Formerly SPRDE)

This is the U.S. Department of Defense (DoD) acquisition engineering professionals com-
petency model. It includes 41 competencies, classified into four areas, analytical, technical
management, professional, and business acumen, see Table 3.1. The lifecycle view used in
the INCOSE model is evident in the ENG analytical grouping, but is not cited explicitly
[26]. However additional professional skills and other components have been added to
meet the needs for strong leadership [26].
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Table 3.1: ENG Competency Model competencies

e Professional

e Analytical .
— 22. Problem Solving

— 1. Mission-Level Assessment — 23. Strategic Thinking
— 2. Stakeholders Requirements — 24. Professional Ethics
Definition
] ) — 25. Leading Performance
— 3. Requirements Analysis Teams
— 4. Architecture Design — 26. Communication
— 5. Implementation — 27. Coaching and Mentoring
— 6. Integration — 28. Managing Stakeholders
— 7. Verification — 29. Mission and Results Focus
— 8. Validation — 30. Personal Effectiveness/Peer
— 9. Transition Interaction
— 10. Design Considerations — 31. Sound Judgment
— 11. Tools and Techniques e Business Acumen
e Technical Management — 32. Industry Landscape
— 12. Decision Analysis — 33. Organization
— 13. Technical Planning — 34. Cost, Pricing, and Rates
— 14. Technical Assessment — 35. Cost Estimating
— 15. Configuration Management — 36. Financial Reporting, Met-

) rics
— 16. Requirements Management

. — 37. Business Strategy
— 17. Risk Management

— 38. Capture Planning, Proposal

— 18. Data Management Process

— 19. Interface Management — 39. Supplier Management

— 20. Software Engineering — 40. Industry Motivation, Incen-
— 21. Acquisition tives, Rewards

— 41. Negotiations

3.2.2 NASA Academy of Program/Project and Engineering Lead-
ership (APPEL)

The U.S. National Aeronautics and Space Administration (NASA) APPEL project pro-
vides a competency model to support the professional development of NASA’s technical
workforce (Table 3.2). This competency model integrates Project Management (PM) and
SE. It includes three parts, 17 PM competencies, 17 SE competencies, and 14 shared
competencies common to both disciplines [26].

NASA has defined 4 proficiency levels: SE Proficiency Level I-Technical Engineer/
Project Team Member, participates as a team member to gain an overall understanding
of the stakeholder expectation definition and management process and to gain initial
experience in the competency, and participates as a team member to gain an overall
understanding of the product verification process and to gain initial experience in the
competency. SE Proficiency Level 1I-Subsystem Lead, performs SE activities for a
subsystem or simple project (e.g. no more than two simple internal/external interfaces,
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simpler contracting processes, smaller team/budget, shorter duration). SE Proficiency
Level III-Project Systems Engineer and SE Proficiency Level IV-Chief Engineer.
Note that we are mostly targeting the first two levels with this work.

Table 3.2: NASA Academy of Program/Project and Engineering Leadership (APPEL)

o Competency Area: 5.0 Project Man-

e Competency Area: 1.0 Concepts and agement and Control
Architecture
— 5.1 Acquisition Strategies and
— 1.1 Mission Needs Statement Procurement
— 1.2 System Environments — 5.2 Resource Management
— 1.3 Trade Studies — 5.3 Contract Management

— 1.4 System Architecture

5.4 Systems Engineering Man-

agement

e Competency Area: 2.0 System De-
sign e Competency Area: 6.0 NASA Inter-

nal and External Environments

— 2.1 Stakeholder Expectation
Definition and Management — 6.1 Agency Structure, Mission,

and Internal Goals

2.2 Technical Requirements
Definition — 6.2 NASA PM/SE Procedures

— 2.3 Logical Decomposition and Guidelines

— 2.4 Design Solution Definition — 6.3 External Relationships
o Competency Area: 7.0 Human Cap-

e Competency Area: 3.0 Production, ital Managoment

Product Transition, Operations

— 7.1 Technical Staffing and Per-

— 3.1 Product Implementation
formance

.2 Product Int ti
3 rocuct tntogration — 7.2 Team Dynamics and Man-

— 3.3 Product Verification agement

— 3.4 Product Validati
rocduct vVai E'lfon o Competency Area: 8.0 Security,
— 3.5 Product Transition Safety and Mission Assurance

- 360 ti
perations — 8.1 Security

e Competency Area: 4.0 Technical — 8.2 Safety and Mission Assur-
Management ance
— 4.1 Technical Planning e Competency Area: 9.0 Professional

— 4.2 Requirements Management and Leadership Development

— 4.3 Interface Management — 9.1 Mentoring and Coaching
— 4.4 Technical Risk Management — 9.2 Communication
— 4.5 Configuration Management — 9.3 Leadership
— 4.6 Technical Data M -
ment echnica ata anage o Competency Area: 10.0 Knowledge

Management
— 4.7 Technical Assessment
— 10.1 Knowledge Capture and

— 4.8 Technical Decision Analysi
8 Technical Decision Analysis Transfer

3.2.3 MITRE Institute Systems Engineering Competency Model

The MITRE systems engineering competency model has been created as a comprehensive
one, in order to address a wide range of systems engineering jobs, by developing and
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assessing individuals and teams for that. This competency model made it very clear that
is has been developed in a way that its details are unique to its developer’s needs (i.e.
MITRE’s). However, it can be applied to other professionals doing systems engineering
with the necessary tailoring effort.

It encompasses 36 competencies, grouped into five sections (competency areas): enter-
prise perspective, systems engineering lifecycle, systems engineering planning and man-
agement, systems engineering technical specialties, collaboration and individual charac-
teristics, see Table 3.3. It has three levels of proficiency: foundational, intermediate, and
expert, and therefore the key actions and behaviors are shown following three columns.

Table 3.3: MITRE Institute Systems Engineering Competency Model

e 4.0 Systems Engineering Technical

e 1.0 Enterprise Perspectives Specialties

— 1.1 Comprehensive Viewpoints — 4.1 Cost/Benefit Analysis.

— 1.2 Innovative Approaches — 4.2 Human Centered Engineer-

— 1.3 Foster Stakeholder Rela- ing (HCE).
tionships — 4.3 Modeling and Simulation
(M and S).

e 2.0 Systems Engineering Lifecycle X . .
— 4.4 Security Engineering.

— 2.1 Concept Definition
— 2.2 Requirements Engineering
2.3 Architecture

— 2.4 Systems Design and Devel-
opment

2.5 Systems Integration
2.6 Test and Evaluation

— 2.7 Systems Implementation, O
and M, and Transition

e 3.0 Systems Engineering Planning
and Management

— 3.1 Transformational Planning

— 3.2 Government Acquisition

Support

3.3 Contractor Evaluation
3.4 Risk Management

— 3.5 Configuration Management

— 3.6 Integrated Logistics Sup-
port

3.7 QA and Measurement

— 3.8 Continuous
provement

Process Im-

— 4.5 Reliability, Maintainability,
and Availability (RMA).

— 4.6 Safety Engineering.

— 4.7 Software and Information
Engineering.

— 4.8 Communica-
tions/Networking Engineering.

— 4.9 Collaborating with Techni-
cal Specialties.

e 5.0 Collaboration and Individual
Characteristics

— 5.1 Building Trust.
5.2 Building a Successful Team.

— 5.3 Communicating with Im-
pact.

— 5.4 Persuasiveness and Influ-
ence.

5.5 Facilitating, Managing, and
Championing Change.

— 5.6 High Quality Standards.
— 5.7 Results Orientation.

5.8 Adaptability.

5.9 Integrity.

3.2.4 INCOSE UK competency Framework

The goal of the INCOSE UK Advisory Board (UKAB) for developing the SE Competency
Framework (SECF) was “to have a measurable set of competencies for systems engineering
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which will achieve national recognition and will be useful to the enterprises represented by
the UKAB” [66]

The INCOSE systems engineering competency framework is a document describing
systems engineering competencies, to help people understand what is needed for individ-
uals and teams doing systems engineering. These competencies should be tailored to meet
the individuals and enterprises needs. They are based on different resources such as : The
15288 standard [4], the SE Body of Knowledge (SeBoK) [26], the INCOSE SE Handbook
[2], and the NASA Handbook[36].

Systems engineering competencies, basic skills and behaviors, and supporting
techniques are the main components of the framework, in addition to the domain
knowledge, which is not detailed in the framework document, because it is difficult to
produce a specific set of competencies for domain knowledge, and it is specific to each
industrial field.

The SECF is generic in purpose [66] and intended to be used by:

e Organizations: combined with the terminology, processes and job roles that exist
when the framework is applied, to:

1. Identify organizations roles SE competencies, redefine roles, and create new
roles.

2. Adapt the processes and organization capabilities, and exploit Systems Engi-
neering competencies;

3. Measure and benchmark the state of Systems Engineering in the organization,
and prioritize organization improvements and / or training programs, while
identifying gaps in skill base.

4. Provide a better understanding of Systems Engineering by explaining what
people do when undertaking Systems Engineering.

e Project or application: to determine, on which part of the framework to focus,
depending on what section of the lifecycle is addressed.

e Individuals: to assess their level of Systems Engineering competencies, and to plan
ongoing professional development.

e Academic institutions/Training Providers: to develop educational programs
in Systems Engineering, and to assess education or training programs, in both di-
mensions, its depth represented by the level of systems engineering involved com-
petencies assessment, and its breadth by considering the number of competencies
covered in any course.

However, as this framework cannot be specific at the same time for each of the previous
cases, a degree of tailoring is necessary [66].
Characteristics of this framework [66]:

e Its competencies can be combined with other domain specific competencies and
relevant skills and behaviors.

e It focuses on the competencies and skills that give better results when linked with
processes, organizations and infrastructure capabilities (keep that in mind for next
chapters).
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e Subsets of this framework may be selected and used independently.
e To reach a higher competencies level, all the indicators for the levels below apply.

e The most important aspect of this framework is the fact that it has been supported
by the guide to competency evaluation, published as a separate document [67]. This
guide is designed to be a companion to the competency framework document, and
gives guidance on how to evaluate people against the competencies included in the
competency framework.

e Another very important fact is its independence regarding engineering domains and
disciplines.

The framework competencies are grouped into three themes (the equivalent of Compe-
tency Areas in the two previous models): Systems Thinking: contains the underpinning
systems concepts and the system/super-system skills including the enterprise and technol-
ogy environment. Holistic Lifecycle View: contains all the skills associated with the
systems lifecycle from need identification, requirements through to operation and ultimately
disposal. Systems Engineering Management: deals with the skills of choosing the
appropriate lifecycle and the planning, monitoring and control of the systems engineering
process [66]. The competency framework defines only 21 separate competencies, within
three different groups, [66]. See Table 3.4. Each competency is represented by a ”com-
petency table”, and each competency table provides: a description of the competency,
why it matters, and the effective indicators of knowledge and experience as (Awareness,
Supervised Practitioner, Practitioner, and Expert) [66]. The systems engineering basic
skills and behavior, along with the supporting techniques are represented each in a single
table. It is almost the same structure for all SE competency models.

Table 3.4: INCOSE UK Systems Engineering Competency Framework

e 2.0 Holistic Lifecycle View

— 2.1 Determine and Manage

e 1.0 Systems Thinking Stakeholder Requirements
— 1.1 Systems Concepts — System Design:
— 1.2 Super System Capability Is- * 2.2 Architectural Design
sues * 2.3 Concept Generation
— 1.3 Enterprise and Technology * 2.4 Design for ...
Environment % 2.5 Functional Analysis
S Enei . M * 2.6 Interface Management
° ?rlgnt ystems Engineering anage- * 2.7 Maintaining Design In-
tegrity
— 3.1 Concurrent Engineering * t2..8Modeling and Simula-
. . ion
— 3.2 Enterprise Integration * 2.9 Select Preferred Solu-
— 3.3 Integration of Specialisms tion
— 3.4 Lifecycle Process Definition * 2.10 System Robustness
— 3.5 Planning, Monitoring and - 2.11 Sys‘tems Integration and
Controlling Verification

— 2.12 Validation
— 2.13 Transition to Operation
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3.3 Additional competency models

Since no consensus exists on a specific competency model, many additional SE compe-
tency models have been developed for specific needs or for specific organizations. The
SECCM Model is one case of additional SE competency model and merges a number of
competencies from eight different competency models including the previous ones.

The Systems Engineering Career Competency Model (SECCM) was developed by the
systems engineering department at the Naval Postgraduate School. The categorization of
the competencies within this model is based on the ENG competency model (it includes
the same competencies and their categories). It is an extension of the ENG Model with
additional KSAs from other models including NASA, MITRE, SPRDE, etc. Its current
version (2013) has 3052 KSAs organized into the 41 ENG specific competencies [59].

Twelve systems engineering competency models have been surveyed in [68]. These
models were used by the author to extract the systems engineers cognitive competencies
that form the first dimension of his systems engineering cognitive competency model.
Three other dimensions were used: role, proficiency level, and competency level.

3.4 Chapter Summary

The table illustrated by Figure 3.1 provides a side-by-side comparison of three SE com-
petency frameworks/models and how they each address five primary competency vectors

[5].

Competency Model
DAU SPRDE-SE/PSE

Competency Vector INCOSE (2010) (2010) NASA (2009)
Core Competencies |Analytical
(Sys Thinking, Competencies
Holistic Lifecycle (Technical System Design &
Technical Processes View) Processes) Product Realization

Technical Mgt
Processes

Core Competencies
(SE Mgt)

Technical Mgt
Competencies

Technical
Management

Supporting
Techniques

Supporting
Techniques

Analytical
Competencies
(System Assurance,
Software
Engineering, Safety,
RAM)

Security, Safety &
Mission Assurance

Domain

Domain Knowledge

N/A

Internal & External
Environments

Leadership/Personal
Attributes

Basic Skills and
Behaviors

Professional
Competencies

Professional &
Leadership
Development

| Note: NASA also has Human Capital Mgt & Knowledge Mgt as competency areas

Figure 3.1: Comparison of INCOSE, DAU and NASA SE Competency [5]

While the INCOSE Framework was designed to be used by a large number of enti-
ties working on systems engineering, the three first competency models (ENG, MITRE,
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NASA) were developed respectively for the U.S. Department of Defense, the U.S. govern-
ment institutions following the government view of systems engineering, and for NASA
projects and systems engineering. That does not mean that they cannot be used in other
entities, industries or domains, but they have to be tailored to the context of application
considering the institution specific competencies removal or adaptation. This is the way
how the INCOSE framework should be applied too, even if it does not include domain
specific competencies. It should be augmented by some of them depending on the context
of use. So at this level Incose, neither any other model is taking the advantage.

An advantage of the INCOSE framework over the three first competency models is
that, the three were developed by a single entity with a focus on the needs of one organi-
zation, which make it very efficient and meets the challenges of the specific organization.
However the INCOSE framework was developed by a working group with members from
different entities/industries, and based on documents and resources from several institu-
tions including NASA SE hand book and systems engineering standards, what makes it
very adaptable to other industries and fields of application.

Also, unlike other models, the INCOSE Framework can be distinguished from the other
models, due to the fact that it provides individuals, organizations, and education/training
entities with additional information. It shows in fact, how the framework should be tai-
lored and applied, and provides a framework for competency evaluation, that can be used
to assess students in systems engineering courses and systems engineers competencies. It
also provides additional data about skills to be found in systems engineers, focusing on
soft skill, along with tips and supporting techniques that can be used to acquire these
different competencies and skills of the framework.

At the first glance, INCOSE competency framework seems to be the most suited model
for systems engineering education in regard of its form and content. However, despite his
presentation form, including much content than other models (suggested techniques, the
competencies evaluation guides...etc), after studying INCOSE Model and its 21st compe-
tencies in depth, we consider that it still needs some improvements and is not the best
suited model for now. We could state that INCOSE framework is less understandable
than other models, it lacks depth and breadth coverage and explanation, in term of its
different competencies. Its competencies does not cover all systems engineering needed
competencies, and some of the proposed ones are not explicit enough. And most impor-
tantly, The framework should have consider elucidating and dividing competencies into
more trivial sub-competencies. This is important due to the fact that sub competencies
(such as the competency elements in NASA model), might be more simple to understand
and link to SE processes activities. According to [60], this framework is created based
on the knowledge systems engineers have in UK, rather than on the knowledge systems
engineering need.

We consider that INCOSE would have done better considering the use of NASA com-
petency model structure and tailored content, while adding the competencies evaluation
guide and the suggested techniques and methods to acquire each competency and com-
petency elements. Finally, note that even if we are trying to find which one might be
the best choice to manage students competencies and help elaborating efficient learning
scenarios, we will not advocate a specific model for all learning situations. Our proposed
approach will be a competency model independent, so each organization using it will have
the entire liberty to select what to use, and maybe, it will define its own model.
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4

Systems Engineering Education
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4.1 Introduction

The need for effective systems engineering education is evident. Systems Engineering
Education is often regarded as an extension to regular Engineering Education, typically
taught to graduate students along with interdisciplinary studies, and sometimes included
in undergraduate university programs [I1]. INCOSE has formulated a policy statement
that emphasizes the importance of Systems Engineering and its impact on regular engi-
neering disciplines: ” INCOSE believes strongly that a systems perspective and the funda-
mental principles of systems engineering have an important role in the education of all
engineers regardless of their specialty. This will strengthen the general recognition that
most of today’s engineering tasks are performed in multidisciplinary teams, and degree
granting programs in systems engineering must be encouraged and supported” [69]. Burke
et al. from the U.S. Federal Aviation Administration [70] stated that systems engineering
curriculum play a major role in developing better systems engineering processes, as they
provide the needed intellectual source material.

Engineering schools do not always offer independent Systems Engineering courses or
programs, in other terms, they don’t always offer a theoretical or practical teaching about
the systems engineering discipline itself, even if they may use its principles within other
domain specific design and engineering courses. Systems Engineering may be taught in
the scope of a single module, under the label of product development, product design,
design engineering or design thinking. Design Thinking “reflects the complex processes
of inquiry and learning that designers perform in a systems context, making decisions as
they proceed, often working collaboratively on teams in a social process, and “speaking”
several languages with each other (and to themselves)” Dym et al. [9]. Other schools have
created dedicated programs and curriculum for Systems Design, Systems Engineering
and closely related areas [71]. We can therefore distinguish two approaches of Systems
Engineering Education: Systems-centric and Domain-centric. ”Systems-centric programs
treat systems engineering as a separate discipline and most of the courses are taught
focusing on systems engineering principles and practice. While, Domain-centric programs
offer systems engineering as an option that can be exercised with another major field in
engineering” [14].

The American Society for Engineering Education (ASEE) suggests including the fol-
lowing points, in any engineering discipline curriculum [72]. When we analyze these
points, it appears that they recommend the integration of systems engineering principles
and knowledge within any engineering discipline:

o Team skills, and collaborative, active learning.
o Communication skills.

o A systems perspective.

o An understanding and appreciation of diversity.

o Appreciation of different cultures and business practices, and understanding that
engineering practice is now global.

e Integration of knowledge throughout the curriculum a multidisciplinary perspective.
o Commitment to quality, timeliness, continuous improvement.

e Undergraduate research and engineering work experience.
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e Understanding of social, economic, and environmental impact of engineering deci-
S10MS.

o Fithics.

For Sage [73], a major goal of Systems Engineering Education should be to acquire
the abilities relative to each of the 19 focus areas for Systems Engineering identified by
the Systems Engineering Capability Model (SECM) [74]. The author presents Systems
Engineering Knowledge as a composition of three aspects:

e Knowledge Perspective which allows forecasting the need for innovation, includ-
ing innovation principles to identify the appropriate systems planning and marketing
directions.

e Knowledge Principles as formal problem solving approaches, which are usually
linked to fundamental knowledge needed for research and development.

e Knowledge Practices representing the accumulated experience that has led to
standard operating policies for well-structured problem solving.

What does it take to produce good systems engineers?, which are the competencies
of these systems engineers? What are the characteristics of an efficient SE educational
environment? What has been done so far on this subject?, These are the questions we
will address through this chapter.

4.2 Criteria for successful systems engineers

We first consider what a systems engineer needs to know, and what he needs to be able
of. We start by the following criteria for successful systems engineers within Mitre, as
detailed by the Mitre Systems Engineering Guide [43], and excerpted from the MITRE
Systems Engineering Competency Model[63]. According to Mitre, a systems engineer
should be able to:

e Define the sponsor’s and customer’s problem or opportunity from a comprehensive,
integrated perspective.

o Apply systems thinking to create strategies, anticipate problems, and provide short-
term and long-term solutions.

e Adapt to change and uncertainty in the project and program environment, and assist
the sponsor, customer, and other stakeholders in adapting to these.

e Propose a comprehensive, integrated solution or approach that:
— Contribute to achieving the sponsor’s, customer’s and other stakeholders’ strate-

gic mission objectives in a changing environment.

—  Can be feasibly implemented within the sponsor’s and customer’s political,
organizational, operational, economic, and technical context.

— Address interoperability and integration challenges across organizations.

— Shape enterprise evolution through innovation.

e Cultivate partnerships with our sponsors and customers to work in the public inter-
est.
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e Bring their own and others’ expertise to provide sound, objective evidence and advice
that influences the decisions of our sponsors, customers, and other stakeholders.

Frank [68] on the other hand, proposed 20 cognitive competencies of successful systems
engineers, related to systems thinking. They have been extracted from twelve different
competency models in systems engineering:

1. Understand the whole system and see the big picture; think broadly; have grand
visions; have a generalist’s perspective; have holistic view; think strategically;

2. Be able to work consistently at an abstract level,

3. Understand interconnections; closed-loop thinking; recognize patterns;
4. Understand system synergy (emergent properties);

5. Understand the system from multiple perspectives;

6. Think creatively; think out of the box; be able to make good associations of ideas,
to seek multiple solutions; think laterally; think divergently;

7. Understand systems without getting stuck on details;
8. Tolerate ambiguity and uncertainty; adapt to change;
9. Understand the implications of proposed change;
10. Understand a new system/concept immediately upon presentation;
11. Understand analogies and parallelism between systems;
12. Understand limits to growth;
13. Ask good (the right) questions; know when to ask; maintain healthy skepticism
14. Be innovators, originators, promoters, initiators, curious;
15. Be able to define boundaries;
16. Be open minded; open to new ideas
17. Be able to take into consideration non-engineering factors;

18. ”See” the technical /engineering future (vision); have a sense of faith or vision; an-
ticipate problems; see future trends;

19. Think objectively

20. Think critically

Prior to that [75], he proposed a framework of ten cognitive characteristics, eleven
abilities, and ten behavioral competencies for engineers with high capacity for engineering
systems thinking (capacity of becoming systems good engineers).

More recently, Walden [76] proposed three key critical principles, in order to be a
successful systems engineer. He started by the main characteristics of systems thinking,
which are the holistic approach and understanding of relationships, and suggested three
elements that help developing these skills:
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1. Look Up: to fully understand the higher levels we are part of.
2. Look Out: to understand the critical peer-level interfaces and relationships.

3. Look Down: to understand the lower levels that are part of your responsibility .

4.3 Relevant characteristics for effective SE educa-
tional environments

In addition to the following statements and recommendations, the previous criteria for
successful systems engineers are the starting point for defining characteristics of effective
educational environments for systems engineering.

For Jackson [77], one of the main reasons slowing down the dissemination of the
systems engineering process to non-engineer and non-systems engineers, is the focus on
complexity: the complexity of the problems, but sometimes the complexity of the process,
too. For the author, systems engineering should be described as a process to understand
needs, and to design elegant and harmonious solutions for these needs. He advises to
stop describing it as as the process used to design complex systems, because "we do not
set out to make our systems complex. It is the needs that are complex”[T7]. The author
outlined ten requirements to consider for designing a curriculum for educating the non-
engineer in the systems engineering process. Then he used these requirements to design
his curriculum, named ” Getting Design Right”.

Asbjornsen and Hamann [78] provided an overview of systems theory and systems
engineering methodology in order to design a pedagogical concept for both engineering
education in general and systems engineering education in particular. They argue that
the initiative to take up Systems Engineering at a university level has come from industry
and not from academia. By examining the industrial motivations, the authors identified
a list of learning targets for high-quality systems engineering education, such as:

e Qualitative and Quantitative Knowledge

e Systems engineering ability and insight, and learning ability.
e Human factors and, loyalty and individual responsibility

e Global and environmental concerns

According to Muller [14], systems engineering education differs from traditional mono-
disciplinary engineering courses, since the training needs to focus more on skills and less
on transferable facts. The author gives a set of recommendations to consider for a good
Systems Engineering Education program, including interaction with students, soft skill
development, media use and student feedback. Dym [I5] believes that ”a good Engineer-
g Education is about process, about learning how to think like an engineer; it is much
more than a prescription of content”.

Dym et al. [9] recommend the following three activities for a powerful learning envi-
ronment for Systems Engineering and similar disciplines:

e Instrumenting the learning process to obtain quantitative and qualitative data that
support metrics consistent with quality control.

e Teaching Design Engineering and other disciplines such as Systems Engineering
across geographically dispersed, culturally diverse, international networks
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e Engage design coaches to help manage the contextualization of engineering design
theory and practice.

In a broader context, Herrington and Kervin [79] specified nine main characteristics
that any learning environment, technology-based or not, should feature:

e Provide authentic context that reflect the way the knowledge will be used in real
life

e Provide authentic activities

e Provide access to expert performances and the modeling of processes
e Provide multiple roles and perspectives

e Support collaborative construction of knowledge

e Promote reflection to enable abstractions to be formed

e Promote articulation to enable tacit knowledge to be made explicit

e Provide coaching by the teacher at critical times, and scaffolding and fading of
teacher support

e Provide for authentic, integrated assessment of learning within the tasks

Hyer [38] recommended the following elements for an effective approach to systems
engineering training:

e They should be built on a solid and pertinent undergraduate education and a certain
amount of professional experience.

e They should include a combination of classroom education and professional experi-
ence.

e They should develop and improve a systems engineer’s instinct for system level
thinking and communication.

e They should be continuous throughout an individual’s career and be monitored and
adjusted according to opportunities.

Pfar et al. proposed four areas for enhancing existing education courses in systems
engineering [80]:

e Deep thinking about about systems in their context or environment, and under-
standing the “big picture” of a system.

e Situational leadership abilities development, in regard to multiple levels decision
making.

e More education and experiential learning opportunities about how to think about
systems and system interactions within and across life cycle phases and the ability
to anticipate future scenarios.

e Take advantage of the benefits of collaborative systems thinking, and enable training
for entire teams.
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Team coordination for systems engineering has also been highlighted by Avnet [81].
He concluded for his research that team members learn most from each other when they
work on difficult or unfamiliar problems, i.e. when they applying systems engineering, as
this approach is mainly applied for complex or unfamiliar problem resolution.

Hyer [38] considers that, for a most effective impact, the training in systems engineering
must be planned, monitored, and occasionally adjusted. For this purpose, he suggests to
engages supervisors, teachers, or professional mentors in the training process. According
to [82], one of the reasons systems engineering is poorly taught, is the lack of good
teaching, as well as the lack of good delivery methods that bear little relationship to the
environment where modern engineers collaborate and make decisions. Verma [83] stated
that, given the iterative, multi-discipline, and complex nature of a systems engineering
process, computer-based course-ware can be an invaluable aid to instruction.

In Table 4.1, we illustrate a synthesis of the main characteristics for a successful sys-
tems engineering educational environment. These characteristics have been extracted
from the previous statements, along with the characteristics of successful systems engi-
neers, and the requirements for efficient Project Based learning implementation as we will
see in the next section.

Table 4.1: Classification of main characteristics of an ef-
fective systems engineering educational environment

SE Educational Environment Characteristics
1 - Students, Educators, and their Organization

Educators should point out that systems engineering exists not to make complex
systems, but to find solution for complex needs.

Students should be aware of the fact that systems engineering is characterized by a
high level of uncertainty about the solution and the process by which it will be
achieved.

For introductory systems engineering education experiences, no industrial
experience neither a degree are required. However, to advance students knowledge,
abilities and skills in systems engineering, they should at least have an
undergraduate degree, or a first industrial experience in engineering systems.
Educators and/or industrial experts are wanted as coaches, to assist and to help
students contextualizing theory and practice, within the systems engineering
education experience.

When students are engineering a system during a learning project, they should
understand that they are part of a team as systems engineering resources, and
they might be considered as a part of the system being engineered itself.

The organization should ensure that its educators skills and abilities are up-to-date
and meet the practitioners needs. Educators should be in regular contact with
industry and organizations dealing with systems engineering.

Students should be able to understand and manage their roles, and be aware that
their knowledge should be constructed collaboratively. They need to understand
that team members will learn most from each other when working on difficult or
unfamiliar problems and applying systems engineering.

2 - Learning Process and Pedagogical Approaches
Continued on next page
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Table 4.1 — continued from previous page

SE Educational Environment Characteristics ‘

The learning process should be adaptive and take into consideration the learning
goals (competencies and depth level), student competencies, industry/other
organizations requirements, and educators/experts availabilities.

The learning process should guide students through the context of their
engineering actions (higher, peer and lower levels of the system-of-interest), in
addition to the consideration of global and environmental concerns.

The learning process should make students understand and practice the ideas of
wholeness and big picture of a system, as well as collaborative systems thinking,
mainly by proposing suitable systems to be engineered, within suitable contexts.

The learning process should make students understand and practice the idea of
interrelationships between subsystems and between the system and external
systems and the environment.

The learning process should be continuous, monitorable and adjustable, through
an individual’s career or curriculum.

The learning process should allow for self-learning, to improve students learning
abilities.

The education experience should contain both classroom courses and use-case
projects (replacing on-the-hand jobs). However, it should focus more on skills
acquisition and development. Pedagogical resources and technical knowledge
acquisition should be considered as means to better engineer the system and to
better perform systems lifecycle processes.

3 - Supporting Environment, Tools, and Resources ‘

The educational environment should provide educators and students by means
that allow them to tailor Systems Engineering processes and to understand the
importance of processes tailoring.

It should provide an advanced implementation of the Project Based Learning
approach, in a geo-distributed context that facilitates the interaction between
distant students in the same team, and improves the implication of coaches during
the learning process (educators or industrial experts).

It needs to make students engineering the requested system in a reality-like
context, emphasizing communication, collaboration and soft skills acquisition,
within geographically dispersed teams, with the introduction of cultural and
international dimensions.

It should allow students to work on real-life projects, proposed by industrial
partners, to substitute the need of on-the-job experiences.

It should be adaptable to the needs of advanced education in systems engineering.

It should ensure students competencies management, by updating students profiles
after each SE training experience, and making plans (proposing learning sessions),
that address the missed competencies.

The learning environment should be able to be instrumented, in order to get
metrics, that will serve for students evaluation and learning processes improvement.

Students assessment should address different points: evaluation of the final results
(the quality of the design of the engineered system), the systems engineering
processes execution quality, and the acquired skills and knowledge. It should

address both individual and collective assessment.

Continued on next page
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Table 4.1 — continued from previous page
SE Educational Environment Characteristics
Educators should be aware of available modern tools and teaching materials and
should be supported by their organization to acquire and use them within the
teaching experience.

Student should be provided by tools within the educational environment, in order
to sub-divide the requested system (the structural architecture), and manage
sub-systems and system elements as systems to apply on them the systems
engineering required lifecycle processes.

Educators and coaches or industrials providing the system to be engineered, should
be able to see what students are doing at any time, in order to correct them if they
did something wrong, or to adapt their requirements and validate them with
students.

4.4 Project Based Learning and SE educational en-
vironments

4.4.1 Inductive Teaching

Traditional deductive teaching of Engineering and Science starts with theory and pro-
gresses to their applications. The educator typically introduces a topic and explains its
general principles, derives mathematical models from these principles, presents illustra-
tive applications, makes students practice on similar applications, and finally tests their
acquired knowledge in an exam [84].

In contrast to the deductive teaching approach, inductive teaching is about letting
and helping students discover and learn theories only after the need to know them. This
process is usually started by the educator presenting specific observations, case studies or
problems. Some examples of inductive methods are: problem and project-based learning
as two different methods, discovery learning, just-in-time teaching, etc. In the context
of this thesis we are interested in Project-Based Learning, as defined by Prince et al.:
”Project-based learning begins with an assignment to carry out one or more tasks that lead
to the production of a final product-a design, a model, a device or a computer simulation.
The culmination of the project is normally a written and/or oral report summarizing the
procedure used to produce the product and presenting the outcome” [84].

4.4.2 Project Based Learning

In addition to the its characteristics, it is a convention that SE educational environments
should be built on top of a Project Based Learning (PBL) model. This is stated for
example by Turnquist et al. in [85]. The authors affirmed that an integrated part of
systems engineering educational programs resides in the use of case studies and project
experiences, which allows learning the set of systems engineering skills by practice. Frank
et al. emphasized in [86] the benefits of PBL for systems engineering and systems thinking
capabilities development, because of their exposure to the processes, design procedures,
and some underlying systems engineering principles. They also stated that PBL within
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an educational environment allows student to stimulate the professional work of a systems
engineer.

Teamwork is one of the main components of PBL, and “improving a student engineer’s
ability to work effectively and collaboratively within a team is an objective shared in all
engineering programs, but it is a critical objective in systems engineering programs” [87]

According to Dym et al. [9], " the currently most-favored pedagogical model for teaching
Design is Project Based Learning”. Despite the differences between design and systems
thinking (a core aspect of the Systems Engineering discipline) [88], both Engineering
Design and Systems Engineering mostly deal with processes and skills, and not with
transferable and fundamental knowledge. Engineering Design is defined as "a system-
atic, intelligent process in which designers generate, evaluate, and specify concepts for de-
vices, systems, or processes whose form and function achieve clients’ objectives or users’
needs while satisfying a specified set of constraints.” [9]. Therefore, we can assume that
Project-Based Learning (PBL) is actually the most-favored pedagogical model for both
Engineering Design and Systems Engineering Education. According to Khalaf et al. [89],
the nature of these disciplines is in inherent alignment with the PBL pedagogy, so PBL
is recommended especially for developing analytical and problem-solving skills needed to
address multidisciplinary and complex engineering problems.

Most of Systems Engineering Education programs that will be presented later, make
use of PBL as their proposed curriculum.

Current PBL Challenges

PBL seems to be the most adequate model to teach general engineering, and especially
for Systems Engineering. However, this does not mean that PBL is a perfect model that
does not suffer from some limits, or that does not need adjustments to be more efficient.
There still are a number of open research questions regarding PBL. Some of them have
been identified by Dym et al. [9], such as:

o What are the best proportions of problems, projects, teamwork, technology, and real-
ity for a given state of student development? In other words, how authentic should
PBL ezperiences be compared to industry design experiences? Some work has bequn
to emerge in this area, but the answers are not yet definitive.

e How do the proportions change with regard to the context of different engineering
disciplines and institutional missions?

e How should multidisciplinary design-learning teams be managed?

e Can a pedagogic framework developed for co-located learning teams be distributed in
time and place? If so, how?

e How can students be authentically evaluated and graded in design courses with regard
to, for example,

— the quality of the design produced vs. the quality of the process demonstrated;
and

— indwidual cognitive development vs. collective team development?
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4.5 Systems Engineering Education - Current Prac-
tice

This section illustrates some important currently proposed approaches, curriculum and
programs, and proposals for Systems Engineering Education around the world. Inter-
estingly, no common pedagogical model can be identified. Each institution has its own
teaching format varying from one-week crash courses to multiple-year programs. Some of
these approaches, curriculum and programs, and proposals are developed for/by academic
institutions, industrials, or by both of them. Depending on their nature and goals, they
aim to develop systems capabilities within industrial systems engineers practitioners, to
provide the fundamentals of systems engineering for non systems engineers, or to pro-
duce fresh systems engineers using different means: theoretical background, capstone and
cornerstone projects, and on-the-job experiences. We classify the different approaches
depending on their organization in time, into long, short, and mid-term programs.

4.5.1 Long-term programs
Masters and undergraduate Programs

To meet the needs of modern engineers, and to address the innovation crisis in the U.S,
Craig and Voglewede from Marquette University, Milwaukee, presented in 2010 a Mas-
ter program of Engineering in Mechatronics [90]. Their approach focuses on finding a
balance between academic rigor and best practice. The program includes 12 one-credit
key modules covering fundamental engineering knowledge such as mathematics, physics,
mechanics and electronics, along with Systems Engineering related knowledge such as
control, analysis tools, systems modeling and design. The lessons learned in these mod-
ules are applied to four three-credit case study courses: transportation system, home and
office system, energy system, and automation system. During these courses students get
comfortable with the most important practices in Systems Engineering, including user and
problem understanding, design, implementation, integration, trade-offs and optimization.
Finally, a six-credit on-site experience allows the students to put it all together in a
genuine industrial context.

Another significant example is the Master program created by the Johns Hopkins Uni-
versity (JHU) Whiting School of Engineering. In 2011, it was considered as the largest sys-
tems engineering program of the United States in terms of enrollment [91]. The program
balances theory and practice, and offers different learning methods combining in-person
classes, online classes, and industry partnerships. It also includes a challenging capstone
Systems Engineering Project. According to the authors, many students who followed
the JHU program, pursued doctoral studies in Systems Engineering at other universities
such as George Washington University, George Mason University, Stevens Institute of
Technology, University of Virginia, and Old Dominion University.

Also, the department of systems engineering within the United States Military Academy
offers an undergraduate degree in systems engineering [92]. It includes [92] a one year
long design experience, where teams of students from the program work on a real world
problem. The goal of this capstone project is to give systems engineering Majors the
opportunity to work on real-world project for real-world clients, which are relevant to the
Army and to the Academy.

The Systems Engineering and Evaluation center (SEEC), within the university of
South Australia proposed an approach for systems engineering training based on both
education and work experience [93]. The proposed approach for developing systems engi-
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neers includes four phases:

1. Undergraduate phase: Through an introductory systems engineering subject offered
to the final year undergraduates. It should be built upon one of the systems
engineering standards.

2. Induction phase: Introducing newly recruited engineers to the organizations engi-
neering processes.

3. Training phase: To gain experience in the organization, its modules should follow
the professional body, or at least follow the main systems engineering process
steps.

4. Professional working phase: The normal working life of a design engineer.

Turnquist et. al presented in [85] a systems engineering master program developed in
collaboration between Cornell University and Lockheed Martin Federal Systems (LMFES).
This collaboration emphasizes the importance of building teamwork and systems engi-
neering skills through project experience. The resulted curriculum from this partnership
focus on eight main elements, closely related to the elements identified by INCOSE as
core material for systems engineering programs [85] :

1. Requirements analysis.

2. Functional, behavioral, and structural analysis.

3. Simulation, optimization and multi-criteria decision making.
4. Risk assessment and management.

5. Lifecycle analysis.

6. Teamwork and project management.

7. Information flow in systems.

8. Feedback control.

The underlying education philosophy for this master’s degree education is the main
contribution of the academic partner, while the industrial one brought the application
part of this philosophy through use cases, especially when this collaboration gives high
consideration to the project aspect.

The Fachhochschule Miinchen has successfully introduced a one-year graduate course
for Systems Engineering [94]. Candidates can enroll at this one year course only if they
already have an academic degree before starting the course. The course is divided into two
parts, the first one concerns the principles of systems engineering and systems engineering
knowledge, methods and tools of system development, and methods and tools of system
management. The second part is related to: engineering project within an industrial
company, courses explaining successfully completed systems engineering projects, and a
course in business English. Additional details about these subjects and their organization
can be found at [94].

Facing the diversity of systems engineering education initiatives, and considering the
absence of a community-accepted recommendation or guidance on what to teach in sys-
tems engineering graduate program, another very significant effort was performed by
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Stevens Institute of Technology in collaboration with other systems engineering insti-
tutions like INCOSE. This effort is represented by the BKCASE international project
"Body of Knowledge and Curriculum to Advance Systems Engineering”. It resulted in
the elaboration of a ” Graduate Reference Curriculum for Systems Engineering (GRCSE)”.
Version 1.1 is now available for public [95]. GRCSE provides a reference curriculum for
professional master’s degree in systems engineering.

The goals of writing GRCSE is to assist in designing new systems engineering graduate
programs and reviewing existing ones. In other terms, it is a tool to support development,
maintenance, update, and selection of master’s programs in SE to meet particular needs.

GRCSE intends to [95]:

e Improve existing SE graduate programs
e Assist in the development of new SE master’s programs.

e Guide the deliberations of strategic advisory boards, to assist universities in appro-
priate program design.

e Support increased enrollment in SE programs

e Support prospective students and employers in gauging the suitability of a particular
program for their individual purposes.

e Assist engineering educators in general to appreciate the distinctive knowledge and
perspectives of systems engineering.

The second valuable product of the BKCASE project is the ”Systems Engineering
Body of Knowledge” [26], available as a Wiki, and providing a widely accepted, community
based, and regularly updated baseline of SE knowledge.

Professional curriculum development programs

The U.S. Federal Aviation Administration (FAA) designed a systems engineering curricu-
lum for both human capital and process improvement [70]. The curriculum focused on
knowledge base and behavioral skills and competencies, which have been defined before
proposing the curriculum. The proposed systems engineering curriculum has the following
five features:

1. Tt considers both behavioral competencies and technical/organizational knowledge
and skills.

2. It covers educating people on generic systems engineering processes and techniques,
as well as on FA A-specific ones.

3. It make use of professional resources as ANSI/EIA-632 standard systems engineering
processes and INCOSE resources and recommendations.

4. It ties directly to the normal expected progression of systems engineers at the FAA.

5. It does not focus on the domain specific technical knowledge, as it will be acquired
separately (through previous professional education or other FAA curricula).

In term of content, the curriculum covers 15 major knowledge areas which are
detailed within the paper [70].
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Another example of graduate systems engineering education for professional develop-
ment is the Air Force Institute of Technology program [96]. It is mostly dedicated to
Air Force candidates (military officers), coming generally to the course with four to seven
years after their undergraduate degree with significant professional experience. The cur-
riculum is built upon four principles: the core, the breadth, the depth, and the design. The
Core consists of a course in system design and additional supporting courses, it provides
the framework for systems engineering processes and a number of basic necessary tools.
Concerning the breadth, students take specialization sequences in a systems engineer-
ing related area (operations research, optimization, etc.). The Depth consists of making
students take an advanced sequence in a traditional engineering discipline. Finally, the
program includes a group design projects, the Design, so that students can demonstrate
entry-level mastery of systems engineering, while working on real-world complex system
and applying systems engineering. An additional capstone design course within the Air
Force Academy, regarding the integration of systems engineering design principles in a
capstone design course is presented by Newcamp in [97].

In addition to this previously cited Master program, built with Cornell University,
Lockheed Martin created a program to develop a senior level systems engineers within
the company [98]. The proposed program was built upon five elements:

e Documented systems engineering methodology: in the form of a cookbook style,
to make the reader quickly understand how systems development are approached
within the company. This methodology is tailored at the beginning of a job by the
project manager, and the document is reviewed. In other terms, the methodology
provides an excellent road map of "what” to do to develop a system.

e Process documents: starting with the most common processes, a set of process
documents are developed to describe “wow” to perform common systems engineering
functions. The process is presented with a flow chart outlining the process at a high
level with associated an text that explains how to perform each step of the process.

e Personal development process: The program is supported by a 17-step process,
developed as a guide for producing an ”Employee Development Plan”. The devel-
opment plan documents the employee’s skills and competencies, career goals, and
plans to obtain the desired skills and training.

e Training plan: By determining that training plans should be built and planned on
an individual basis, in order to integrate all employees in a common core course,
and individual’s specialized training. The training plan is documented as a part of
the employee’s development plan.

e Mentoring: Implementing team mentoring by the section supervisor on a weekly
lunch time basis, addressing both social and technical topics. A senior employee
mentoring junior employee plan is recommended.

The French engineering school, ENSTA ParisTech, at the request of the DGA (General
Direction of Armament), built an advanced systems engineering course, entitled -FATS-
[99]. It comprises 256 hours delivered on 2 days per week format and is addressed to
technical experienced engineers aiming to learn about systems engineering. The course
is open to other companies than the DGA to support the collaborative work in systems
engineering. The course validation is done by making the participants passing the Incose
ASEP certification exam, and preparing a dissertation to be presented in front of a jury.
A multi sensors observation system was used as case study to support the theoretical
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principles. The course used a digital environment to enhance communication and col-
laboration between students and with teachers, based on Alfresco (electronic document
management system). The used computers were configured with the needed tools (Doors,
Mega, etc.).

Sheard and Swayhoover [I00] proposed a plan to eight steps that structure a pro-
fessional systems engineering development program within an organization. This plan
considers both selection of candidates with a high potential to become systems engineers
and training them. The eight elements are:

1. Define characteristics for good systems engineers within the organization.
Identify candidates.

Rank candidates against the the previous characteristics.

Select participants for the development program

Categorize the tasks that the students currently perform in term of roles.

ISEAE A e B

Provide immediate development opportunities in these the roles currently being
performed.

7. Design structured development plans for each student for potential growth roles.

8. Ensure that the development program is following the plan by monitoring the
progress of the student.

A similar five-step plan was introduced by Davidz and Maier in [I0T]. It focuses on
developing group capabilities instead of individual’s capabilities. These steps are: Framing
the problem and desired capability, developing strategy, aligning all levels, improving
continuously, and executing the plan.

Armstrong and Wade emphasize the impact of learning systems engineering by teach-
ing it, for developing professional systems engineers expertise. This is mainly done by the
necessity to understand the teaching material and further study the subject, to be able
to teach it and to answer the students questions [102].

California Institute of Technology launched in 2004 a Systems Engineering Advance-
ment plan (SEA), in order to advance the practice of systems engineering withing the Jet
Propulsion Laboratory (JPL) [I03]. The plan focuses on three parts: People, Process, and
Technology. The people element supports the recruiting, selection, and development of
systems engineering via different strategies, including On-The-Job training (OJT), which
represents the heart of this elements. According to the authors, if you want good systems
engineers, sometimes you have to grow your own. The goal of the SEA OJT program is
to increase the number of highly trained systems engineers at the Lab, by selecting and
developing the capabilities of ten systems engineers each years for five years. The pro-
gram is based on a specific competency model, including Technical Knowledge, Process
Knowledge, and Personal Behavior components. For more details about how the SEA
OJT works, please check Jansma and Derro’s work in [103].

In order to shorten the time it takes a systems engineering to attain senior level, the
Systems Engineering Experience Accelerator research project, has been initiated by Wade
et al. [104] within Stevens Institute of Technology. The project goal is to create a learning
and content development environment based on an open architecture. The Experience
Accelerator allows the learner to deepen his/her knowledge and skills according to the
competency model developed for that reason [105]. For detailed information about the
current state of the Experience Accelerator, your can read the most recent Technical
Report of the project [?].
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Academy-Industry collaboration

Paris Higher Institute of Mechanics (Supméca), leader of the Placis Project, has created a
Systems Engineering Education program under the same name "PLACIS” [106]. It aims
to train engineers in a new format, asking students from different engineering schools,
different countries and different disciplines, to work collaboratively on an international
and multidisciplinary project. The students use the most recent engineering tools and
technologies, including Catia V6, SysML, Abaqus, WebEx and Sharepoint.

Depending on the configuration of the program, it addresses both Master and Bachelor
students. In the case of Masters students, the projects are generally carried out during
one semester with the following course of events:

e A multidisciplinary project is proposed or re-conducted by a company.
e The project is approved by the Industrial and Academic partners.

e Multidisciplinary student teams from different universities are formed (6-10 students
per group).

e A kick-off meeting with all involved persons is organized (in-person or video confer-
ence).

e The students work on the project by distant collaboration. They are coached by
teachers and industrial tutors.

e Teachers and tutors assess the students’ results and performance (reports, models,
behavior, final presentation, etc.)

Delft University of Technology has an international post-graduate program for expe-
rienced people seeking expertise in space systems end business engineering, called ”the
SpaceTech program” [107]. The program combines space systems engineering with busi-
ness engineering and marketing. This program is taught during five two-weeks intense
sessions of actual classroom instructions (about 50 hours/week), spread over ten months.
It aims to let student staying at their jobs, while acquiring a Master of Space Systems
Engineering degree. The five session topics are:

Space Mission Analysis and Design

Systems Engineering Principles and Tools

Space Applications (communications, earth observation, navigation)

Business Engineering

e Interpersonal Skills including team building and team management.

The agreement and technical processes of the program are related to the ISO /TEC 15288:2008
Standard [50]. In addition to the lectures and exercises of the five previous sessions, the
most important component is the Central Case Project (CCP). During the CCP, partici-
pants work intensively together between the sessions to exercise space systems engineering
fundamentals with marketing and business engineering tools, to create a commercially vi-
able virtual business.

These are not the first courses that collaborate with industrials and work with PBL.
Before 1992, the University of Virginia had a similar senior capstone design course in
systems engineering. It differs from the previous one in the fact that this course involved
students in real design problems by working with real clients. [I08]. The goals of this
course were:
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e To combine the elements of systems engineering theory and practice.

e To conduct design and experimental work such as that expected by practicing sys-
tems engineers.

e To give the students a hands-on experience on a real systems design problem.

It focused on several critical domains of knowledge: systems engineering, systems and
decision science, systems design methodologies, and systems management.

4.5.2 Mid-Term Programs
Student challenges

AFTIS, the French chapter of INCOSE, organize since 2006 a yearly student competition
for robot design, called RobAFIS [109]. Around 10 student teams from French universities
and engineering schools, inexperienced in Systems Engineering, participate each year in
this competition.

Each team can consult a Systems Engineering teacher, and they can also question other
AFIS experts. The roadmap starts about 8 months before the final stage competition,
when AFIS communicates the general schedule, the regulations, specifications, and a
reference development document. Three months before the final stage, the teams register
and receive a LEGO Mindstorms Robotics kit in order to physically implement their
solution. Fifteen days before the final stage, the teams send their development document
to Systems Engineering experts for evaluation. The competition concludes by a final
stage where all teams meet and operationally validate their works, along with project and
configuration audits. Few weeks after the competition, the students receive a detailed
debrief regarding their work.

Few-weeks Projects

In 2004, Bonnema et al. presented a solution to introduce Systems Engineering to third-
year students in Industrial Design Engineering at the University of Twente [110]. The
SAS project (Sensors, Actuators and Systems) applies Systems Engineering tools and
techniques in a concrete situation. More specifically, the project allowed students to learn
the basics and goals of Systems Engineering, and to keep an overview in a complex design
project. The students worked in large groups of 12-14 persons in a project-based learn-
ing approach, without a tutor except for the possibility to discuss with some specific staff
members. They were provided with lectures on a selected set of subjects on Systems Engi-
neering, which represents 34 credit hours of the entire 140 credit hours of the SAS project,
together with 53 hours for Sensors and Actuators, and 53 hours for the Assignment. The
main study material was the 2.0 edition of the INCOSE handbook, the ”Systems En-
gineering and Analysis” book [35] and the Introduction to Systems Engineering book
[7.

There was no planning given to the students, except for two milestones: Customer
requirements, systems requirements, system concept, and sub systems, that needed to be
done during the first three weeks of the project, and Sub-system design, plan for system
integration and test, final system design, scheduled for the following fours weeks. In 2004,
the students were asked to design an intelligent climate-control system for houses, and
in 2005 an intelligent car. They were evaluated based on poster sessions, a Sensors and
Actuators exam, and a short essay on the application of Systems Engineering methods in
their project.
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4.5.3 Short-Term Programs
Short Introductory Courses

To introduce non-engineers and non-systems engineers to the process of systems engi-
neering, Jackson [77] outlined the problem of considering systems engineering as complex
systems definition solution instead of a solution to define simpler solution to complex
problems. This was also highlighted by Grange [111]: ” Systems Engineering is concerned
with providing a balanced, well defined, achievable solution to a complex, often abstract
problem. The starting point for Systems Engineering is a high level of uncertainty about
the solution and the process by which it will be achieved”. Jackson proposed the ”Get-
ting Design Right” curriculum to introduce non-engineers to systems engineering process
based on his own ten requirements for systems engineering education. To avoid a misun-
derstanding of systems engineering for non-engineers, he even decided on the curriculum
title ” Getting Design Right” instead of systems engineering. This curriculum is built as
a cyclic eight-step process for design. These steps are:

e Define the Problem

Measure the Need and Set Targets

Explore the Design Space

Optimize Design Choices

Develop the Architecture

Validate the Design

Execute the Design

Iterate the Design Process

This approach is built on multiple sources: systems engineering, software engineering, Six
Sigma, product design and development, and project management. This curriculum has
been implemented in several forms (distant learning course for college freshmen, distant
learning certificate program for working professionals, and text for use in other universities
and corporate training facilities).

The Technische Universitat Minchen, Germany proposes since 2012 a laboratory on
Systems Engineering in the context of product development [112]. This laboratory is
held by three researchers in form of a five-day event, targeting Master and Bachelor stu-
dents in Mechanical Engineering without previous knowledge in Systems Engineering.
An industrial case study is used as a teaching framework, along with a subset of aspects
and processes from a typical Systems Lifecycle in Systems Engineering. The selected
processes are explicitly highlighted in the paper as ” planning of activities and responsibil-
ities for various tasks; assessment, control, and decision-making concerning organizational
processes, time management, tasks, design concepts, and chosen methods; stakeholder re-
quirements definition, requirement analysis, and architectural design of the given system;
implementation, verification, and validation of the system design”. Methods related to
these processes are taught by examples, after which the students (as individuals or teams)
make their choice in terms of which method may be best suited for each task and apply
them to the use case of the laboratory. By this means, the students do not only acquire the
Systems Engineering methods, but also several important soft skills, such as moderation,
presentation, and discussion.
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A similar approach has been adopted at Cranfield University, UK, as a part of a whole
Masters degree program in Systems Engineering. It takes form of a one-week full-time
laboratory based on a LEGO Robotics Kit [113].

Theoretical Courses

Already in 2000, Yurtseven from Dogus University in Turkey presented two courses that
dealt with Systems Engineering and Design for students in Industrial Engineering [114].
These courses were mainly theoretical. The first one addressed senior level students and
provided a background on the fundamentals of Systems Engineering. After introducing
the main concepts of design and engineering, the course included several topics such as:
Design Options, Engineering Systems Modeling, Analysis of System Reliability, System
Dynamics and State Transition Matrix Models, Modeling the Research and Development
Process, Systems Life-Cycle and Optimization, and the Management of Engineering Sys-
tems Design and Operations.

The second course addressed graduate level students and introduced some unconven-
tional methodologies in Systems Engineering. It included the following topics: Introduc-
tion to the Management of Advanced manufacturing Technology, Introduction to Socio-
technical Systems Theory, Cognitive Systems Engineering, and Soft Systems Methodology.

4.5.4 Programs Promoting Systems Engineering Processes

Considering our interest in system engineering standards and their processes, we have
reserved for this last section of the chapter some systems engineering education practices
demonstrating the usefulness of these processes.

Process Centered SE Course within Traditional Engineering Degree

A good example for the use of processes is the South Australian university bachelor of
engineering program [I15] that contains four courses in systems engineering representing
12.5% of the program. Each course is placed in each year of the program and represents
25% of a semester workload. The four SE related courses are: Engineering Communi-
cation and Innovation, Systems Engineering Management (SEM), Systems Engineering
1 (SE1), and Systems Engineering 2 (SE2). After raising the students awareness about
the broad vision of systems engineering to achieve large things and about seeing the ”big
picture”, SE1 introduces to the range of systems engineering standards, and teaches the
major elements of requirements engineering. Afterwards, SE2 offers a year undergraduate
course in two components: a lecture and a tutorial. The lecture component introduces
students to different aspects of systems engineering processes, such as conceptual design,
system approach, problem solving, design analysis, functional analysis, etc. The tutorial
component asks students in groups of 15 to 20 students to develop a project up to a
preliminary design review stage. The projects are provided by the teacher. Note that
the SE1 and SE2 courses, which represent 50% of the whole program, both deal with SE
standards and processes, their understanding and application. Even if the projects are
not performed for a company, and no industry.organization partners are involved in the
program, the authors of [I15] stated that ”using contextual information and local realism
18 @ means for enabling students to gain a industry relevance perspective in their devel-
opment of engineering skills.”. This is done in the SE2 course by letting students work
in large hierarchically structured teams, and by the focus on learning about SE processes
that students acquire at the same time.
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Note: This course emphasizes the interest of SE standardized processes for education
purposes.

Process Centered Collaborative Engineering Environment

In order to facilitate the work of distributed design teams within the satellite industry,
Hartmann and Knirsch [I16] proposed an approach for Collaborative Engineering Envi-
ronment (CEE). It is built upon an Internet portal which represents its first module, while
the other four modules are: Process Guidance, Tools, Project Database, and Company
Documents Management System. We are mainly interested in the structure and the use
of the Process Guidance module which is responsible for providing the user with a cus-
tomized view of the processes to be used along with its data and properties. This element
contains the standard satellite design phases, each phase consists of approximately ten to
twenty steps, and each step includes a definition of the task and its inputs and outputs.
The main advantage of this solution is the ability to get a direct access to tools that have
to be used for engineering a system.

However this solution was not developed for systems engineering, neither for satellite
systems engineering education. With some modifications and additional features, this
” Process Centered Collaborative Engineering Environment” might become a good educa-
tional environment for systems engineering. The changes may include:

e Allowing students to work collaboratively within the platform and to see the other
results, by adding a " project shared space component”.

e Allowing real time interaction and communication between students and their teacher,
through the platform.

e Creating different users roles, associated with different environments of the platform,
education entities, educators and students.

e Allowing for an easy use of domain-independent standards, with the ability to tailor
the processes to meet the project size and goal, by adding a ” processes management
component”. It is also important to allow the introduction of non standardized
processes and domain specific processes.

e Adding the ability to adapt the platform environment by the students users, to
meet the project structural architecture, and to allow them to apply the systems
engineering processes to both the system, the sub-systems, and the system elements.

e Adding a competency management system.
e Adding students assessment features.

The proposed collaborative engineering environment (CEE) can be considered as de-
rived from a more general paradigm, the Platform-Based Engineering (PBE). ” PBE is a
cost effective, risk-mitigated system development approach that employs a common struc-
ture from which high-quality derivative products can be developed rapidly [117]”. The PBE
Paradigm, and especially the Adaptable PBE paradigm, were widely studied by Madni
[117]. The author highlighted their pros and cons, together with the impact of the adapt-
ability on future resilient systems engineering. He stated that "adaptable PBE is a key
enabler of resilience and especially well suited to engineering long-lived resilient systems”.
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Development of systems engineering people at Thales

To improve performance and quality in systems engineering, Thales started CHORUS 2.0
[6], an Enterprise Reference System, accessible through an internet web portal. The main
characteristics of this system are:

e COHORUS 2.0 identifies applicable homogeneous processes and roles, together with
their redefinition strategies, in order to facilitate efficient and collaborative work of
Thales employees.

e It is structured by processes, defined with respect to external standards and refer-
ences, and includes processes, organization rules, methods and tools to be used.

e It provides the description of the key roles and responsibilities of key players.

e [t ensures that fundamental processes are applied throughout the enterprise, but it
allows these processes to be tailored, in order to meet specific constraints.

e [t is a way to help employees to perform their day-to-day work.

In addition to the Enterprise Reference System, Thales own systems engineering
methodology ”Sys-EM” was developed, in order to perform CHORUS 2.0 activities in
a methodological way.

To support the change generated by these transformation plans, close attention should
be payed to Thales employees competencies development, in order ensure a good under-
standing and a good application on projects.

To do so, a systems engineering training path presented in Figure 4.1. has been created
by Thales University, i.e. Thales own training center. The training path addresses all
the systems engineering and architecting roles. Each module lasts less than 5 days. The
authors stated that their work has to be challenged with external competency models
such as INCOSE to guarantee that the learning path covers all the recognized skills. The
specialty activities should be involved within the collaborative process to improve systems
engineering.
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Figure 4.1: Thales University systems engineering training path [6]

CHORUS 2.0 itself is not the part which contributes most to development plans, but
what can be done with it. It has been demonstrated that the integrated tooled up pro-
cesses, the Sys-EM methodology and training had a significant impact on reducing the non
quality costs, addressing more and more complex systems, and improving competitiveness
by improving the product line approach.

A systems perspective for undergraduate students from any engineering dis-
cipline

Simoni et al. authors of [118] presented a new approach to provide a systems perspective
to undergraduate students of any engineering discipline. The presented approach consist
of creating a framework of system models by adapting and simplifying traditional systems
engineering concepts, specifically using fundamental principles of Model Based Systems
Engineering (MBSE). The resulting system models can the be presented to students, using
a familiar use case (which can be a remote control for consumer electronics), in order to let
them understand the system perspective by understanding the process of creating these
models. Most importantly, students have to apply these concepts of system models of the
proposed framework to an open-ended unfamiliar project of increasing complexity. The
presented five system models are:

1. Stakeholder and feature model

2. Interactions and functional architecture
3. Creating the functional architecture

4. Writing technical requirements

5. Function decomposition and synthesis of a physical architecture
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The authors affirmed that this system modeling process has improved both the quality
of the resulted design projects and the students’ understanding of their projects. They
also think that the most useful features of this process are the limitations imposed on the
concepts and models to be used that help students to organize their thoughts and efforts.
A similar MBSE and SysML based approach was introduced by Singla et al. [119], as a
self-learning systems engineering approach. And another one was introduced by Fernandez
and Moreno [120], where MBSE principles were coupled with the organization systems
engineering subprocess and applied to engineering a system in groups of five persons.
They concentrated on a preliminary design rather than a detailed one, the main focus
being on requirements engineering, functional architecture, and physical architecture.
For that, the used systems engineering subprocess has five main steps related to these
main components. As a conclusion, the use of systems engineering processes should help
students organizing their engineering work.

Formalization of the specification process to logically guide trainers and trainees
SE practices.

The interest of systems engineering standardized processes has been highlighted by Gouyon
et al. stating that: 7 Our eight years of experience in teaching SE within a master’s degree
i Complex Systems Engineering convinced us that, indeed, it is important for students to
understand first how SE basic precepts are structured” [121]. They also assumed that “en-
suring compliance with SE standards” is one among other elements that can be followed
for systems engineering teaching. This helps realize processes selection and application,
and trainees can verify if they correctly applied the processes to solve the problem right.
The authors insisted on the fact that students applying model based systems engineering
(MBSE) need to be guided in order to correctly model the system and not just draw it.
More theoretical details regarding the proposed four inter-operation subjects (Problem-
Solution spaces, Source-Sink objects, Optative and Indicative moods, and Verification
and Validation processes) can be found in [121].

Systems engineering and distance learning

A significant effort has been made by Badiru and Jones [122] within the Air Force Institute
of Technology (AFIT) by developing an innovative approach for using systems engineering
process for distance learning. Their main goal was not to train systems engineering by
using standard process, but to use systems engineering processes, in their case the SIMI-
LAR process, combined with additional Triple C and D.E.J.I models, in order to conceive
an efficient distance learning environment. They targeted engineering graduate programs,
without a focus on any specific traditional engineering discipline, neither systems engi-
neering. Even if systems engineering and its standardized processes was a tool for them
to conceive a better distance learning environment, they demonstrated that the resulting
environment can be used for systems engineering distance learning by making the MS
systems engineering degree program within AFIT fully available via distance learning.

Capstone K-12 and Cornerstone undergraduate project

In order to teach Systems Engineering fundamentals and to raise interest in STEM edu-
cation in the United States, Patel et al. [123] proposed a complete and innovative peda-
gogical model that takes the form of a challenge, through an engineering-based product
development Capstone project for US K-12 students, and also for Cornerstone undergrad-
uate students. Unlike the previous solutions, it is technology-centered and incorporates
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some key principles of Systems Engineering in the provided teaching model.

The authors implemented their teaching model through an Integrated Design and
Manufacturing Infrastructure (IDMI). It is essentially based on CATIA V6, a commercial
tool from Dassault Systemes, and employs both virtual resources such as CAD systems,
and physical resources such as 3D printers. The pedagogical model includes five modules:

e Introduction to Product Lifecycle Management: using provided video tutorials.

Introduction to Systems Engineering Principles using moderately complex FElectro-
Mechanical Systems: LEGO Mindstorms.

Computer Aided Design: using Dassault Systemes CATIA V6.

Additive Manufacturing: using 3D printers and STL files.

Collaborative Tools: using SwYm (See What You Mean), Dassault Systémes online
social network.

The pedagogical model has been experimented in the Prize Challenge Summer Camp
at Georgia, where students went through different stages of a product lifecycle: Co-create,
Design, Build and Operate, to build a LEGO Mindstorms-based product for the challenge.
Compared to other project-based courses and programs, the proposed pedagogical model
appears to be the most complete approach, especially by making students collaborate
together in a PBL Model, by introducing the notion of virtual design of the product, and
by enabling distant collaboration using Catia V6 and SwYm.

However, even if it introduces students on Systems Engineering during the two first
modules, it did not provide them with adequate infrastructure to ensure that they under-
stand and pass through the appropriate systems engineering processes in designing their
project. That means that it is more a solution for getting students interested in STEM
disciplines than for educating them in Systems Engineering.

4.6 Chapter summary

We investigated the main goals of Systems Engineering Education and presented the
current education practice of systems engineering within both academia and systems en-
gineering practitioners. The presented list of current practices and approaches is not
exhaustive. Many other approaches are used to teach Systems Engineering especially in
the United States. Szajnfarber et al. [124] studied some of them and classified them into
Quizzes, Lab Reports, Design Projects, Arduino Projects, Fxams, Homework, Labs, Lec-
ture and class discussion, Predominately Exams and a Design Project, Design Challenges,
Research Papers, Research Projects, Case Studies.

Current situation

A number of lessons have been learned from the previous literature study. The most
important one is: even if there exists a multitude of different teaching approaches, we
should not ignore SE standardized processes within systems engineering educational en-
vironments, as they form a thread of the systems engineering principles. Some additional
lessons learned are:

e The number of proposed SE programs is rapidly increasing, and enrollment in SE
programs is increasing even faster.
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e Defining or adopting and tailoring a competency model seems to be common practice
within organizations before launching any career development plan.

e When an industrial launches a career development plan, it typically considers both
standardized /generic systems engineering processes, and domain/enterprise specific
processes.

e On-the-job experience learning is at least as important as classroom training, and
when it is absent, it is at least replaced by a design project (sometimes by real
project).

e Teamwork and systems engineering skills are an important part of systems engi-
neering and should be considered as such in educational situations.

e Requirements engineering is a main topic in systems engineering, and education
should consider its importance as such.

e A minimum of an undergraduate academic degree is appreciated before enrolling in
systems engineering long-term programs. Sometimes it is a condition.

e Behavioral competencies consideration is as important as technical and managerial
competencies.

e Implementing team mentoring is useful within industry and organizations, and this
needs to be the case within team based learning approaches in academia.

e In the absence of systems engineering formal metrics to assess the learning outcomes,
all means are good, even making participants pass the INCOSE certification exam.

e Digital learning environments are appreciated to enhance communication and col-
laboration between students and teachers or coaches, and to manage training doc-
uments and supports. We think that they should be useful to manage the learning
process, too.

e Sometimes, even participants in a systems engineering education program are se-
lected depending on their willing and their abilities to become good systems engi-
neers. Not all engineers, even experienced ones, can become good systems engineers.

e Education programs in systems engineering should be continuously improved, just
like in any other discipline.

SE Standard Processes for SE education

We cannot conclude this chapter without presenting the literature background of the
interest of systems engineering standards and processes for educational environments.
According to Rochet et .al [125], ” Systems Engineering processes are an aggregation of
“good practices”, elaborated through several years, which constitutes an accumulation of
acquired experiences in project management”. Lamb and Rhodes [16] stated that systems
engineering standardized processes may be a tool to enforce and develop systems think-
ing, and that they are a way to enhance effective coordination between individuals and
teams working on complex problems. In the same perspective, Avnet [126] demonstrated
that members learning outcomes within design teams are maximized when expected and
reported interactions are aligned. This happens when the team follows a well-defined
process in the technical design, based on information flow.
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For Pfar et al., SE standards processes are ways for executing engineering tasks to
support engineering excellence and overall effectiveness. They help reducing the variabil-
ity, facilitate scheduling and cost estimation, and addressing problems across the system
lifecycle in a systematic way [80]. Systems engineering is widely taught through On-The-
Job experience, it can be the reason for misunderstanding of fundamental principles of
systems engineering. This fundamental and missed knowledge can be acquired by a good
understanding of systems engineering processes [127]. Harris [93] highlighted the need of
an introductory course to systems engineering for final year undergraduate students, as
one phase of an effective approach to develop systems engineers. He also assumed that this
course should be based upon one of the available systems engineering standards, because
according this will prepare for the foundation of top-down processes and multidisciplinary
thinking.

We were able to trace the origin of systems engineering processes within systems
engineering educational environments back to the 1992. In fact, Verma described in [83]
the approach used by Virginia Tech for a SE teaching course, as a combination of three
courses: systems engineering process, logistics engineering, and economic evaluation of
projects. He also described the development and utilization of computer based course-
ware.

Systems engineering processes listed in standards, such as the [ISO 15288, are described
in such a way that a wide variety of organizations (e.g. enterprises, government depart-
ments) can use the same standard and develop usable processes, suitable for their domain,
organizational culture, selected lifecycle model (e.g. waterfall, iterative) and project size
and risks. SE processes described in standards are not usable ‘as is’ since they describe
the requirements (i.e. the ‘shall statements’ or ‘what to do’) of the processes. Any orga-
nization, whether it is an industry a government agency or an academic institution, needs
to document the SE processes to describe in detail ‘how to do’ (e.g. describing inputs and
outputs, procedures, detailed content of documents).

Systems engineering activities are not described as a procedural set of steps to follow;
rather, the systems engineer must imagine what needs to be done before doing it [100].
This is not contradictory to the use of standardized processes within the learning scenarios
or within systems engineering practices in the organization. On the contrary, systems
engineering processes will assist the practitioner to use his systems thinking and critical
thinking skills to find unprecedented solutions for unprecedented problems, while being
assisted and guided by the processes.
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5

A Process Centered Adaptive Approach For Systems
Engineering Education (ProCASEE)
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5.1 Introduction

Our vision regarding what might be a good environment for teaching SE focuses on new
disruptive technologies such as 3D and Virtual Reality (VR), Internet of Things (Iot), 3D
Printing and Machine Learning, coupled with a Project Based Learning (PBL) model,
and a process based learning path. Of course, this vision is not to be deployed today.
However, in this chapter we present our current work results, that might lead to achieving
this vision in the near future.

We aim to make the teaching of SE fundamentals true to reality. Therefore, we
promote the learning-by-doing-paradigm, where multidisciplinary students from different
locations collaborate in engineering a system requested by an educator. This is what
we call a "system of interest” [4]. Students can adopt different roles such as designer,
production operator, requirements engineer, architect or tester. They are guided to apply
SE standard processes and therefore meet situations similar to real-life SE challenges.

Another accordance with real-life SE is the fact that our vision emphasizes two main
components, a virtual and a physical environment, operating through an Internet-of-
Thing (IoT) infrastructure. A high level of connectivity between these two environments
is needed, not just at the engineering level, but also with respect to the teaching process.
The educator should be able to track the learning activities inside both the physical and
the virtual environments, in order to assist and evaluate students knowledge acquisition.

The global approach will therefore be a domain independent solution used by both
educators and students within SE education organizations, and possibly with industrial
collaborators, enabling a high level of collaboration and interaction. The main components
of this approach are illustrated in Figure 5.1.
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Figure 5.1: Our vision for a systems engineering educational environment

5.1.1 Primitive Resources

Primitive resources are the atomic components used to create a new system or to modify
an existing one. For each tangible primitive resource, students have at their disposal a
3D model inside the Collaborative Virtual Environment (CVE), and a corresponding as-
sembly part inside the physical environment. However, in order to satisfy the particular
requirements or their mission, they may need additional components. In this case, stu-
dents design a 3D Model of the missing piece, using the Elements Engineering component
of this approach, and they produce the physical unit inside the Physical product assembly
environment, e.g. using a 3D printer.

5.1.2 Collaborative Virtual Environment CVE

This is the main component of our vision, and our key topic for this thesis. It repre-
sents the engineering workspace that manages all the efforts of systems engineering in
order to produce the right system for the right stakeholder. It is intended to be a web-
based application where students can collaborate and interact with educators and coaches
throughout the whole project, including the entire system lifecycle. Figure 5.2 shows that
this environment incorporates several elements:
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Figure 5.2: The main components of the Collaborative Virtual Environment

Projects, teams, and resources (1): The top left part of the screen shows a three-
component menu. Its first element, Projects, includes a description of the project
mission, given out by the educator. By clicking on the Teams element, students
find information about the other members of their team co-working on a specific
project. They can also manage the different roles assigned to each student during
the product. Under the third element of this menu, Resources, students find a
collection of suggested resources provided by the educator, to guide them through
the engineering processes.

The educator plays two different roles. First, he can act as the acquirer of the
system-of-interest, but another entity can replace this role and define the project
mission. Second, the educator plays the teacher role, assisting students throughout
the entire process of engineering the system, and evaluating them from an individual
and a collective points of view.

Prior to that, students must be registered in the students data base, with their
biography, curriculum, competencies and skills. This information helps the educator
to efficiently perform student-team-project assignments. A team of students can be
responsible for engineering of an entire system, or their system can be an element
of a bigger one. In this case, the educator assigns teams to specific parts of one
higher-level project.

Lifecycle model processes (2): This is one of the most important parts of the collab-
orative virtual environment, where students consider the lifecycle model processes,
in order to engineer the requested system. The lifecycle model is defined by the
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acquirer /educator based on the learning goals and the nature of the system to be
engineered, and on students competencies and skills. In addition, for more infor-
mation about the currently used processes, or for further training regarding the

used resources and methods, students can always access the Documentation Center
which may be a LMS or a MOOC platform.

e The shared workspace (3): Represents a virtual place where students can report the
results of their performed tasks. All team members, including the educator, have a
complete overview of their progress at any time, and they are able to annotate and
exchange work results and ideas.

e 3D virtual models (4): The shared workspace gives access to the 3D models that
can be used as primitive elements in the design process. These models may already
exist in the physical world, or they can be 3D-printed to assemble the final system-
of-interest. As illustrated by (6), students are able to interact with the shared
workspace, both in 2D and 3D modes, depending on the nature of their task.

e Collaboration (5): Using the collaborative virtual environment, students and edu-
cators can communicate and exchange through a chat or video-conferencing system.

e An additional component, not shown in the figure, is the competencies management
system, that can be used by the organization to create his own, or tailor an existing
systems engineering competency model. The adopted competency model can then
be used by educators to link competencies to activities of the adopted standardized
processes. By doing so, they will be able to better manage the learning scenario
and control the competencies to be acquired.

e Another additional component is the ability for the teacher to review and annotate
the different tasks results during the system engineering lifecycle, and to evaluate
the results at the end of the project.

5.1.3 Physical Environment

The Physical Environment represents the traditional manufacturing factories and pro-
duction lines. We distinguish the Manufacturing Environment with activities relative to
new components production, using tools and machines such as 3D printers, and the The
Assembly Environment, which may include a robot based production line for components
assembly, with the help of an assembly operator. Moreover, we assume that all components
contain sensors that allow a real-time tracking of the assembly operations, reporting rel-
evant data to the CVE through an adequate [oT architecture. The physical environment
includes a testing environment where the operator can perform a series of test procedures
on the assembled system-of-interest, and report the results to the CVE. This approach is
particularly interesting if the IoT infrastructure allows a post-production tracking of the
system-of-interest, allowing for additional tests to be directly performed from within the
virtual environment. The physical environment within this learning approach can be an
workshop within a university or an engineering school, as it may be a a co-working space
(what is called a Fab lab[])

LA Fab lab (fabrication laboratory) is a small-scale workshop offering (personal) digital fabrication.
A Fab lab is typically equipped with an array of flexible computer-controlled tools that cover several
different length scales and various materials, with the aim to make ”almost anything”. This includes
technology-enabled products generally perceived as limited to mass production. [Wikipedia]
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5.1.4 Learning and Documentation Center

The documentation center is a virtual space where students have easy access to educational
resources, such as documents and videos, on-line libraries, LMS and MOOC platforms,
etc. By this means, students can find the appropriate time to learn more about different
aspects of the SE discipline and domain-specific engineering, including its standards,
processes, methodologies, and consult useful information and tutorials about SE related
tools. It is also possible that students get direct access to scientific publishers resources
and learning platforms. Students may also need to access to specific templates document
relatives to specific engineering tasks. As they requested during our experimentation plan,
a sample project, which may be an example of a past project, would also be highly helpful,
especially on improving their understanding of the ”how-to-do”.

5.1.5 System elements engineering

This part of the global vision is related to a scenario where students are asked to design a
required component for the system-of-interest, which turns out to be so complex in itself
that it needs collaboration between different students in the team or between different
teams. In such case, the component can be considered as a new system-of-interest in itself,
and students have to engineer it by applying the same SE lifecycle processes as for the
higher-level system-of-interest. After performing each task, the outcomes are uploaded to
the collaborative virtual environment.

5.1.6 Third-party tools and resources

A good SE learning solution should be highly tool-independent, so that every organiza-
tion, educator and student can choose the most adequate tools for their SE activities.
Ideally, students should be able to access their tools directly inside the collaborative vir-
tual environment. Otherwise, they may resort to external tools and upload the results to
the collaborative virtual environment.

5.1.7 10T Infrastructure

The role of this module in our global approach is to enable a real-time connection between
the two main components of the solution, the virtual environment (mainly the CVE) and
the physical environments including all its sub-environments. This will allow students to:

e Verify the state of physical resources, like the availability, especially when the so-
lution is deployed in an environment with a large number of teams with limited
resources. This represents a real life problem because factories need to carefully
manage their resources and their availability.

e Directly access the physical resources from a dedicated interface inside the CVE,
for example: the manufacturing operator launching the 3D printing of a specific
component directly from the CVE.

e Automatically manage their manufacturing and production resources, by booking
time-intervals through the CVE interface, accordingly to their production and man-
ufacturing plan. The students will not be able to use the 3D printer or another
tool, if they do not have an allocated session. This will improve their resources
management skills.
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e Make and test their production plan virtually before sending it to the physical envi-
ronment, so they will have the opportunity to learn about production optimization
processes.

e Maintain a real time distant view of the production, testing and post production
plans execution.

e Track the engineered connected-products, in post production use, in order to im-
prove them in a support stage.

5.2 The focus of this thesis

This vision illustrates the ideal environment for systems engineering education. However,
this thesis is focusing on one single element of this vision. We have been working on
conceiving, developing and testing the most important component of this vision, ”The
Collaborative Virtual Environment”. As we will see in the next chapters, our contribution
is mainly the proposition of a novel approach for SE education: a processes centered
approach that promotes the use of SE international standards and allows students to
learn through a distant project-based learning approach.

5.3 Contribution: A Process Centered Adaptive Ap-
proach For Systems Engineering Education (Pro-
CASEE)

At this stage, a new approach for SE education is proposed, an approach based on the use
of standardized SE processes, where each learning action is seen as a process, standardized
or not, tailored or not. The approach allows adapting processes by educators, to fit
the project size, learning goals, students competencies, etc. It will be supported by a
web-based environment, that allows the use of systems engineering processes to define
the most adequate learning scenario for each project. The environment connects geo-
distributed students working in the same team, to execute systems engineering processes
as defined /tailored by the educator to engineer the requested system, while being assisted
by the educator and/or an industrial expert. In short terms, we are proposing an approach
that possesses all the features of the collaborative virtual environment identified before.

To begin, in the next sections and in our experimentation and use case, we are con-
sidering only the technical processes to demonstrate how the proposed approach can be
used. Note however that it is possible to use other kind of processes, for example to stan-
dardize the system or subsystem agreement procedures between the acquire (educator)
and the supplier (students). As a matter of fact, the solution may also implement the
acquisition and supplier processes, the first processes of the ISO/IEC/IEEE 15288 agree-
ment processes, where educators and students can negotiate and agree on the work to be
done. Technical management processes, and project enabling processes may also be used.
It’s up to the educator to select the processes to use, as we will see later. The proposed
approach and its supporting framework, allow even the educator to organize his processes
in different stages to formalize the lifecycle model, which can then be augmented with
necessary resources and methods.
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5.4 Learning scenarios

In this section we will present the main scenario of use of the most important features
of this approach. We start by the global learning scenario, that include two sub scenar-
ios, the new project creation scenario and the system engineering scenario. The former
includes in his turn the processes management scenario, while the later encompass the
systems engineering processes to be executed by students during their system-of-interest
engineering. Some missing scenarios concern the organization roles, such as for managing
students and educators accounts.

5.4.1 Global learning scenario

This represents the high-level learning scenario. As illustrated in Figure 5.3, it encom-
passes other sub-scenarios. The proposed solution has two main players. On the one
hand, educators are responsible for creating projects, by defining their goals and life-
cycle models. They also assign student teams and resources, while ensuring assistance
and coaching, and results and processes execution quality assessment. Students, on the
other hand, are responsible for collaboratively engineering the system, with respect to the
processes defined by the educator.
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Figure 5.3: Global Learning Scenario

5.4.2 Educator: New project Creation Scenario

As illustrated in Figure 5.4, creating a new project goes through several stages. The
educator defines the project title and description, as well as the life-cycle model, based
on standardized systems engineering processes which will be followed by students. For
this purpose, the educator selects and tailors, if necessary, a number of processes from
the processes database, while documenting them. If a specific process does not exist in
the database, it can be added using the processes management system, as illustrated by
Figure 5.5. Finally, the educator specifies the resources and tools to be used by students.

76



Assign Life Cycle Processes (Sub-Senario)

Need for anew I

3 / Processes
*Assignem ent
Add a Title, Description, |

Project attributes, and .
Resources J |

| Tailora | j reated

. Process |

student Project . I - - -

_ . . | ProcessDB (Select 2 (S . [Vvalidate the

k=] Access Project . s ) | Process | | Process | Project
o Managem ent | Search for a . - Creation
g o . - . .
E g System . Process | |Add Process|  Life Cfcle .
88 -, S | Resources | Model Difined Néw Project
S o "

o

i

Figure 5.4: Project Creation Scenario

For the time being, the life-cycle model is defined by the educator. In the future, if
the solution will be used to advance students knowledge in systems engineering, it may
be possible that students with a background in SE are asked to define the life-cycle model
for themselves. This will help them put in practice the tailoring process, and better
understand the wholeness idea of systems engineering and systems thinking.

5.4.3 Educator: Processes management scenario

This scenario allows educators to create, adapt or remove SE processes. Educators can
also add domain-specific processes or create a set of additional activities to be performed
by students as a process. The adopted architecture for a process is compliant to the 15288
standard. In addition to its purpose and its outcomes, a process is defined as a set of
activities, and each activity is defined as a set of tasks to be performed. Two components
were added to this structure, the process inputs and the process outputs. In the next
chapter, additional informations will be added to processes: the competencies related to
their activities.
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Figure 5.5: Processes Management Scenario

5.4.4 Student: Project engineering scenario

This scenario, described in Figure 5.6, represents the high-level stages that students will
follow to engineer the requested system. After selecting an active project, and after
managing their roles, students engineer the system by performing the tasks of each activity
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of the life-cycle model processes. The tasks are done using the adequate external tools
and methods, and their results are uploaded to the team-project workspace.
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Figure 5.6: Project Engineering scenario

5.4.5 Student: Environment adaptation according to system
structure

Students will need to define the structural representation of their system-of-interest as
a set of its subsystems and system elements. The students workspace will then be au-
tomatically adapted to provide sub-workspaces for each subsystem and for each system
element, so that they can execute the lifecycle model not only for the whole system but

also for its subsystems and system elements. This feature is illustrated at Figure A.11, in
Appendix A.

5.4.6 Virtual 3D representation and the design of a tangible
system

Virtual 3D representation and the design of a tangible system are becoming indispensable
in any system design process. In the first version of our solution, we proposed virtual
system assembly in a collaborative mode, where students in different locations are able to
visualize and interact with the system being assembled in real time. Currently, the virtual
design is possible for a limited number of pieces. If users want to use the 3D features,
they can only engineer systems based on the LEGO® MINDSTORMS®) Education EV3
Bricks and their additional elements (Sensors, Motors, etc). However, if 3D virtual design
is irrelevant for students and educators, the solution can be used to engineer any kind of
systems. Due to the complexity of design assembly for any kind of systems, we decided
to drop this feature for the time being, and we recommended its adaptation for future
versions of the solution, to be used for collaborative 3D design review of the system instead
of system assembly. The implementation of this feature within the first version of our
solution "ProCASEE”, is illustrated in Figure A.16., in Appendix A.

5.5 Collaboration

Collaboration is enabled and encouraged in this solution, allowing students to work to-
gether on different tasks of the same project, while maintaining a global vision of the work
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all along the engineering scenarios. More features are planned to enhance collaboration,
such as annotation of results, or chat and video-conferencing.

5.6 Assessment

Students assessment is out of the scope of this paper. However, we profoundly believe
that this solution will help implementing new assessment methods, allowing educators
to objectively evaluate students with respect to various teaching objectives. We already
identified a number of aspects that need to be considered for assessing students in a
SE learning experience, such as: resulted design assessment, processes execution quality
assessment, acquired knowledge assessment, and acquired skills assessment. Resulted de-
sign assessment includes the different processes activities and tasks results assessment, and
processes outcomes-documents assessment.This list might be extended by other metrics,
depending on the domain, and the organization and educators goals.

The results interpretation, by the analysis of the extracted information are not in the
field of interest of this thesis. In other terms, we will not provide specific methods about
how to use the extracted information.

5.7 Chapter Summary

The presented approach for SE education is based on the use of international standardized
processes within a project-based-learning approach. Thanks to this concept, students will
learn to not only engineer the requested system, but also to engineer it the right way,
using real-life SE practices conveyed by standardized, tailored and documented processes,
together with communication, team management, collaboration and related soft skills.
The main advantages of this approach are the processes, life-cycle, and projects adaptation
and management components, as well as the shared workspace for students engineering
tasks during all the lifecycle. Another advantage of the solution resides in its ability
to help in meeting the challenges of a project-based-learning approach, in particular by
opening a way of assessing students by different metrics, including: the final results, the
execution quality, the acquired knowledge, and the acquired skills, as well as students
management within distributed PBL experience. In the next chapter we will present a
new ”competency management” component. We added this component to enhance the
approach and improve its outcomes for both organizations, educators and students.
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6.1 Introduction

The importance of systems engineering competencies management has been proven in the
previous chapters. Systems engineering competency models are a unique way that enable
systems engineering competencies management both for systems engineering practitioners
and academic use. In industry and government institutions, their relevance is represented
by the number of competency models being created, tailored, and improved over the
last years. In the academic field, research has undergone significant evolution in this
subject, not just for systems engineering competency managements but also in other fields
of traditional engineering. Competencies management and competency models within
academia (research, universities, colleges teaching systems engineering) are motivated by
several relevant needs such as:

e The produced systems engineers over different promotions and from different uni-
versities should all have acquired a homogeneous knowledge in the field of systems
engineering.

e Systems engineering is most acquired through On-The-Job experiences, or at least
through project based learning design project at the academia, and this is done over
years and over different projects both in organization and academia. We need to
ensure a continuity of skills and competencies acquisition.

e The acquired competencies by a specific individual can and should be used to adapt
his own learning path over years.

e Technology and related fields are experiencing a rapid growth, with emergence of
new learning subject. Competency management systems using competency models,
when adopted the right way, will reduce the necessary time to create new training
opportunities and new standardized curriculum.

e Specifically for our work, educators need assistance in creating new learning scenar-
ios starting from the competencies to be taught, and a competency model adoption
should play a major role.

We answer these challenges in this chapter, by adding a new component called ”com-
petencies management system” to our approach.

6.2 Most suited SE competency model for SE educa-
tion

Almost all systems engineering competency models affirm their ability to be used within
colleges and universities providing training and teaching on systems engineering. However,
most of these models do not offer techniques to assess the acquired knowledge in a systems
engineering educational environment, regarding their defined competencies.

Our goal is not to provide a specific competency model, developed for this purpose,
to be directly applied within an educational environment. Even if we wanted to, it is not
possible to do that, as the educational environment differs from one domain to another and
from one need to another. Neither is our goal to identify which competency model from
the previously cited ones should be used in every educational environment. We want the
proposed approach and its supporting platform to be models-independent as it is already
standard and tools independent. By doing so, each organization will be able to inject
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its favorite competency models. For example, if an educational environment targets the
space industry to produce systems engineers, it will be most suitable to adopt and tailor
the NASA competency model, etc. However, we suggest that, beside of its advantages, the
INCOSE competency framework is not suited as it is for now. In fact, this model should
be improved, especially by a new structure that allows the devision of its competencies
into competency elements. INCOSE Framework competencies descriptions should also be
improved to be more understandable, before we can use it within the proposed approach
and platform. To demonstrate the abilities of our proposition in the next sections, we
will make use of the NASA competency model. In fact, it present a very well detailed
competencies divided into competency elements, and its structure provides attributes to
define acquisition and assessment methods for each competency element. However, this
choice don’t means that the NASA competency model is the best one for any learning
experience, and independently of the domain where the learning operates.

Our first goal in this chapter is to provide a way to enable organizations (colleges and
universities) to select any competency model and to tailor it to their own need, within
our solution. Second, we aim to provide educators using our solution with tools that
allow them to use their organization competency models and to link them with their
preferred systems engineering processes. Third, when educators create a new project
to be engineered by students in the proposed distant PBL context, we want them to be
assisted in the selection scenario of systems engineering standard processes. So, depending
on the competencies and skills students have to acquire, the system lifecycle model will
be automatically generated and can be further tailored.

6.3 SE Competencies and standardized processes

Just as systems engineering standards do not have a unique format, systems engineering
competency models do not have the same architecture. We want our competency man-
agement system to accept all kinds of competency models, and to be linked with different
systems engineering standardized processes. At the beginning, this system should be at
least compatible with the ISO/IEC/IEEE 15288 and the ISO/IEC 29110 standardized
processes and activities. Figure 6.1. illustrates the structure we selected for systems
engineering standardized processes to be used within the solution.

When adopting new systems engineering competency models, organizations should
use the structure we defined for this purpose, as presented in Figure 6.2. The adopted
structure is identical to the NASA competency model structure. However, even if we
adopt the NASA competency model structure which contains Four proficiency levels, our
approach is only targeting for now the two first levels. But we decided to keep the four
levels in our platform design, as it don’t impact the performances or learning scenario,
but might be useful in the future.
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Figure 6.1: Adopted structure for standardized processes

Competency Area

Competency

Proficiency Proficiency Proficiency Proficiency
Level 1 Level 2 Level 3 Level 4

Competency Level 1 ] Level 2 I Level 3 [ Level 4 I

Element Description Description Description Description

Level 1 Level 2 Level 3 Level 4
Assessment Assessment Assessment Assessment
Method Method Method Method

Figure 6.2: Adopted competency structure

We suggest that systems engineering competencies from the adopted competency
model should be linked to the used systems engineering standardized processes, tailored
or not. This association can be done by linking part B from Figure 6.1. (i.e. the process
activity) to part A from Figure 6.2. (i.e. competency elements associated with a specific
level). Each competency (competency element) can be linked to more than one process
activity, and each process activity can be linked to more than one competency element.
Therefore, close attention must be paid regarding what we call a process and what we
call an activity between different standard terminologies. For example, if an organization
considers using the 29110 standard, it should use its processes activities as independent
processes, and their tasks as independent activities, in order to comply to this structure.

Beside the fact that only the NASA model structure divides competency into com-
petency elements, we choose to link the activities with the competency elements instead
of the competencies. We consider this to be the appropriate structure for competencies
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acquisition management within an educational environment. Other competency mod-
els limit themselves to the competency definition, while including several points (tasks)
within each competency. If we want to use a model that does not specify the competency
elements, we should change its structure slightly by classifying the set of activity tasks
into several competency elements. Our motivation for this structure can be exemplified
by this: the architecture allows us to link a competency element to an activity, instead
of linking the competency to a process. Otherwise, it is difficult to ensure that a student
acquired a competency directly by executing the process, as the process may be tailored
for a specific situation to only include one activity instead of several activities which de-
fine a competency. When a student correctly performs a tailored process activity, he will
only be able to learn the set of sub-competencies (competency elements), related to the
activities forming this process.

6.4 New Learning scenarios

The inclusion of competencies in our approach led to the adaptation of the learning
scenarios. The main new roles that have already been integrated are:

6.4.1 Organization new role: Competency model definition

In the previous approach an organization (entity using our solution for systems engineer-
ing education) had two main roles: educators and students management, and organization
structure creation. With this adaptation, the organization have to manage systems en-
gineering competencies. Their unique new role is to use the newly proposed competency
management system, in order to create a new or adapted systems engineering competency
model, following the structure in figure 6.2. This competency model will then be used by
organization educators like in the scenarios of Section 6.4.2 and 6.4.3. The organization
will be able to automatically gather information about the acquired competencies of their
students, for grading and administrative purposes.

6.4.2 Educator First new role: Matching processes with com-
petencies

We offer the educator the ability to specify a set of competencies that can be acquired
by the right execution of each systems engineering processes activity. A competency here
means a ~competency element”. When the educator creates his processes and adds them
to the database, he also needs to add a set of competencies susceptible of being learned
by each process activity, as shown in the red components of Figure 6.3.

84



Pmcess Gleabon Sub Scenario

I |

| Ol IS | [ Add Activities | Link \ S |
Give a Title Define Validate

i and tasks = Pruoea'; —

i Md e \and PurposeH Outcomes —’{ : e Process DB I

! Process \ < L i . Add Pro..

[ . — |

P i I
A OL RN Modify Title, | rfyActrvltles PN P e AR ) =

" adant OpenSeIectedH Purpose and and tasks Modify Linked Validate ooes | |
| provess | Process - ‘ Competencies JIRVGHITILES

S
1

Pmcess Remo\ml Sub—Scerano

. O_. Select Delete Validation | s
, process process | Removal [ Delete From Data Base DB
| Remove . o \ y \ J ;
N EPRICESS-  — = m e

Educator:
Processes Management

Figure 6.3: Matching processes with competencies

6.4.3 Educator Second new role: Competency based definition
of the system lifecycle

Previously, educators had only one way to define the system lifecycle model associated
with each new project, so that students engineering the associated system will be able to
follow it. This operation was done by the educator selecting which processes to use, and
by tailoring them manually if necessary.

With the new adaptations, educators have a new way to define a system lifecycle. They
can just define the competencies to be taught, selecting them from the competency model,
and the processes forming the lifecycle model will be automatically generated, thanks to
the existing associations between the different processes activities and the competency
model competencies. They can then tailor them if necessary, for example by adding
activities that make students focus on a specific task, develop soft skills or domain-specific
technical knowledge. Figure 6.4 illustrates this new ability. This new role should be
improved, to allow the educator to choose which are the different stages of the life cycle
model, the automatically selected processes will be included.
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Figure 6.4: Competency based definition of the system lifecycle
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6.4.4 Competency based students-projects assignments

In the future, we hope to provide educators with more features, so that they are able to
take into consideration their students actual competencies in order to adapt the learning
scenario to the competencies to be learned.

6.4.5 Student competencies acquisition and verification process

We also hope that new students assessment methods will be designed to support this
solution, with regard to the competencies and skills of the competency models.
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6.5 Use Case: A way to link the NASA Competency
Model to the 29110 processes and activities

To demonstrate how a competency model can be used jointly with systems engineering
processes, we present in this section how we successfully integrated tailored competency
model, with a systems engineering standardized processes. We started by defining and
integrating the tailored competency model that contain a set of NASA competency areas,
along with their competencies and competencies elements within our solution.

As illustrated bellow, the selected competencies are the 17 competencies (Four com-
petency areas) related to systems engineering technical processes and professional and
leadership skills. We also added one competency, which is the "Knowledge Capture and
Transfer” as you can see in the next list, which illustrates the NASA model competencies
we kept. As stated before, for simplicity reasons, we are only considering for our use case
the technical processes, so for the competencies too we are mainly interested by the list
bellow without the technical management competencies, which should be used in a real
life engineering, the same as the technical management processes.

e Competency Area: 1.0 Concepts and Architecture

— 1.1 Mission Needs Statement
— 1.2 System Environments

— 1.3 Trade Studies
— 1.4 System Architecture

e Competency Area: 2.0 System Design

— 2.1 Stakeholder Expectation Definition and Management
— 2.2 Technical Requirements Definition
— 2.3 Logical Decomposition

— 2.4 Design Solution Definition
e Competency Area: 3.0 Production, Product Transition, Operations

— 3.1 Product Implementation
— 3.2 Product Integration

— 3.3 Product Verification

— 3.4 Product Validation

— 3.5 Product Transition

— 3.6 Operations

e Competency Area: 9.0 Professional and Leadership Development

— 9.1 Mentoring and Coaching
— 9.2 Communication

— 9.3 Leadership
e Competency Area: 10.0 Knowledge Management

— 10.1 Knowledge Capture and Transfer
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Afterwards, we deployed the entire activities of the SR (System Definition and Real-
ization process) and PM (Project Management process) processes of the ISO/IEC 29110.
These activities have been deployed using the processes structure of our solution, i.e. the
29110 activity is deployed as a process, its tasks are deployed as activities, and when tasks
are defined as a set of point to perform, these points have been represented as tasks. To
respect the solution structure, when a standard activity seems to not have more lower
levels (points to be performed), at least one task is attached to this activity taking the
name of the activity. As you note we choose the 29110 to demonstrate the concept at
this stage, while we used the 15288 standardized processes for our experimentation plans.
The first reason of doing that is to demonstrate that the proposed solution can be used
with different standards, and second, to demonstrate that it can be used with different
configurations about the stages and the processes to use. We used the entry profile of the
29110 series, illustrated by the technical report TR.29110.5.6.1 2015 [53]. It’s also possi-
ble to use the Basic Profile, which might be more appropriate for academic institutions
education students on systems engineering.

Finally, we added to each defined process activity one or more competency elements
from the adopted (tailored) competency model, and which are susceptible to be acquired
by the user performing the activity. Even if all the 29110 processes and activities are
made available within the solution, we only focused on matching the SR process activities
(considered as technical processes), totalizing the number of 6 processes and 34 activities.
We decided to associate the same level of proficiency (the level 2) for all the associated
competency elements. The matching operations were performed based on both the activ-
ity and the competency element titles and descriptions, the activity inputs and outputs
(defined as tasks inputs and outputs in the standard document), and the process outcomes
and goals (defined as activities outcomes). We ended up with the following Figure 6.5. to
Figure 6.10., illustrating the different relationships between the competency elements and
the processes activities. Note that we also did some additional matching between some
activities generated from the use of our platform as illustrated by Figure 6.11. Note also
that the results showed within the next tables has been obtained by an intuitive linking,
and an experimented educator or professional in systems engineering may find some lacks,
and can improve the obtained results. Another time, this is just a demonstration of the
principles of our proposition.

realization initiation
Activities Competency Elements
SE_1.1 Revise the current Project Plan with the | 1.1.1 Mission Need
! Work Team members 1.1.2 Current situation
SE_1.2 Define the data model of the project 1.1.3 Mission Needs Statement
Formulation
2 1.3.1 Concept Definition
1.3.2 Svstem Model
SE_1.3 Set or update the implementation 1.2.1 System Environment Identification
3 environment 1.2 2 Design Guidance

Figure 6.5: The 29110 system definition and realization initiation activities linked
to tailored NASA competencies elements
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SR.2 system requirements engineering

Activities Competency Elements
SE_2.1 Elicit acquirer and other stakeholders 2.1.1 Stakeholder Identification
4 | requirements and analyze system context 2.1.2 Stakeholder Expectation Definition
2.2.1 Eequirements Scope
< SE_2.2 Verify the Stakeholders Requirements | 2.1.3 Stakeholder expectation Validation
"~ | Specifications
6 SE_2 .3 Validate the Stakeholders 2.1.3 Stakeholder expectation Validation
Requirements Specification
SE_2 4 Elaborate System Requirements 2.2.2 Conversion from Expectations to
7 Specification and Interfaces Fequirements
2.2.3 Conversion from Requirements to
Technical Performance Measures
SE_2.5 Elaborate System Elements 2.3.1 Requirements Flow
8 | Fequirements Specifications and the Svstem
Elements Interfaces Specifications
SE_2.6 Verify and obtain Work Team (WT) 2.2 4 Requirements Documentation
¢ | agreement on the System and System Elements : _
Requirements Specifications 2.3 2 Derived Requirements
Documentation
sE.2.7 Validate that System Requirements 2.2 4 Requirements Documentation
10 | Specification satisfies Stakeholders
Requirements Specifications
SE_2 8 Define or update traceability between 2.1.4 Stakeholder Expectation
11 Fequirements According to the data model Management
defined in SFE.1.2, at each level of
decomposition of the system
SE_2.9 Establish or update the IVV plan and 2.3.2 Denrved Requirements
Verification, Validation Procedures for the Documentation
12 System verification and validation. 2.2 4 Requirements Documentation
2.4.2 Design Solution Documentation

Figure 6.6: The 29110 system requirements engineering activities linked to tailored
NASA competencies elements
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Activities Competency Elements
SE_3.1 Document or update the Functional 1.4.1 Functional Analysis
13 System Design 1.4.2 Subsystem Mapping
1.4.3 Systems Architecture
Documentation
14 SE_3.2 Make trade-offs of the System 241 Alternative Designs
Architectures
15 SE_3.3 Document or update the Physical 2.4 2 Design Solution Documentation
System Design.
16 SE_3 4 Verify and obtain approval of the 2.4 2 Design Solution Documentation
System Design.
SE_3.5 Establish or update the Integration plan | 2.4.2 Design Solution Documentation
17 | and Integration Procedures for System
integration.
18 SE_3.6 Document the *System User Manual or | 2.4.2 Design Solution Documentation
update the current one_ if appropriate.
19 ER_E.? Verify and obtain approval of the * 2.4 2 Design Solution Documentation
vstem

Figure 6.7: The 29110 system architectural design activities linked to tailored NASA
competencies elements

' _ SR.4 system construction

Activities Competency Elements
SE_4.1 Construct or update Software System 3.1.2 Product Purchase
Elements. 3.1.3 Product Fabrication
20 3.1 4 Product Reuse
3.1.5 Product Implementation
Documentation
SE_4.2 Construct or update Hardware System | 3.1.2 Product Purchase
Elements. 3.1.3 Product Fabrication
21 3.1 4 Product Eeuse
3.1.5 Product Implementation
Documentation
SE_4 3 Verify that the System Elements satisfy | 3.1_2 Product Purchase
their System Elements Specification 3.1.3 Product Fabrication
22 3.1.4 Product Reuse
3.1.5 Product Implementation
Documentation
23 SE_4 4 Correct the defects found until
successful verification is achieved

Figure 6.8: The 29110 system construction activities linked to tailored NASA com-
petencies elements
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rstem intepration, verification, and validation

Activities Competency Elements
24 | SE.5.1 Venfy IVV plan and IVV Procedures. 3.2_1 Product Integration Preparation
SE_5.2 Integrate the System using System 3.2 .2 Lower Level Product Procurement
25 | Elements (HW. HW+5W). 3.2.3 Product Assembly
3.2 4 Product Integration Documentation
SE_5 3 Verify the System against its 3.3 .2 Product Verification Preparation
26 | Requirements 3.3.3 Product Verification
Documentation
27 SE_5 4 Validate the System against its 3.4 2 Product Validation Preparation
Stakeholders Eequirements
28 SER.3.5 Correct the defects found and retest to
detect faults introduced by the modifications.

Figure 6.9: The 29110 system integration, verification, and validation activities
linked to tailored NASA competencies elements

: SE_6 product delivery

Activities Competency Elements

20 sE.6.1 Review configuration of the Product to | 3.5.1 Product Transition Preparation

be delivered

SE_6.2 Document the System Maintenance 3.3.1 Product Transition Preparation
30 | Document and *System Operation Guide or

update the current one(s).

SE_6.3 Identify training needs and develop 3.5.1 Product Transition Preparation
11 System User and Maintenance Training

Curriculum and Material in accordance with

the Project Plan.

SE_6.4 Verify and obtain approval of the 3.53.1 Product Transition Preparation
32 | System maintenance and operation

documentation.
33 | SE 6.5 Perform delivery 3.5.2 Product Transition Execution
24 SE.6.6 Transition to Manufactuning and In- 3.6.2 Operations Execution

service/After-sales Support.

Figure 6.10: The 29110 product delivery activities linked to tailored NASA compe-
tencies elements
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SR.7 Additional platform related activities

Activities Competency Elements
Students team leader actions 9.1.1 Mentoring and Coaching Tasks
33 9.3.1 Delegating Function
0.3.2 Influencing Role
9.3.3 Decision-Making Solving Problems
Tasks execution and results upload in the 8.2 1 Technical Communication
36 platform 9.2 2 Reporting results
37 | A various choice of tasks results tvpes 923 Interpersonal communication
18 Lifecycle model guidance 9.3.3 9.3 3 Decision-Making Solving
Problems
39 | Eesults assessment by the educator 10.1.1 Lessons Learned Documentation
40 | Coach assistance and advices 10.1.1 Lessons Learned Documentation
41 | System and sub-svstems shared workspaces 10.1.2 Work Products

Figure 6.11: The 29110 additional platform related activities linked to tailored NASA
competencies elements

6.6 Chapter Summary

In this chapter, we presented some of the most known systems engineering competency
models, and how we used them within our proposed approach, especially how they im-
pacted the different learning scenarios of the approach proposed in the previous chapter.
Considering the fact that matching processes activities with systems engineering compe-
tencies have been done manually and following an intuitive method, we can consider in the
future implementing a matching algorithm for that. The algorithm should employ text
mining techniques and consider the semantic aspect of the different activities with their
relationships, in order to produce a better matching results. More importantly, doing that
will allow the definition of real impact of each activity in acquiring a given competency,
we talk here about competencies that are linked with more than one activity.

It may be useful in the future to include the notion of "Roles” in this approach, so
that the competencies can be linked to roles. Educators will be able to assign students to
different roles directly within the project-team assignment. By doing so, this approach will
not only help in teaching systems engineering fundamentals while simplifying the learning
scenario adaptation, but it will also be useful to specify and tailor the learning goals to
individuals. For example, it may be possible to focus on training system architects, system
designers, etc. in the same learning environment.
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7.1 Introduction

In the previous chapters we demonstrated the need to use and tailor systems engineering
standardized processes for education purposes, as well as the impact of systems engineer-
ing competencies and managing them during the learning experience. We also suggested
an approach of how to do so. However, to be efficient and to have an impact on the
systems engineering education practices, this is not sufficient. These approaches must to
be supported by means and tools to be practicable and to play a major role in an efficient
educational environment. We cannot just suggest that educators should use standardized
processes and tailor them to their learning goals and to their projects characteristics, with-
out providing them with a set of tailored processes, either, because each experience and
each requested systems is unique in complexity, stakeholders, goals, etc. In this chapter,
we will present our proposed platform that support the approach described previously.
We will also present two experimentation plans we executed to evaluate the acceptance
rate of this solution, along with the obtained results

7.2 The platform

For the previous reasons, to support our proposed approach for systems engineering edu-
cation, we proposed a systems engineering educational environment as a web-based plat-
form. The proposed platform encompasses all the necessary concepts of the previously
presented approach (processes-centered, competencies management, distant users, etc.).
The platform is intended to be used by four different users/instances, which are:

e Education entities/organizations (organizations providing training in SE)
e Educators in the field of systems engineering
e Students in the field of systems engineering

e Industrial experts in the field of systems engineering, playing the role of tutors

7.2.1 Organization’s features

An education organization using this platform to teach systems engineering is provided
by the following features:

e Users management: The organization is responsible for creating and managing stu-
dents, educators, and industrial experts accounts, within the platform. The orga-
nization is also responsible for the creation and the management of its different
academic departments and specialties, and for assigning students and educators to
the adequate departments. See Appendix A, Figure A.1. for all features available
to the organization.

e Competency management: The second important role of the organization is the
creation and the management of a systems engineering competency model that will
be used for managing students competencies and learning scenarios. The organi-
zation is provided with an interface to define its competency model, or more than
one competency model. It can modify or duplicate them to instantiate a new ones,
and delete a competency model. When creating a new competency model, the or-
ganization should follow the the structure described in Figure 6.2. The interface for
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adding a competencies to a competency model is illustrated in Appendix A, Figure
A2

Figure A.3 displays the organization competency model, tailored from the NASA
competency model, and shows the ”Mission Needs Statement” Competency with
two added competency elements. This competency is part of the ” Concepts and
Architecture” competency area.

7.2.2 Educator’s features
The processes management system

The proposed solution provides a processes management system that allows educators to
define systems engineering processes (standards or not, and mainly technical processes).
These processes will be used by the educators to define the lifecycle model to be followed by
teams during their projects execution. Interfaces are available to create processes, modify
existing ones, and duplicate others for tailoring purposes. The processes management
system main interface is available in Appendix A, Figure A.4.

e Create new processes: process creation consists in defining the goal of the pro-
cess, its outcomes, its activities and tasks, according to standards recommendations
and/or project requirements. In addition, it is possible to link a set of competencies
of the organization competency model to the process activities. See Appendix A,
Figure A.5.

e Duplicate and personalize existent processes: by adapting an existent process,
title, purpose, tasks, activities, resources, and outcomes to meet a specific situation.
The competencies should equally be adapted.

The projects management system

We distinguish three kinds of projects: active projects are projects where students are
assigned to, pending projects are projects created by the educator but not yet assigned
to students, and closed projects are submitted by students for evaluation and closed by
educators. Educators have a component allowing them to manage their projects in the
platform:

e Create new projects: By defining the project name, description, resources, du-
ration, and level. The educator can also attach files for a more detailed description
of the project. The project contains the requested system to be engineered by the
students. The interface of the project definition can be found in Appendix A, Figure
A.6.

Another important task during the project definition scenario is the Lifecycle Model
definition. This task consists in defining the set of systems engineering processes
(standards or not) to be followed by the student during a specific project execution.
The processes can be tailored by the educator, when defining the lifecycle or through
the processes management system. See Appendix A, Figure A.7 for the real time
processes tailoring interface.

In fact, this only represents one way of defining the system lifecycle model for a
specific project. In an additional proposed feature, the educators should only specify
the competencies they want students to acquire after engineering the requested
system, and the lifecycle model will be automatically generated, as seen in Appendix

95



A, Figure A.8. The resulted lifecycle model should also be managed, for example if
a selected competency is attached to more than one versions of the same process (a
process and its tailored one for example, as seen in Figure A.9, Appendix A), the
educator should decide which one to remove, and which one to use/tailor.

Teams management system :

e Assign a project to a team of students A project can be assigned to one or
multiple teams. The project-team assignment is done as illustrated in Figure A.10,
in Appendix A.

e Follow teams progress within an assigned project In order to support students
in their work and to assess their results, educators have access to the students
workspace of any active project for which they are responsible. The workspace
visualization from an educator’s perspective is illustrated in Figure A.11 of Appendix

A.

7.2.3 Student’s features
Team-project engineering workspace

This is the most important part of the student space in our platform, and the most
important part of the entire platform. It allows students of the same team to consult the
details of their project, and to pass through the lifecycle model, defined by the educator,
in order to engineer the requested system. Its main interface is shown in Appendix A,
Figure A.12, and its elements are illustrated in Figure 7.1. of the next chapter.

Process access within team-project workspace

Students and educators can access each process from the lifecycle, in the left down menu,
and they have all the necessary information about it, as illustrated in Appendix A, Figure
A.13.

Tasks results uploading system

Inside the different processes that form the lifecycle model, and within each activity,
students can consult the associated tasks to be performed. After performing the tasks,

they upload the acquired results in the specific space as shown in Figure A.14 of Appendix
A.

System structural architecture definition

Another feature of the students workspace is the system structure definition. As this
platform is meant to deal with systems engineering education, and as a system is a set of
system elements in interaction, we provide students with the ability to divide the requested
system into multiple subsystems and system elements. For the time being, the hierarchy
is limited two levels: level 1 is the division of the system into different subsystems, and
level 2 is the division of the subsystems into system elements. The interface is illustrated
in Appendix A, Figure A.15. Each subsystem and system element has his own engineering
workspace, including the lifecycle model, so that students can switch between the system,
subsystems and system elements at any time, by going to the ”Structure” button in the
mentu.

96



7.3 Experimentation and results

The proposed solution has to be evaluated with regard to multiple aspects. The first and
most important element aspect is its ability to allow students to get familiar with systems
engineering fundamental principles. Then, it would be interesting to know more about the
potential of this solution in learning soft-skills, such as communication and team-work,
especially in a geo-distributed and culturally-diversified context. Through the following
experimentation plans, we also hope to identify and distinguish the advantages of Systems
Engineering Standards integration, technology related benefits, and the learning context
impact. Finally, we aim to understand the key of success of this solution compared to
other traditional teaching programs in systems engineering based on systems engineering
academic and industrial experts reviews.

7.4 First Plan: Educators and students evaluation of
the platform

In this section, we discuss the acceptance of our solution by the SE academic community.
We targeted a specific public within this community with a presentation of the solution
and a survey.

7.4.1 Methodology

The targeted public were students and tutors participating in the 2016 Robafis challenge.
Organized since 2006 by AFIS, the French chapter of INCOSE, the Robafis challenge is a
yearly student competition for robot design [109], whose main goal is the promotion of SE.
About ten student teams from French universities and engineering schools participate in
this competition. Each team can consult a SE teacher, and they can also question AFIS
experts. The road-map starts about eight months before the final stage competition,
when AFIS communicates the general schedule, the regulations, specifications, and a
reference development document. Three months before the final stage, the teams register
and receive a LEGO Mindstorms Robotics kit, in order to physically implement their
solution. Fifteen days before the final stage, the teams send their development document
to systems engineering experts for evaluation. The competition concludes by a final stage
where all teams meet and operationally validate their works, along with project and
configuration audits. Few weeks after the competition, students receive a detailed debrief
regarding their work.

In 2016, eight student teams participated in the Robafis challenge. Some mixed teams
featured students from several engineering schools. We got in touch with four teams,
totaling in 25 students and 9 tutors. The tutors are mainly educators in the field of SE.
Since the solution was not shared for public, we produced a video tutorial showing the first
version of the platform at work (ProCASEE) and explained its most relevant features.
The video was shared with our targeted public, together with a questionnaire they had to
answer. The video can be viewed here [12§], and the questionnaire used for the educators
can be found in Appendix B. Note that there are not many differences between the two
questionnaires, as we were mainly interested in feedback regarding the implemented /to-
be-implemented features of the solution. The few differences will be apparent during the
result analysis.

We received responses from ten students and six tutors, which represents a response rate
of respectively 40% and 66%. The feedback from both students and tutors showed a high
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interest in the features of this solution.

7.4.2 Respondents profile

Nine students out of ten who answered this questionnaire are undergraduate students,
whereas the last one is a post-graduate student. 70% of students estimate that they
are beginners in SE, and the most usual way of learning SE were university lectures for
70%, and academic project-based learning for 60%. It appears from their responses that
most of them have an overview of different topics of SE, with a focus on three topics,
for which more than 90% think that their level is between medium and good: ”Design,
Analysis, and Implementation”, ”Operation and Management”, and ”Technical Manage-
ment”. Also, 80% think they are good, or at least having a medium level in ” Requirements
Management”, ” Architecting”, and ” Project-Enabling Management” .

Tutors respondents are mainly academic SE practitioners, exercising in this fields for
more than two years for 67% among them, and more than five years for 17%. 50% used

to teach and promote SE through “university lectures”, ”competitions and challenges or-
ganization”, and "academic or academy-industry project-based learning”.

7.4.3 Results from the students perspective

The following list itemizes the received student feedback concerning

e The usefulness of the current features of the solution: The two features
that appear not to be very useful, from a students perspective, are "the ability to
add resources to different processes”, and “reviewing the 3D design of the system”,
where only 50% estimate that they are useful or necessary. All the other features
are considered useful by at least, 60 to 70% percent. For details, please refer to
Table 7.1.

Table 7.1: Students appreciation about current features usefulness

Not Needs
Very very Not
Manda- . Im-
Use- | Useful| inter- use-
Current features usefulness tory prove-
ful % est- ful at
% . ments
% ing all %
% %
0
Enabling geo-distributed stu-
dents to work together 10 10 o 10 20 00
Learning through SE processes 10 50 00 10 30 00
Reporting all tasks results in the 10 40 20 10 20 00
same shared space
Virtual 3D design of the system 00 30 20 10 30 10
Processes presentation 10 30 30 10 20 00
Processes related resources 10 20 20 30 20 00
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e The ease-of-use of the current features: Most features are considered simple
or very simple to use. About 70% to 90% of students share the same opinion about
all features, except for the "virtual 3D design component”, where only 50% think
that it is simple to use, while the other 50% rate this feature to be hard or very
hard. See table 7.2.

Table 7.2: Students appreciation of current features ease-of-use

Yery . Pretty | Very
sim- Simple
Current features ease-of-use hard hard
ple % o o
%
Enabling geo-distributed students to work to- 10 60 30 00
gether
Reporting all tasks results in the same shared 30 60 10 00
space
Reviewing the 3D design of the system 00 50 40 10
Notification management system 10 60 30 00
Processes presentation 20 50 30 00

e The additional features to be implemented: Table 7.3 shows that the sug-
gested features which we plan to add to this solution, will be very useful, if not
obligatory, except maybe the chat and video-call systems.

Table 7.3: Students appreciation of additional features usefulness

Not
Additional features usefulness MandatonyUseful | Use-

ful
Chat system 40 20 40
Video-call system 10 40 50
Assisting student through annotations 30 60 10
Engineering at both system and subsystems level 30 70 00
Tasks management 50 40 10
Direct web-access to SE tools 20 70 10
Direct web-access to learning resources and platforms || 10 70 20
Downloading a project synthesis, at any moment 50 50 00

e Students evaluation methods: Students think that they should be evaluated in
the context of learning SE, using different methods at the same time. 50% of stu-
dents agree on evaluating them by the educator throughout the project (evaluation
of processes execution quality), and regarding the acquired skills and knowledge
(using questionnaires, for example). However, only 40% of the respondents approve
of self evaluation methods and final results evaluation. Regarding peer evaluation
techniques, only 30% believe that this is a good way of evaluation.
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e Advantages of this solution compared to their traditional way to learn
SE: The ease of use, the implementation of the project-based learning approach, and
the use of SE standard processes are the most appreciated features of this solution
(respectively by 50%, 50%, and 40% of the responses), followed by the ability to
evaluate students regarding different metrics (30%).

7.4.4 Results from the educators perspective

e Current features usefulness and ease-of-use: Educators think that all features
are useful without any exception. However, they showed a special interest in the
processes, lifecycle and projects management systems, the ability to learn through
real SE processes, and the ability to supervise students performing tasks in one
shared space. See table 7.4. Educators are also unanimous about the ease-of-use of
the current features, see Table 7.5.

Table 7.4: Educators appreciation about current features usefulness

Very Modert Not Need
Manda- ately Im-
Use- | Useful use-
Current features usefulness tory use- prove-
ful % ful at
% % ful all % ments
’ % %
Processes management system 17 33 50 00 00 00
Adding resources to processes 00 50 50 00 00 00
Projects creation and manage- 17 50 33 00 00 00
ment
Life-cycle model definition 00 50 50 00 00 00
Notification management system | 00 00 83 17 00 00
Enabling the use of SE processes || 00 50 33 17 00 00
Reviewing the 3D design 00 17 67 17 00 00
Supervising one shared space 17 33 50 00 00 00
Enabling distributed engineering | 00 33 67 00 00 00
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Table 7.5: Educators appreciation of current features ease-of-use

Zf;_y Simple Pretty | Very
Current features ease-of-use hard hard

ple % % %

%
Processes management system 17 50 33 00
Adding related resources to processes 17 50 33 00
Projects creation and management 17 83 00 00
Life-cycle model definition 17 50 33 00
Notification management system 17 50 33 00
Reviewing the 3D design of the system 33 33 33 00
Supervising one shared space 33 33 33 00
Enabling distributed engineering 67 17 17 00

e Additional features usefulness: Regarding the proposed additional features,

educators mostly agreed on their utility. According to their responses, the most im-
portant extensions are assisting students throughout the execution of SE processes,
the ability to consider and engineer subsystems as a system, and students managing

their tasks.

Table 7.6: Educators appreciation of additional features usefulness

Not
Additional features usefulness MandatoryUseful | Use-
% % ful
%
Chat system 00 83 17
Video-call system 00 83 17
Assisting student through annotations 33 67 00
Engineering at both system and subsystems level 33 67 00
Tasks management 17 83 00
Direct web-access to SE tools 33 50 17
Direct web-access to learning resources and platforms || 33 33 33
Downloading a project synthesis, at any moment 17 50 33

e Students evaluation methods: Educators also believe that students should be

evaluated in the context of learning SE, using different methods and metrics at
the same time. The most expected method by educators is the ability to assess
students throughout the project execution process (the engineering of the system),
recommended by about 83% of them. This mainly represents the evaluation of SE
processes execution quality. The second method favored by about 67% is student
evaluation regarding the acquired knowledge and skills, by using surveys at the
end of the project, but also by extracting useful information from the learning
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process. The third method recommended by 50% of educators, was self-evaluation
and evaluation of the final results in order to see if they match with the starting
requirements. Just as students, only 33% of educators approved of peer evaluation.

e The advantages of this solution compared to their traditional way to
teach SE: Unlike students, educators did not think that the ease-of-use and the
project-based learning approach were the most important aspect that differentiate
this solution from traditional SE teaching. However, 50% of educators appreciate
the use of SE standard processes and the ability to evaluate students using different
metrics. More importantly, about 67% declare that the ability to manage the sys-
tems life-cycle model is a good idea, along with the ability to manage geo-distributed
students.

7.5 Second Plan: Students experimentation of the
solution

The goal of this experimentation plan is apply our solution by students in a real context
of use, in the scope of a training course on systems engineering.

7.5.1 Methodology

We launched an introductory course to systems engineering at Paris Mechanical Engineer-
ing School (Supméca) as a doctoral training for PhD students. PhD students from differ-
ent doctoral schools at UPSaclay (Paris Saclay University) were invited. The course took
place during 3 days, between May 9th, 2017 and May 11th, 2017. We had nine students
participating, eight PhD students and one engineering student starting his internship in
the field of systems engineering. The goal of the training course was to introduce students
to the discipline of systems engineering, and to deepen their knowledge in three selected
topics of systems engineering: the stakeholders needs and requirements definition, the
systems requirement definition, and the systems architecture definition. This course was
based on systems engineering principles and processes from the ISO/ITEC/IEEE 15288.

The course was organized into theoretical and practical sessions: during the theo-
retical sessions the educator explained systems engineering fundamental principles and
presented the three ISO/IEC/IEEE 15288 processes in relation to the previous three
selected topics, while describing their activities and the expected outcomes from their
execution. During the practical sessions, students worked in teams of two individuals
(an exception was made for one team who had three members including two PhD students
and the engineering student). The objective of the practical sessions was to engineer the
requested systems, while considering its lifecycle model as defined by the educator, and
executing the corresponding processes. During the practical sessions students had access
to our proposed solution.

7.5.2 Course Outline

The following 11 steps explain how the course took place.

1. Prior to the course start, two systems engineering projects were created on the
proposed web platform. The first one asked for the design of an ”inspection drone”
and the second one for a "surveillance drone”.
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2. The educator started the course by an introduction to systems engineering during
the morning of the first day.

3. The web platform was presented during the beginning of the first afternoon, and
they received their logins and passwords at the same time.

4. The two projects were introduced, and each student team selected its preferred
project.

5. Teams-project assignments were done.

6. The educator provided a tutorial about different SysML Diagrams that had to be
used during the course, and made them practice some examples (the course is cen-
tered around Model Based Systems Engineering).

7. During the same afternoon the educator introduced a tailored version of the ”stake-
holder needs and requirements definition process” from the ISO/IEC/IEEE 15288
standard, and asked students to perform its related activities in the context in their
project. The tailored processes can be found in Section 7.4.3. The activities were
mainly performed using SysML Language and MagicDraw as a supporting tool. For
this reason, each time a new activity was presented, the educator gave a demonstra-
tion of the expected results (SysML Diagrams) applied to a sample project. The
different processes activities and tasks had an associated text explaining how to
perform each step of the process and with which tools.

8. The teams executed the different activities and reported their results to the dedi-
cated tasks and activities space, inside the team-project workspace, using the pro-
vided web platform.

9. The educator had a direct access to the teams workspaces, in order to monitor their
progress and assist them if necessary.

10. During the second and the third days, the same actions were performed respectively
regarding the "systems requirement definition process” and the ”systems architecture
definition process”.

11. At the end of the third and last day of the course, students were given a two parts
survey to fill out. The first part of questions addresses the usefulness and the ease-
of-use of the current features, as well as the usefulness of some additional planned
features. This questionnaire can be found in Appendix C. The second part contains
twelve questions about the used systems engineering processes, and aims to check
students acquired knowledge regarding systems engineering principles and processes.
These questions are presented in Section 7.4.4.

7.5.3 The used tailored systems engineering processes

We present the set of three processes from the ISO/TEC/IEEE systems engineering stan-
dard [4], tailored to meet the course project requirements. The tailoring operations used
for this purpose concern the reduction of the number of activities and tasks (i.e the ed-
ucator decided not to use some of the standardized activities and tasks related to these
processes).
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Stakeholders needs and requirements definition process

e Activity 1.0: Prepare for stakeholder needs and requirements definition

— Task 1.1: Identify the stakeholders who have an interest in the system through-
out its lifecycle.

Activity 2.0: Define stakeholder needs.

— Task 2.1: Define context of use.
— Task 2.2: Identify stakeholder needs.
— Task 2.3: Prioritize and down-select needs.

— Task 2.4: Define stakeholder needs and rationale.

Activity 3.0: Develop the operational concept and other lifecycle concepts.

— Task 3.1: Define a representative set of scenarios to identify all required capa-
bilities that correspond to anticipated operational and other lifecycle concepts.

— Task 3.2: Identify the interaction between users and the system.

Activity 4.0: Transform stakeholder needs into stakeholder requirements.

— Task 4.1: Identify the constraints on a system solution.

— Task 4.2: Identify the stakeholder requirements and functions that relate to
critical quality characteristics, such as assurance, safety, security, environment,
or health.

Activity 5.0: Analyze stakeholder requirements.

— Task 5.1: Analyze the complete set or stakeholder requirements.

— Task 5.2: Define critical performance measures that enable the assessment or
technical achievement.

System requirements definition process

e Activity 1.0: Prepare for system requirements definition.

— Task 1.1: Define the functional boundary of the system in terms of behavior
and properties to be provided.

e Activity 2.0: Define system requirements.

— Task 2.1: Define each function that the system is required to perform.
— Task 2.2: Define necessary implementation constraints.

— Task 2.3: Identify system requirements that relate to risks, criticality of the
system, or critical quality characteristics.

— Task 2.4: Define system requirements and rationale.
e Activity 3.0: Analyze system requirements.

— Task 3.1: Analyze the complete set of system requirements.
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System architecture definition process

e Activity 1.0: Prepare for architecture definition.
— Task 1.1: Review pertinent information and identify key drivers of the archi-
tecture.
— Task 1.2: Identify stakeholder concerns.
— Task 1.3: Define evaluation criteria based on stakeholder concerns and key
requirements.
e Activity 2.0: Develop architecture viewpoints.
— Task 2.1: Select, adapt, or develop viewpoints and models based on stakeholder
concerns.

— Task 2.2: Establish or identify potential architecture framework(s) to be used
in developing models and views.

— Task 2.3: Capture rationale for selection of framework(s), viewpoints and
model types.

— Task 2.4: Select or develop supporting modeling techniques and tools.
e Activity 3.0: Develop models and views or candidate architectures.
— Task 3.1: Define system context and boundaries in terms of interfaces and

interactions with external entities.

— Task 3.2: Identify architectural entities and relationships between entities that
address key stakeholder concerns and critical system requirements.

— Task 3.3: Allocate concepts, properties. characteristics. behaviors, functions,
or constraints that are significant to architecture decisions or to architectural
entities.

The system lifecycle model within teams shared workspace had this exact structure,

and the students uploaded their results to each of the cited tasks. The configuration and
the different components of the team’s shared workspace is shown in Figure 7.1.
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Figure 7.1: Team’s shared workspace interface

7.5.4 The SE knowledge quiz questions

Students were asked to answer the following questions, built on the same format as the
INCOSE certification knowledge exam:
Question 1: Systems engineering should be applied to:

e System conception, design, and implementation stages
e System requirements, verification and validation stages
e The entire lifecycle of a system

Question 2: Which systems engineering standard deals with the entire lifecycle of a
system 7
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e [EEE 1220

e EIA 632

e ISO/IEC/IEEE 15288

Question 3: Requirements should be S.M.A.R.T, what does this mean ?
e Specific, Measurable, Achievable, Relevant, Traceable

e Special, Mature, Achievable, Redundant, Traceable

e Semantic, Mature, Analyzable, Relevant, Traceable

Question 4: The purpose of the system requirements definition process is to transform
the stakeholder, user oriented view of desired capabilities, into a technical view of a
solution that meets the operational needs of the user.

e True
e [alse

Question 5: The results of the architecture definition process are widely used across
the lifecycle processes:

e Yes
e No

Question 6: One of the purposes of the architecture definition process is to express the
selected architecture alternative(s) in a set of consistent views.

o Yes

e No

Question 7: Analyzing system requirements is an activity of:
e The system architecture definition process

e The system requirements definition process

e The stakeholder needs and requirements definition process

Question 8: Which TWO among the next statements are OUTCOMES of the system
requirements definition process 7

e System requirements analysis results

e Development of architecture viewpoints

e System stakeholders definition

e Traceability of systems requirements to stakeholder requirements

Question 9: Which THREE among the following activities are part of the architec-
ture definition process ?

e Assess architecture candidates
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e Develop models and views of candidate architectures
e Manage the design
e Prepare for architecture definition

Question 10: Which one is NOT the OUTCOME of the system requirements defi-
nition process ?

e The system description, including system interfaces, functions and boundaries, for
a system solution are defined

e System requirements analysis
e Identified stakeholder concerns are addressed by the architecture

Question 11: Iteration of the architecture definition process with the business or
mission analysis process, system requirements definition process, design definition process,
and stakeholder needs and requirements definition process is often employed to ensure:

e A negotiated understanding of the problem to be solved and the identification of a
satisfactory solution

e The system will be realized in a minimum amount of time
e A good system delivery for at least one principal stakeholder

Question 12: Which TWO among the next statements are GOALS of the stakeholder
needs and requirements definition process?

e Identification of stakeholders involved throughout the entire lifecycle
e Define the business or mission problem or opportunity
e Convert stakeholder needs into stakeholder requirements definition

e Determine potential solution classes

7.5.5 Survey results
Part One: Proposed platform features

e The usefulness of the current features of the solution: The current features
of the solution are considered useful or very useful by 90% to 100% of students .
An exception is made for the ”process related resources”, where about 33% think
that they are moderately useful. The verdict about process related resources will
be confirmed later where we present the students’ wishes about the resources they
want to see in the platform.

108



Table 7.7: Students appreciation about current features usefulness

Very Moder+-
Current features usefulness Use- Useful | ately | Useless
ful % useful | %
% %o
Enabling geo-distributed students to work to- 3 67 0 0
gether
Lear'mng' by executing the Standard Systems 99 67 1 0
Engineering Processes
Reporting all tasks results in the same shared 56 m 0 0
space
Processes related resources 11 56 33 0
System structure creation and manipulation 44 44 11 0
Accessing and reviewing other team members m 56 0 0
uploaded results

e The ease-of-use of the current features:

Three out of five features that students were asked about, are considered simple or
very simple to use. As to the two others, which are the ”processes presentation” and
the "navigation between their description, activities and tasks”, these were seen as
moderately simple to use. As an explanation, it was difficult to rapidly find a task
or an activity. We needed to change the design and the ergonomy of the processes

content presentation and interactions with it.

Table 7.8: Students appreciation of current features ease-of-use

Ver Moder-

simy Simple atly Hard
Current features ease-of-use Pl Sim-

ple % %

% ple

%

Accessing and reviewing other team members 56 33 1 0
uploaded results
Reporting all tasks results in the same shared 99 67 1 0
space
Processes presentation 11 33 56 0
Navigating through processes description 11 22 67 0
System structure creation and manipulation 11 78 11 0

e The additional features to be implemented: It appears that three additional
features out of the suggested four were seen as useful or very useful. However, only
five persons out of nine thought it would be useful to add a feature that allows
educators to assist students by adding notes about the tasks being realized.
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The reason for that is obvious. This feature is intended to be useful when the
solution is used in a geo-distributed context, where students from the same team
and/or the educator work in different locations with a minimum or no face-to-face
communication. However, this was not the case during this experimentation plan.
Students and the educator were in the same classroom, and students were directly
assisted by the educator. The students could not fully appreciate the usefulness of

being assisted by the educator making notes from inside the platform.

Table 7.9: Students appreciation of additional features usefulness

Very Moder+-
Additional features usefulness Use- Useful | ately | Useless
ful % useful | %
% %
Allowing educators to assist students by adding
notes about the tasks being realized, during || 33 22 45 0
their execution.
Adding a feature that enables students to man-
age and assign the different tasks to the different || 22 56 11 11
students of the team.
Adding a feature that enables students getting
direct web based access to systems engineering || 45 33 22 0
tools (such as SysML Tools )
Giving the ability to students to download at
any time, a synthesis of the project as a Pdf || 89 11 0 0
File

The most important features of the proposed solution

In the previous analysis of the responses, students did not seem to see the impor-
tance of being assisted by the educator from inside the platform. This however does
not mean that they are not aware of the importance of the platform as a whole
for managing a geo-distributed learning experience. About 57% responded to the
question about ”the most important features of the solution” by ”the management
of geo-distributed students” (first place). This result is confirmed by students re-
sponses to the first question concerning the usefulness of the different features. In
fact 100% of them responded by useful or very useful to the three features in rela-
tion to managing the geo-distributed work dimension of the platform. These three
features are: "enabling geo-distributed students to work together”, "reporting all
tasks results in the same shared space”, and "accessing and reviewing other team
members uploaded results”.
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Table 7.10: Most important features

Features Importance
(%)
The ease of use of the solution 33
The management of geo-distributed students 56
The implementation of the Project-Based 99
Learning approach
The use of systems engineering standard pro- m
cesses
The ability to evaluate students regarding dif- m
ferent metrics
The ability to upload results and share them
. 44
with others at the same shared space
The ability to manage the system structure (dif-
33
ferent sub-systems and system-elements)

¢ Requested additional pedagogical resources

In addition to the current pedagogical resources, provided within the different lifecy-
cle processes, the most desired two additional pedagogical resources are: a ”sample
use case system” of engineering results uploaded over the entire lifecycle tasks, to
give students examples of what the expected results should look like (requested by
eight students of nine). The second desired resource is adding metrics that show the
project progress on the project home page (requested by six students our of nine).

Table 7.11: Requested pedagogical resources

Pedagogical resource H Requests (%) ‘
More explanations about the different processes 33
and activities

More guidance about which tools and method- 33
ologies to use for each task

7 A sample use case” of systems engineering re- 29
sults uploaded over the entire lifecycle tasks
Information about the competencies to be 33
learned after executing each activity or process

An overview about the entire set of standard 99
processes

Adding metrics that show the project progress 67
on the project home page

e Students evaluation methods: Students were unanimous regarding the best way
to evaluate them. About 89% among them prefer to be evaluated by the educa-
tor regarding the final results, followed by 22% regarding both processes execution
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quality, and the acquired skills and knowledge. They thereby joined the opinion of
the first plan students. As a reminder, most of students (about 50%) agreed that
they should be evaluated by the educator, too, throughout the project (evaluation
of processes execution quality), and regarding the acquired skills and knowledge
(using questionnaires, for example).

Part Two: Systems Engineering Acquired Knowledge

Student responses to the twelve questions: The correct answers vary from one
question to another. The questions are responded correctly by 44% to 100%. The worse
result of 44% of correct answers is related to questions 7, 9, and 10, followed by questions
4, 5, and 8, which have been answered correctly by 56%. However, these results show
that an average of 68% of questions were answered right, in addition to 8 percent of
the remaining questions which were partially answered. Partially answered means that
the question had multiple responses, and the student selected less correct answers. The
average of ”correct responses by student” is about 66% (8 responses/12).

Table 7.12: Student responses to each of the knowledge acquisition test

True False | Partial
Additional features usefulness Re- Re- Re-

sponses sponses sponses

% % %
Question 1 89 11 0
Question 2 100 0 0
Question 3 78 22 0
Question 4 56 44 0
Question 5 56 44 0
Question 6 78 22 0
Question 7 44 56 0
Question 8 56 11 33
Question 9 44 0 56
Question 10 44 56 0
Question 11 78 22 0
Question 12 89 0 11

’ Average H 68 24 8
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Table 7.13: Number of correct answers given by each student

Number of

Student correct re-
sponses

Student 1 7/12

Student 2 7/12

Student 3 9/12

Student 4 10/12

Student 5 7/12

Student 6 12/12

Student 7 5/12

Student 8 7/12

Student 9 7/12

[ Average [7.9/12 (65.8 %) |

7.6 Chapter Summary

In this chapter, we presented the second and enhanced version of our approach and the
web-based platform. This version is characterized by the consideration and implemen-
tation of the system structure creation module, generating a shared workspace for each
subsystem and system element. It also includes the competencies management system,
and the coach (educator or industrial expert) implication during the learning scenario. In
addition, it withdraws the development efforts of the 3D virtual assembly environment.
Note that the competencies management system is integrated as an independent module,
so that organizations and educators can decide to use it or not, depending on their goals.

The two experimentation plans demonstrated a high level of acceptance of the solution,
regarding its usefulness, ease-of-use and the need for the suggested additional features.
However, because of the low sample size, the results should be verified in the future by
a larger study, within real conditions of use, implicating a significant number of students
working in a distant teams environment, while being assisted by industrial coaches. A
good way to do that would be the use of the solution in the Robafis [109] challenge. Finally,
if we had to keep in mind only one thing from these experimentation, we should consider
the implementation of a new feature allowing the educators to easily propose a ”sample
project” going through all selected systems engineering processes, so that students better
understand the expected outcomes of each process activity.
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General conclusion and Perspectives

8.1 General conclusion

After performing an in-depth investigation about the current practices of systems engi-
neering education within industrials and organizations dealing with systems engineering,
and within academia, we understood that, in order to provide the most benefits in a
systems engineering educational environment, we have to consider different points. We
presented most of these points in Table 4.1. (Chapter 4). The most relevant points
for efficient learning experiences in systems engineering, including soft skills and systems
thinking development, are:

e Systems engineering is better taught through real experiences, and at least within a
distant project based learning approach. Students should learn systems engineering
in reality like environments and constraints.

e Educators and industrial experts will be of good assistance to the engineering teams,
applying systems engineering principles to the learning project teams.

e Digital environments can facilitate and improve the achievement of the previous
requirements if well conceived and implemented, while respecting the characteristics
of this discipline.

e Systems engineering processes (especially standardized one) should take a significant
place, and more, they should guide the learning path, while still giving students
freedom to develop their critical thinking and systems thinking skills.

e One of the main outcomes of a good education solution for systems engineering
resides in its ability to make students understand and practice the ideas of wholeness
and interrelationships, and to experience at each step that they are part of a team,
and that their system is part of a whole.

By taking into consideration the entire set of characteristics, and in order to create
an efficient solution (an approach with its supporting platform) for systems engineering
education, we presented our vision of a good environment. This environment should make
use of disruptive technologies and practices. For feasibility reasons, we decided to focus
only on the most important part of that vision, i.e. to go further in conceiving, designing
and producing the Collaborative Virtual Environment (CVE) which became our solution
for systems engineering education.

It is particularly interesting to assess how we responded to our four initial research
questions presented in chapter 1.
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First research question:

The proposed solution is based on the use of systems engineering processes in a new way,
by simplifying their adaptation, and by making them the essence of the learning scenarios
for both students and educators. This helps managing the complexity of the learning
process without limiting students and educators to one kind of tools or methods, as we
profoundly agree with the diversity and the high level of uncertainty of programs, projects
or systems, which need the use of systems engineering. This uncertainty often applies to
their lifecycle processes, too.

The main advantage of the proposed solution is its ability of adaptation. It is built
in a way that enables educators to create and control their own content and learning sce-
narios. It allows easy adaptation of the learning processes to the students’ level (acquired
competencies), the learning goals (competencies to be acquired), and the project com-
plexity (expected number of system elements, and number of disciplines and stakeholders
involved). In fact, it can be used by different educators and organizations depending on
their needs. No limits exist regarding to which technical discipline should use it. It can be
used within any academic or industrial organization having an interest in educating peo-
ple in systems engineering, within a PBL environments, distant or not, and independently
from their specialization, processes, tools, methodologies, etc. This fact brings us to high-
light another kind of adaptation ability. The proposed solution is domain-independent,
standard-independent, methodology-independent, competency models-independent, and
tools independent. This enhances its ability to be rapidly updated, expanded, and adapted
as needed to meet different learning constraints, and to accept any kind of tools and
methodologies, so that each institution can find its interest in using it. Organizations
and educators can even use their domain-specific processes, in addition to their tailored
generic/standardized processes.

The last kind of adaptation ability resides in targeting different levels of systems
engineering education. It can be used to provide students with a high level overview
of systems engineering and its entire lifecycle processes. Also, it can be used to deepen
students knowledge in a specific topic of systems engineering. More than that, it can be
used to deepen the knowledge of one team in a specific systems engineering topic, while
deepening the knowledge of another team working on the same project in another topic.
This can be done by having each team focus on a specific topic and specific systems
engineering processes. It also can deepen interpersonal and systems thinking skills by
making students collaborate in the context of the same projects.

The main lesson we can learn from this analysis, is that the proposed process-centered
approach for SE education responds clearly to the expectations illustrated in our first
research question. In fact, this approach suggests a good way to incorporate SE processes
within the learning scenario, by taking all their advantages and without giving up the
constraints of systems engineering education. These constraints are: for students, the
ability to acquire the necessary critical thinking, soft skills, the holistic view capabilities
when engineering a system, and to master the different SE principles incorporated within
the used processes. And for educators, the ability to manage the size of their learning
projects, to adapt the adopted processes to their project size and their learning goals,
and to ensure that the processes are really executed as intended, and that the student
really learned the fundamental and critical principles of SE. To better ensure the learn-
ing outcomes, especially regarding considering the system as a whole and the importance
of understanding the interrelationships, we added a critical feature, "the system struc-
ture creation”, that allows students to define their system structure, and automatically
generates for the team a shared workspace for each subsystem and system element.
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Second research question

The proposed approach has been supported by a web-based platform. To ensure long-term
organizations satisfactions, learning processes improvements, and students SE competen-
cies and skills management, we recommended the adoption and tailoring of SE compe-
tency models. We added a competency management system to the proposed solution. In
response to our second research question, we were not able to recommend any specific
competency model to be incorporated in our approach, and to be used within the pro-
posed platform. However, we want our approach and platform to be competency models
independent, therefore each organization can select and define its own competency model.
For this purpose, we proposed a unified structure for the competency model to be used,
with a method on how to link this competency model to the used SE processes. As an ex-
ample, we presented the results of a use case, linking a tailored NASA competency model
to the technical processes and activities of the 29110 series. Regarding student assessment
sub-question, we can consider this by making use of competency models. Students can
henceforth be better evaluated regarding their work and their acquired competencies and
skills.

Third and forth research questions

In response to the third research question, and to substitute the need of on-the-job ex-
perience, the proposed solution is built upon a distant project based learning paradigm,
where teams can include students from different organizations, and from different coun-
tries. One student can be assigned to more than one SE project, and a SE project can
be assigned to more than one team. We have ensured that the same team members have
access to the same shared workspace, and anyone can see what another uploaded as a
result to a given task.

As a response to the fourth question, in addition to the educator’s assistance, students
can be coached throughout the different system engineering stages by industrial experts.
In fact, educators and assigned industrial experts can access the shared workspace of the
team at any time, and see the performed tasks and the uploaded results. They can also
put notes beside any task to say if the work is well done, or if they need to do further
actions.

Finally, we performed two experimentation plans which demonstrated a high level
of acceptance of the solution, regarding its usefulness, ease-of-use and the needs for the
suggested additional features. However, because of the low number of students and ed-
ucators during the two experimentation plans, these results should be confirmed by a
larger experimental study. It might be useful to also include some non systems engineers,
some junior systems engineers, and some senior engineering from the industry, within this
experimentation.

In addition to the previous contributions, we think that this solution can have an
extraordinary impact, within two domains, in addition to SE education:

1. The first one is the ability to use it as a collaborative framework for systems en-
gineering without educational context, especially for small entities. This can be
demonstrated for example by its capacity to integrate at least the entire techni-
cal processes and activities of the ISO/IEC/IEEE 15288 standard, or the entire
technical and technical management processes and activities of the ISO/IEC 29110
series.

2. The solution may have high potential to be used as a support to Project Based
Learning experiences in general, in other domains than systems engineering, as it
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responds to all PBL challenges cited by Dym et al. [9]. In this context, organizations
can replace the competency model by those of their own discipline, and educators
can model their learning projects as a set of processes and activities. Once deployed
on the cloud, and once efficient assessment methods are operational, we think that
this solution will have a great potential of becoming the next Open edX EE] for
Project Based Learning. It can even be used as a part of existing solutions such as
EdX E] or Courseraﬂ, to add PBL experiences to their theoretical courses.

8.2 Perspectives

To take this approach to higher level of efficiency in addition to its ability of adaptation
and use in almost any context, future efforts of improvement should start by understand-
ing its true added value in terms of systems engineering learning outcomes. This can be
done by a larger experimentation plan, including educators and students from different
universities and different countries, industrials providing the systems to be engineered,
systems engineering expert practitioners playing the role of coaches, and if possible dif-
ferent teams working on different parts of the same project.
Future efforts should also address the following key directions:

e Effective assessment methods: Students assessment was not a focus of this
thesis, but since we cannot talk about educational environment without talking
about students assessments, we took this problem into consideration throughout
the design of the entire solution. The resulting solution is indeed built in a way
to open doors to new assessment methods implementation, especially regarding the
previously cited four elements:

— Result Assessment: Evaluating the quality of outcomes compared to the project
requirements (expressed by the teacher or an industrial). We can also call it
”design assessment”.

— Execution Assessment: Evaluating how well systems engineering standard /generic
processes have been applied during the project.

— Knowledge Assessment: Evaluating the acquisition of fundamental knowledge
on systems engineering, an additional planned knowledge acquisition.

— Skills Assessment: Evaluating the acquired skills, such as collaboration, com-
munication, team work, etc.

e Systems engineering roles integration: Introduce the notion of systems engi-
neering roles to the proposed solution. These roles are commonly known and can be
found in the literature. Once introduced, organizations should be able to tailor and
adapt them depending on their domain of activity, and assign competencies from
the adopted competency model. Then, we can conceive a new kind of learning sce-
nario adaptation by crossing different data such as the selected student role and the
project learning goals. Systems engineering roles may be defined by using/adapting
the role structure of the U.S. FAA, illustrated in [70], seen in Figure 3, as a way for
defining a systems engineering role profile for Senior Engineers.

1Open edX is an open-source platform software, used to provide MOOC services [Wikipedia]

2MOOC for Massive Open Online Course, is an online course aimed at unlimited participation and
open access via the web.[Wikipedia]

3https://www.edx.org/

“https://www.coursera.org
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The ability to define system structure at more than two levels: For now,
students are only able to structure their system as: a global system, subsystems,
and system elements. This operation is irreversible, and it is not possible to change
the structural architecture without deleting and reworking everything. It may be
a good idea to keep it that way, as it will let them learn the importance of their
decisions, and the fact that we cannot adapt what we want at any time of the
system engineering process, without huge costs. However, when we do not want to
let the learning experience be tedious and hard, we suggest that the system structure
creation needs to be dynamic and allow for more than two vertical levels.

Sample project: Another point to consider, and recommended by the students
when they experimented the solution, is providing educators by additional features
that allow them to add a simple already engineered case study, illustrating all steps
of the requested system lifecycle model. This way, students will find useful in-
formation on each activity to be performed and better understand their expected
outcomes. We remind that it might also be helpful to let students define the lifecycle
model by themselves, in the scope of an advanced course in systems engineering.

3D virtual design review: For complexity reasons, we decided to stop our devel-
opment efforts on 3D virtual assembly, illustrated by Figure A.16. in appendix A.
However, we think it would be very helpful if the engineering team could collabo-
ratively access a similar environment for design review of the virtually designed 3D
system. Of course, this will only be useful if the requested system itself or one of
its components consist of a tangible system design.

Direct access to systems engineering tools: We certainly keep our principle
that ”systems engineering educational environment should be tools independent”.
Therefore, we do not recommend to add a specific tool to the platform, but we
suggest more efforts towards making systems engineering tools directly available
on the platform. By doing so, each organization and/or educator using the plat-
form can choose their tools of predilection. This may also open the path to other
improvements, such as interoperability issues between different tools.

Integrating an Artificial Intelligence (AI) Engine: First, to assist students
and educators in their engineering actions, and second, to help them learn lessons
from their actions.

For example, if the AI engine detects a system with a large number of subsystems
and systems elements having an insignificant time for the requirements engineering
processes, it should alert the students and advise them to take more time for this
critical step. It even may immediately redirect them to appropriate resources to
learn more about the topic. If the students change the system architecture, the
Al engine should be able to advice them to review their requirements and other
elements susceptible to be affected by this change.

Adding additional relationships between the subsystems and system ele-
ments: In addition to the structural relationships between the system elements, it
would be helpful if the students are able to add additional data to the system ele-
ments and subsystems. For example, the students could flag different components
impacted by a change in the current subsystem or system element. These additional
data and relationships would be especially useful for the Al engine.
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Appendix: An illustration of relevant features from the
proposed solution
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Figure A.1: Different features available to an organization
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Competency model creation: adding competencies
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Competency model display
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Educator space

Processes management interface
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Figure A.4: Processes management system interface
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Processes creation interface: Adding activities and competencies
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Figure A.5: Competencies attribution to process activities
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New project definition interface
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Figure A.6: New project creation
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Processes tailoring when creating the project
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Figure A.7: processes tailoring, within project creation scenario, with its resources and
stages definition
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Selecting and attaching competencies to the project
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Figure A.8: Processes tailoring depending on competencies selection
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Resulted life cycle model depending to attached competencies
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Figure A.9: Processes tailoring depending on competencies selection
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Projects-teams assignments
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Figure A.10: Team-project assignment interface
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Work progress checking (team workspace access)
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Figure A.11: Team workspace from an educator point of view
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Students space

Team-project engineering workspace
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Figure A.12: Students collaborative engineering workspace
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Process access within team-project workspace
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Architecture Definition process are widely used across the life cycle processes.
Architecture definition may be applied at many levels of

Activities

Prepare for architecture definition

Develop architecture viewpoints

Develop models and views or candidate architectures

Figure A.13: Process interface within the team-project workspace
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Tasks results uploading system

Activities
Prepare for stakeholder needs and requirements definition +
Activity Description Activity Motes
This activity consists of the following tasks: No more information
o o
Tasks
Identify the stakeholders who have an interest in the system throughout its life cycle. +

Task Description

No more information

Task Notes

Mo more information

Results
Add New
Student Description Used Tools
Fatima Berriche  IDentify the stakeholders ~ MagicDraw

Figure A.14: Tasks results uploading system
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System structural architecture definition

Fatima Berriche Structure

Online

Create Project Architecture

Project : Projet Formation Doctorale Drone d'Inspection

Dashboard
o Denhon © Add Sub System

@ Projects

Drone de type multicoptére (voilure tournante)
@& Teams Autonomie: 30 min

Rayon (portée): 1 km

Vitesse maximale: 20 km/h

Masse maximale: 2 kg

@ Project Home & Resources

# Structure Save Structure

#* Life Cycle Model

Figure A.15: Sub-systems and system elements creation
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3D Design review and assembly feature, only supporting Lego
Bricks for now.

The Engineering Workspace =

Servein Canvir Puyeen Ao Projet 1 [ Servr Cavan Puapmin 1 Raom Prajet 1

Q'-““V WebG

Each user has, also the control of his point of view,
so he is free to choose any angle of view over the
virtual environment.

Figure A.16: a collaborative virtual 3D environment for virtual design review and assem-
bly
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1/5/2017

Measuring the impact of a new learning approach for Systems Engineering.

Measuring the impact of a new learning approach for
Systems Engineering.

The goal of this survey is to measure, from learners and educators’ perspective, the benefits of a new
approach to teach systems engineering discipline.

This new approach is implemented as a web-based platform. It's based on the use of "International
Systems Engineering Standard Processes" for learning purposes, and made to be used in a
geographically distant environment, by learners working as a team on a project-based learning mode.

(https://www.youtube.com/watch?v=mhD1E80ChqQ).

We thank you on advance for your response.

*Obligatoire

Space Quiz

I ..t Comiwatch?v=rhD1EBoChaQ

Some information about you

These information will only be used for statistical goals, and will be treated anonymously.

1. You are: *

Industry Systems Engineering Practicioner
Academy Systems Engineering Practicioner

Both Industry and Academy Systems Engineering Practicioner

Autre :

2. How much experience you have in Systems Engineering field *

Less than 1 year
2 to 5 years

More than 5 years

https://docs.google.com/forms/d/1ylVm09cW M6tFbTIFjHd8gbMtcM G50KuhLil-kohWBOE/edit
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1/5/2017 Measuring the impact of a new learning approach for Systems Engineering.

3. How you used to transfer Systems Engineering knowledge and skills *

| dont teach Systems Engineering

Systems Engineering university lectures

Systems Engineering Books

Using MOOCs (Massive Open Online Courses, ex.Coursera, Edx...etc)
E-learning plateforms (Other than MOOCs)

Academic Project Based learning

Inductry-Academy Project Based learning

Competition and challenges organization

Autre :

4. What are the topics/processes you deal with the most in Systems Engineering *

All the time Occasionally Rarely Never

Technical management (project
planning & assessment, decision
& risk management ...etc)
Acquisition and Suply
Project-Enabling Management
(Life Cycle Model, Infrastructure,
Portfolio, Knowledge...etc)
System & Stakeholder
Requirements

Architecturing

Design, analysis and
implementation
Integration

Test, verification and Validation
Operation and Maintenance

What do you think about the actual features of the proposed
solution

https://docs.google.com/forms/d/1ylVm09cW M6tFbTIFjHd8gbMtcM G50KuhLil-kohWBOE/edit
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Measuring the impact of a new learning approach for Systems Engineering.

Processes Management

System

Adding related
resources to processes
Projects Creation and
Management

Life Cycle Model
Definition

Notification
Management System
Enabling learning by
executing the real
Systems Engineering
Processes

Reviewing the 3D
Design of the System
Supervising all tasks
results in the same
shared space

Enabling Geodestributed

students to work
together

Processes Management

System

Adding related resources to

processes
Projects Creation and
Management

Life Cycle Model Definition
Notification Management

System

Reviewing the 3D Design of

the System

Supervising all tasks results
in the same shared space
Enabling Geodestributed
students to work together

o
=X
Q
L
o
<
&
o ©
o2

000 000000
000 000000
000 000000
000 000000
000 000000
000 000000

Very simple to
use

00000000

5. Please give your opinion about usefulness of these features *
Une seule réponse possible par ligne.

Not
Moderately
Useful Useful use;:l at

simple to
use

00000000

Prety hard to
use

00000000

Need

Improvements

6. Please give your opinion regarding the ease-of-use (the ergonomy) of these features *
Une seule réponse possible par ligne.

Very hard to
use

00000000

What do you think about the following additional features:

https://docs.google.com/forms/d/1ylVm09cW M6tFbTIFjHd8gbMtcM G50KuhLil-kohWBOE/edit

These are some additional features we think useful to improve this solution, please provide us with your
opinion.
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1/5/2017 Measuring the impact of a new learning approach for Systems Engineering.

7. Enabling students in the same team to communicate in real time, by adding a chat system *

Necessary
Useful

Not Useful

Autre :

8. Enabling students in the same team to communicate in real time, by adding a video call
system *

Necessary
Useful

Not Useful

Autre :

9. Allowing educators to assist students by making notes about the tasks being realized durring
their execution. *

Necessary
Useful

Not Useful

Autre :

10. Allowing student to Manage and execute the processes of the Life Cycle Model on the full
system, but also on its sub-systems and systems elements. in other terms, adding a feature
that allow students to switch between the different sub-systems and systems elements. *

Necessary
Useful

Not Useful

Autre :

11. What about adding a features that enables students to manage and assign the different tasks
to the different students of the team. *

Necessary
Useful
Not Useful

Autre :

https://docs.google.com/forms/d/1ylVm09cW M6tFbTIFjHd8gbMtcM G50KuhLil-kohWBOE/edit 4/6



1/5/2017 Measuring the impact of a new learning approach for Systems Engineering.

12. Would it be better if it's for the Educator himself to manage and assign the different tasks to
the different students of the team. *

Yes
No
Autre :

13. What about adding a feature that enables students getting direct web-based access to systems
engineering tools (such as SysML) *

Necessary
Useful

Not Useful
Autre :

14. What about adding a feature that enables students getting direct web-based access to
documentation and learning plateforms such as EDX. *

Necessary
Useful

Not Useful

Autre :

15. What about giving the the Educator the ability to download at any time, a synthesis of the
project as a Pdf File. *

Necessary
Useful

Not Useful

Autre :

16. What do you think will be the best way to evaluate the work done under this solution?

Self Evaluation (By taking a survey)

Peer Evaluation (Evaluation of the results by other students)
Educator evaluation regarding the final Results

Educator evaluation throughout the project execution

Educator evaluation regarding the aquired skills and Knowledge (using questionnaires and
projects execution data)

A mixture of some of the previous methods (please check the ones you think are the best)

Autre :

https://docs.google.com/forms/d/1ylVm09cW M6tFbTIFjHd8gbMtcM G50KuhLil-kohWBOE/edit 5/6



1/5/2017

Measuring the impact of a new learning approach for Systems Engineering.

Comparing this solution

17. In which way do you think this solution will be BETTER than the solutions you used to know

or to Teach systems engineering with (especially after adding the additional features).

The ease of use of the solution

The management of Geodistributed students

The management of a Project Based Learning approach

The use of Systems Engineering Standard Processes

The ability to manage the Life Cycle Model

The ability to use any Systems Engineering Standard (Standard choice independant)
The ability to use any Systems Engineering Tools (Tools choice independant)

The ablity to evaluate students regarding different Metrics

Autre :

18. In which way do you think this solution will be WORST than the solutions you used to learn
systems engineering (especially after adding the additional features).

Fourni par

The ease of use of the solution

The management of Geodistributed students

The management of a Project Based Learning approach

The use of Systems Engineering Standard Processes

The ability to manage the Life Cycle Model

The ability to use any Systems Engineering Standard (Standard choice independant)
The ability to use any Systems Engineering Tools (Tools choice independant)

The ablity to evaluate students regarding different Metrics

Autre :

E Google Forms

https://docs.google.com/forms/d/1ylVm09cW M6tFbTIFjHd8gbMtcM G50KuhLil-kohWBOE/edit
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Doctoral training in Systems Engineering

En votre qualité de participant a cette premiére formation doctorale en Ingénierie
Systéme nous aimerions avoir votre avis sur:

- Les connaissances acquises a terme des trois journées de formation en Ingénierie
Systéme

- L'utilité et la simplicité dutilisation de la plateforme web utilisée, et les avantages de
l'utilisation des processus standards d'ingénierie systéme dans le cadre de
I'apprentissage.

Nous vous remercions par avance pour vos réponses

*Obligatoire

1. Adresse e-mail *

Platform Evaluation
Please let us know what do you think about the features of the provided platform

2. Did you find these features useful ? *
Une seule réponse possible par ligne.

Very Useful Moderately

Useless
useful useful

Enabling Geo-destributed
students to work together
Learning by executing the
Standard Systems Engineering
Processes

Reporting all tasks results in
the same shared space
Processes related resources
System structure creation and
manipulation

Accessing and reviewing other
team members uploaded results



3. Did you find these features easy to use ? *
Une seule réponse possible par ligne.

Very simple  Simple to Moderately simple Hard to
use to use use

Accessing and reviewing
other team members
uploaded results
Reporting all tasks
results in the same
shared space
Processes presentation
Navigating through
processes description
System structure
creation and
manipulation

0000|073
0000 0
0000 0
0000 0

4. Will the following additional features be useful ? *
Une seule réponse possible par ligne.

It will be It will be It will be It will be
very useful useful moderately useful  useless

Allowing educators to

assist students by

adding notes about the Q O Q O
tasks being realized,

durring their execution.

Adding a feature that

enables students to

manage and assign

the different tasks to O @ O @
the different students

of the team.

Adding a feature that

enables students

getting direct web-

based access to @ @ @ @
systems engineering

tools (such as SysML

Tools )

Giving the ability to

students to download

at any time, a O Q Q @
synthesis of the

project as a Pdf File.



5. What do you think are the most important features of this solution ? *
Plusieurs réponses possibles.

The ease of use of the solution

The management of geo-distributed students

The implementation of the Project-Based Learning approach
The use of systems engineering standard processes

The ablity to evaluate students regarding different metrics

The abitlity to upload results and share them with others at the same shared
space

The ability to manage the system structure (different sub-systems and system-
elements)

6. In addition to actual pedagogical resources, offered within the different life
cycle processes, what do you want to see on the learning scenario? *

Plusieurs réponses possibles.
More explanations about the different processes and activities
More guidance about which tools and methodologies to use for each task

"A sample use case" A real case systems engineering results uploaded over
the entire life cycle tasks

Information about the competencies to be learnt after executing each activity or
process

An overview about the entire set of standard processes

Adding metrics that show the project progress on the project home page

7. What do you think will be the best way to evaluate students work, performed
inside this solution ? *

Plusieurs réponses possibles.
Self Evaluation (By taking a survey)
Peer evaluation (evaluation of the results by other students)
Educator evaluation regarding the final Results

Educator evaluation throughout the project execution (Evaluation of processes
execution quality)

Educator evaluation regarding the acquired skills and Knowledge (using
questionnaires and projects execution quality)

A mixture of some of the previous methods (please check the ones you think
are the best)

Autre :

8. Do you think that this platform should be used for education in other domains
than systems engineering ? *

Une seule réponse possible.

Yes

No
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Introduction

As defined by the International Council on Systems Engineering (INCOSE): “Systems
engineering is an interdisciplinary approach and means to enable the realization of suc-
cessful systems. It focuses on defining customer needs and required functionality early
in the development cycle, documenting requirements, and then proceeding with design
synthesis and system validation while considering the complete problem: operations,
cost and schedule, performance, training and support, test, manufacturing, and dis-
posal. Systems engineering considers both the business and the technical needs of all
customers with the goal of providing a quality product that meets the user needs”. [1].
In simple terms, Systems Engineering is a structured approach focusing on the design
and the management of complex engineering projects over their entire life cycle.

During the last decade, the complexity of systems has increased to an unprecedented
level, due to multi-disciplinary stakeholders with various resources and considerations

"Corresponding Author, mba@eisti.eu



to be taken into account from the first system concept until the retirement stage. Much
effort has been made to address these challenges, especially by standard organizations
which published a number of handbooks and guidelines for Systems Engineering in or-
der to develop a harmonized view of all involved processes that are required throughout
a system’s life cycle to transform customer needs into a system solution [2]. Several
standards have been defined, from the early US Military Standard MIL-STD-499 dating
back to 1969, to the last revision of the ISO/IEC/IEEE 15288 published on May 15th,
2015 [3]. Thanks to the creation of such standards, the engineering industry may better
cope with the complexity problems that occur within the stages of a system life cycle.
However, this requires well-trained human resources who master the fundamental and
domain-specific Systems Engineering principles and their corresponding standard pro-
cesses.

In order to be effective as Systems Engineer, engineering students need practical
and real world experience in addition to the necessary knowledge in their traditional
engineering discipline [4]. The difficulty of teaching the Systems Engineering approach
for academic institutions is amplified by the fact that today’s complex systems often
involve the use of emerging technologies such as physical environments, visualization,
virtualization, or Internet Of Thing (loT), which are also considered as the heart of any
efficient Factory of the Future [5]. In this context, the Placis’ project has been initiated
by three french engineering schools, together with industrial partners, in order to create
a collaborative educational platform for Systems Engineering.

The work in this paper has been conducted in the scope of the Placis project. On
the one hand, it surveys the pedagogical goals and specificities in Systems Engineer-
ing Education. We investigate the requirements for a powerful solution, present the
most relevant up-to-date practices and discuss their advantages and their limits. In
particular, we study the Project-Based Learning approach which is the preferred ped-
agogical model by most educators and researchers in this field. On the other hand,
we outline some important open questions and suggest possible starting points for fur-
ther research. The paper concludes by summarizing its most significant results, and
provides perspectives for our future work.

1 Objectives of Systems Engineering Education

According to Muller [6], Systems Engineering Education differs from traditional mono-
disciplinary engineering courses, since the training needs to focus more on skills and
less on transferable facts. The author gives a set of recommendations to consider for
a good Systems Engineering Education program, including interaction with students,
soft skill development, media use and student feedback. Dym [7] believes that "a good
Engineering Education is about process, about learning how fto think like an engineer;
its much more than a prescription of content”.

Asbjornsen and Hamann [8] provide an overview of Systems theory and Systems En-
gineering methodology in order to design a pedagogical concept for both Engineering
Education in general and Systems Engineering Education in particular. They argue
that the initiative to take up Systems Engineering at a university level has come from
industry and not from academia. By examining the industrial motivations, the authors
identify a list of learning targets for high-quality Systems Engineering Education, such

'Placis Project: Collaborative Platform for Systems Engineering, driven by SupMECA. And funded
by the French Ministry of Higher Education and Research under the future investments program with the
reference ANR-11-IDFI-0029



as:

Broad-Based Qualitative Knowledge

» Deep Quantitative Knowledge

Systems Engineering Ability and Insight
* Learning Ability

* Human Factors

* Loyalty and Individual Responsibility

+ Global and Environmental Concerns

For Sage [9], a major goal of Systems Engineering Education should be to acquire
the abilities relative to each of the 19 focus areas for Systems Engineering identified by
the Systems Engineering Capability Model (SECM) [10]. The author presents Systems
Engineering Knowledge as a composition of three aspects:

* Knowledge Perspective which allows forecasting the need for innovation, includ-
ing innovation principles to identify the appropriate systems planning and market-
ing directions.

* Knowledge Principles as formal problem solving approaches, which are usually
linked to fundamental knowledge needed for research and development.

* Knowledge Practices representing the accumulated experience that has led to
standard operating policies for well-structured problem solving.

The American Society for Engineering Education suggests consideration of: [11]:
» Team skills, and collaborative, active learning.

» Communication skills.

» A systems perspective.

* An understanding and appreciation of diversity.

» Appreciation of different cultures and business practices, and understanding that
engineering practice is now global.

* Integration of knowledge throughout the curriculum a multidisciplinary perspec-
tive.

» Commitment to quality, timeliness, continuous improvement.
» Undergraduate research and engineering work experience.

» Understanding of social, economic, and environmental impact of engineering de-
cisions.

* Ethics.

Dym et al. [12] recommend the following three activities for a powerful learning
environment for Systems Engineering and similar disciplines:
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* Instrumenting the learning process to obtain quantitative and qualitative data that
support metrics consistent with quality control.

» Teaching Design Engineering and other disciplines such as Systems Engineering
across geographically dispersed, culturally diverse, international networks

» Engage design coaches to help manage the contextualization of engineering de-
sign theory and practice.

Finally, in a broader context, Herrington and Kervin [13] specify nine main charac-
teristics that any learning environment, technology-based or not, should feature:

* Provide authentic context that reflect the way the knowledge will be used in real
life

* Provide authentic activities

* Provide access to expert performances and the modeling of processes
* Provide multiple roles and perspectives

» Support collaborative construction of knowledge

* Promote reflection to enable abstractions to be formed

» Promote articulation to enable tacit knowledge to be made explicit

* Provide coaching by the teacher at critical times, and scaffolding and fading of
teacher support

* Provide for authentic, integrated assessment of learning within the tasks

At this stage, the need for an appropriate pedagogical model for Systems Engineer-
ing Education becomes apparent, a model that meets most of the previously cited goals
and considerations while ensuring efficient learning outcomes and correct student as-
sessment. This topic will be treated in the third Section. Prior to that, the next section
presents some significant use cases.

2 Advances in Systems Engineering Education

This section presents some important currently proposed solutions for Systems Engi-
neering Education around the world. Interestingly, no common pedagogical model can
be identified. Each institution has its own teaching format varying from one-weak crash
courses to multiple-year programs. Systems Engineering Education is often regarded
as an extension to regular Engineering Education, typically taught to graduate students
along with interdisciplinary studies, and sometimes included in undergraduate univer-
sity programs [4]. INCOSE has formulated a policy statement that emphasizes the
importance of Systems Engineering and its impact on regular engineering disciplines:
"INCOSE believes strongly that a systems perspective and the fundamental principles
of systems engineering have an important role in the education of all engineers regard-
less of their specialty. This will strengthen the general recognition that most of today’s
engineering tasks are performed in multidisciplinary teams, and degree granting pro-
grams in systems engineering must be encouraged and supported” [14].
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Engineering schools do not always offer independent Systems Engineering courses
or programs. Systems Engineering may be taught in the scope of a single module, un-
der the label of product development, product design, design engineering or design
thinking. Dym et al. [12] state that "Design Thinking reflects the complex processes of
inquiry and learning that designers perform in a systems context, making decisions as
they proceed, often working collaboratively on teams in a social process, and “speaking”
several languages with each other (and to themselves)”. Other schools have created
dedicated programs and curriculums for Systems Design, Systems Engineering and
closely related areas [15]. We can therefore distinguish two approaches of Systems
Engineering Education: Systems-centric and Domain-centric. "Systems-centric pro-
grams treat systems engineering as a separate discipline and most of the courses are
taught focusing on systems engineering principles and practice. While, Domain-centric
programs offer systems engineering as an option that can be exercised with another
major field in engineering” [6].

2.1 Master Programs with Academia-Industry Partnerships

To meet the needs of modern engineers, and to address the innovation crisis in the
U.S, Craig and Voglewede from Marquette University, Milwaukee, presented in 2010 a
Master program of Engineering in Mechatronics [16]. Their approach focuses on find-
ing a balance between academic rigor and best practice. The program includes 12
one-credit key modules covering fundamental engineering knowledge such as math-
ematics, physics, mechanics and electronics, along with Systems Engineering related
knowledge such as control, analysis tools, systems modeling and design. The lessons
learned in these modules are applied to four three-credit case study courses: frans-
portation system, home and office system, energy system, and automation system.
During these courses students get comfortable with the most important practices in
Systems Engineering, including user and problem understanding, design, implemen-
tation, integration, trade-offs and optimization. Finally, a six-credit on-site experience
allows the students to put it all together in a genuine industrial context.

Another significant example is the Master program created by the Johns Hopkins
University (JHU) Whiting School of Engineering. In 2011, it was considered as the
largest Systems Engineering program of the United States in terms of enroliment [17].
The program balances theory and practice, and offers different learning methods com-
bining in-person classes, online classes and industry partnerships. It also includes a
challenging capstone Systems Engineering Project. According to the authors, many
students who followed the JHU program, pursued doctoral studies in Systems Engi-
neering at other universities such as George Washington University, George Mason
University, Stevens Institute of Technology, University of Virginia, and Old Dominion
University.

2.2 Few-months international Academia-Industry Projects

Paris Higher Institute of Mechanics (SupMECA), leader of the Placis Project, has cre-
ated a Systems Engineering Education program under the same name [18]. It aims
to train engineers in a new format, asking students from different engineering schools,
different countries and different disciplines, to work collaboratively on an international
and multidisciplinary project. The students use the most recent engineering tools and
technologies, including Catia V6, SysML, Abaqus, WebEx and Sharepoint.



Depending on the configuration of the program, it teaches to both Master and Bach-
elor students. In the case of Masters students, the projects are generally carried out
during one semester with the following course of events:

* A multidisciplinary project is proposed or re-conducted by a company.
* The project is approved by the Industrial and Academic partners.

» Multidisciplinary student teams from different universities are formed (6-10 stu-
dents per group).

* A kick-off meeting with all involved persons is organized (in-person or video con-
ference).

» The students work on the project by distant collaboration. They are followed by
teachers and industrial tutors.

» Teachers and tutors assess the students’ results and performance ( reports, mod-
els, behavior, final presentation, etc.)

2.3 Student challenges

AFIS, the French chapter of INCOSE, organize since 2006 a yearly student competition
for robot design, called RobAFIS [19]. Around 10 student teams from french universities
and engineering schools, inexperienced in Systems Engineering, participate each year
in this competition.

Each team can consult a Systems Engineering teacher, and they can also ques-
tion other AFIS experts. The roadmap starts about 8 months before the final stage
competition, when AFIS communicates the general schedule, the regulations, specifi-
cations, and a reference development document. Three months before the final stage,
the teams register and receive a LEGO Mindstorms Robotics kit in order to physically
implement their solution. Fifteen days before the final stage, the teams send their de-
velopment document to Systems Engineering experts for evaluation. The competition
concludes by a final stage where all teams meet and operationally validate their works,
along with project and configuration audits. Few weeks after the competition, the stu-
dents receive a detailed debrief regarding their work.

2.4 Few-weeks Projects within regular Engineering Curriculums

In 2004, Bonnema et al. presented a solution to introduce Systems Engineering to
third-year students in Industrial Design Engineering at the University of Twente [20].
The SAS project (Sensors, Actuators and Systems) applies Systems Engineering tools
and techniques in a concrete situation. More specifically, the project allowed students
to learn the basics and goals of Systems Engineering, and to keep an overview in a
complex design project. The students worked in large groups of 12-14 persons in a
project-based learning approach, without a tutor except for the possibility to discuss
with some specific staff members. They were provided with lectures on a selected set
of subjects on Systems Engineering, which represents 34 credit hours of the entire
140 credit hours of the SAS project, together with 53 hours for Sensors and Actua-
tors, and 53 hours for the Assignment. The main study material was the 2.0 edition
of the INCOSE handbook, the "Systems Engineering and Analysis” book [21] and the
Introduction to Systems Engineering book [22].
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There was no planning given to the students, except for two milestones: Customer
requirements, systems requirements, system concept, and sub systems, that needed
to be done during the first three weeks of the project, and Sub-system design, plan
for system integration and test, final system design, scheduled for the following fours
weeks. In 2004, the students were asked to design an intelligent climate-control system
for houses, and in 2005 an intelligent car. They were evaluated based on poster ses-
sions, a Sensors and Actuators exam, and a short essay on the application of Systems
Engineering methods in their project.

2.5 Theoretical Courses within Industrial Engineering Curriculums

Already in 2000, Yurtseven from Dogus University in Turkey, presented two courses
that dealt with Systems Engineering and Design for students in Industrial Engineering
[23]. These courses were mainly theoretical. The first one addressed senior level
students and provided a background on the fundamentals of Systems Engineering.
After introducing the main concepts of design and engineering, the course included
several topics such as: Design Options, Engineering Systems Modeling, Analysis of
System Reliability, System Dynamics and State Transition Matrix Models, Modeling the
Research and Development Process, Systems Life-Cycle and Optimization, and the
Management of Engineering Systems Design and Operations.

The second course addressed graduate level students and introduced some un-
conventional methodologies in Systems Engineering. It included the following topics:
Introduction to the Management of Advanced manufacturing Technology, Introduction
to Sociotechnical Systems Theory, Cognitive Systems Engineering , and Soft Systems
Methodology.

2.6 Few-Days Laboratories

The Technische Universitédt Miinchen, Germany, proposes since 2012 a laboratory on
Systems Engineering in the context of product development[24]. This laboratory is
held by three researchers in form of a five-day event, targeting Master and Bachelor
students in Mechanical Engineering without previous knowledge in Systems Engineer-
ing. An industrial case study is used as a teaching framework, along with a subset of
aspects and processes from a typical Systems Life Cycle in Systems Engineering. The
selected processes are explicitly highlighted in the paper as: "planning of activities and
responsibilities for various tasks; assessment, control, and decision-making concern-
ing organizational processes, time management, tasks, design concepts, and chosen
methods; stakeholder requirements definition, requirement analysis, and architectural
design of the given system; implementation, verification, and validation of the system
design”. Methods related to these processes are taught by examples, after which the
students (as individuals or teams) make their choice in terms of which method may be
best suited for each task and apply them to the use case of the laboratory. By this
means, the students do not only acquire the Systems Engineering methods, but also
several important soft skills, such as moderation, presentation, and discussion.

A similar approach has been adopted at Cranfield University, UK, but as a part of a
whole Masters degree program in Systems Engineering. It takes form of a one-week
full-time laboratory based on a LEGO Robotics Kit [25].



2.7 LEGO-Based Programs

LEGO Roboaotic kits, especially LEGO Mindstorms, have been widely adopted for ed-
ucational purposes. They are mainly used for two goals. The first one is to stir the
interest of high school students for STEM education (Science, Technology, Engineer-
ing and Mathematics), by allowing them to discover scientific fields like electronics,
mathematics, design or programming. Relevant examples are the efforts at Wichita
State University [26], or the Stevens Institute of Technology BUILD IT Project, which is
a university-school collaboration to increase interest and achievement in engineering,
science, mathematics, and information technology [27]. It was also used by Georgia
Tech School of Electrical and Computer Engineering to help students decide whether
or not to major in electrical engineering or in computer engineering [28]. The second
goal is using LEGO Mindstorms to teach future engineers the Systems Engineering
approach. Two significant experiences are discussed in this section.

Khalaf et al. [29] propose an innovative and interdisciplinary engineering Design-
and-Build course for the cornerstone level, to improve three aspects of Design Engi-
neering Education: placement, content, and pedagogy. The authors use an induc-
tive problem-based learning method of delivery through open-ended problems inspired
from industry, a LEGO Mindstorms robotics kit, a C++ interface, and a 3D printer. The
student teams iteratively proceed through four predefined stages, from problem formu-
lation, to conceptual design, to preliminary and detailed design, and finally to design
communication.

For student assessment, the authers created a 24 statements survey for their de-
sign course, containing eight statements for each of the three considered dimensions:
problem-solving, teamwork, and communication. They evaluate the acquisition of ex-
pertise and not the skills, by making students take the survey twice, once before and
once after the cornerstone design course, so that gains in favorable aptitudes and atti-
tudes can be analyzed based on pre-/post- test scores. This solution is a good imple-
mentation of problem-based learning, especially when it comes to student and process
assessment, however it is not a technology-based solution even if it deals with Robot
Control, because it does not support the engineering design process using advanced
technological tools. Moreover, the solution is not appropriate for student teams working
from geographically distant locations, and the assessment is only based on subjective
methods by asking students to fill in a survey.

In order to teach Systems Engineering fundamentals and to raise interest in STEM
education in the United States, Patel et al. [30] proposed a more complete and inno-
vative model that takes the form of a challenge, through an engineering-based product
development Capstone project for US K-12 students, and also for Cornerstone under-
graduate students. Unlike the previous solution, it is technology-centered and incorpo-
rates some key principles of Systems Engineering in the provided teaching model.

The authors implement their teaching model through an Integrated Design and Man-
ufacturing Infrastructure (IDMI). It is essentially based on CATIA V6, a commercial tool
from Dassault Systémes, and employs both virtual resources such as CAD systems,
and physical resources such as 3D printers. The solution includes five modules:

* Introduction to Product Life Cycle Management: using provided video tutorials.

* Introduction to Systems Engineering Principles using moderately complex Electro-
Mechanical Systems: LEGO Mindstorms



» Computer Aided Design: using Dassault Systemes CATIA V6
» Additive Manufacturing: using 3D printers and STL files

* Collaborative Tools: using SwYm (See What You Mean), Dassault Systemes on-
line social network.

The solution has been experimented in the Prize Challenge Summer Camp at Geor-
gia, where students went through different stages of a product life cycle: Co-create, De-
sign, Build and Operate, to build a LEGO Mindstorms-based product for the challenge.
Compared to other Systems Engineering project-based courses and programs, this so-
lution appears to be the most complete and the most efficient until now, especially with
regard to the intergration of technological tools.

2.8 Other Programs

Many other methodologies are used to teach Systems Engineering especially in the
United States. Szajnfarber et al. [31] studied some of them and classified them into
Quizzes, Lab Reports, Design Projects, Arduino Projects, Exams, Homework, Labs,
Lecture and class discussion, Predominately Exams and a Design Project, Design
Challenges, Research Papers, Research Projects, Case Studies.

3 Project-Based Learning

General Engineering Education was for a long time centered around discipline-related
knowledge like Mathematics, Physics or Mechanics. More recently, there has been
a significant shift of focus towards softer skills, such as design thinking and systems
thinking, as requested by industry [32]. This change in Engineering Education was
motivated by employers who expressed their need for engineers who are not only ex-
perts in their domains, but also adept communicators, good team members and lifelong
learners [12].

According to Dym et al. [12], "the currently most-favored pedagogical model for
teaching Design is Project Based Learning”. Despite the differences between design
and systems thinking (a core aspect of the Systems Engineering discipline) [33], both
Engineering Design and Systems Engineering mostly deal with processes and skills,
and not with transferable and fundamental knowledge. Engineering Design is defined
as “a systematic, intelligent process in which designers generate, evaluate, and specify
concepts for devices, systems, or processes whose form and function achieve clients’
objectives or users’ needs while satisfying a specified set of constraints.” [12]. There-
fore, we can assume that Project-Based Learning (PBL) is actually the most-favored
pedagogical model for both Engineering Design and Systems Engineering Education.
According to Khalaf et al. [29], the nature of these disciplines is in inherent alignment
with the PBL pedagogy, so PBL is recommended especially for developing analytical
and problem-solving skills needed to address multidisciplinary and complex engineer-
ing problems.

Most of Systems Engineering Education programs that we presented previously,
especially the ones that deal with LEGO or other in-practice situations, make use of
PBL as their pedagogical model.



3.1 Inductive Teaching

Traditional deductive teaching of Engineering and Science starts with theory and pro-
gresses to their applications. The educator typically introduces a topic and explains its
general principles, derives mathematical models from these principles, presents illus-
trative applications, makes students practice on similar applications, and finally tests
their acquired knowledge in an exam [34].

In contrast to the deductive teaching approach, inductive teaching is about letting
and helping students discover and learn theories only after the need to know them.
This process is usually started by the educator presenting specific observations, case
studies or problems. Some examples of inductive methods are: problem and project-
based learning as two different methods, discovery learning, just-in-time teaching, etc.
In the context of this paper we are interested in Project-Based Learning, as defined by
Prince et al.: "Project-based learning begins with an assignment to carry out one or
more tasks that lead to the production of a final product-a design, a model, a device
or a computer simulation. The culmination of the project is normally a written and/or
oral report summarizing the procedure used to produce the product and presenting the
outcome” [34].

3.2 Current PBL Challenges

For many researchers and educators, PBL seems to be the most adequate model to
teach general engineering, and especially for Systems Engineering. However, this does
not mean that PBL is a perfect model that does not suffer from some limits, or that does
not need adjustments to be more efficient. It remains some open research questions
regarding PBL. Some of them have been identified by Dym et al. [12]

» What are the best proportions of problems, projects, teamwork, technology, and
reality for a given state of student development? In other words, how authentic
should PBL experiences be compared to industry design experiences? Some
work has begun to emerge in this area, but the answers are not yet definitive.

* How do the proportions change with regard to the context of different engineering
disciplines and institutional missions?

» How should multidisciplinary design-learning teams be managed?

» Can a pedagogic framework developed for co-located learning teams be dis-
tributed in time and place? If so, how?

* How can students be authentically evaluated and graded in design courses with
regard to, for example,

— the quality of the design produced vs. the quality of the process demon-
strated; and

— Individual cognitive development vs. collective team development?

Along with the next open questions, these PBL challenges, related to Systems En-
gineering Education, represent the first open question that needs to be considered.
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4 Open Research Questions

4.1 Technologies

Special attention to new and disruptive technologies may have a good impact on Sys-
tems Engineering Education. As stated by Martin, "the capabilities and limitations of
technology must be considered when developing a systems engineering development
environment” [35].

We have to find the appropriate way to integrate technology into Systems Engineer-
ing experiences, by idetifying the advantages of a specific technology and matching it
to the specific requirements and problems to solve. Technology should not be used just
for the purpose to use technology. A first technology we suggest to consider is Virtual
Reality.

According to "The Treaty of Virtual Reality” [36], Virtual Reality (VR) is a technology
that allows users to immerse in an artificial reality and to have interactive experiences
via sensorimotor channels. In [37], the authors discussed the work of Abulrub et al. [38]
who explored the benefits of VR for engineering education and training through a series
of case studies at the University of Warwick. The authors showed how VR can encour-
age the creative learning of engineering material and environments, and concluded
that some VR promises for Systems Engineering are: the development of autonomous
problem solving skills, the sharing of complex information with team members, and the
analysis of engineering problems under different points of view.

In the same work, the authors assumed that "thanks to its interaction and immersion
components that provide the students with a high level of realism and interactivity, VR is
a well-suited tool for education and training. It offers a safe, fully controllable and cost-
effective learning experience. VR teaches the students how to develop autonomous
problem solving skills, and gives the instructor the ability to create realistic learning sit-
uations which are difficult, unaffordable or even impossible to set up in a classic learning
context”. It has been shown that teaching and training is considerably improved by hav-
ing the students apply theoretical knowledge to concrete industrial problems using VR
technologies. Creativity, innovation, communication, problem solving, team work and
business skills can be improved by using VR environments, which offer an unlimited
experience on virtualized real-life situations [38]".

Many systems will be connected in future factories (Industry 4.0), and we also sug-
gest to investigate the role of Internet-of-Things (I0T) in Systems Engineering Educa-
tion. We believe that IoT can be of great assistance by providing, for example, the ability
to immerse students in realistic situations, thanks to an loT architecture adopted by an
industrial partner. Coupled with Virtual Reality, the IoT sensor information could be
projected on a virtual factory where Systems Engineering students work on virtualized
copies of the industrial product.

However, an important point to be beared in mind when creating technological-
based learning environments for Systems Engineering is user experience. It needs
to be as plain and simple as possible, in order not to add unnecessary cognitive load to
the student who is already engaged in the assimilation and application of Systems En-
gineering processes. Attention should be paid when creating learning processes to not
make non-technological students use complex computer tools, like management stu-
dents manipulating sophisticated CAD applications only for visualization or other simple
tasks.
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4.2 Standards

The learning methods adopted by most of the programs discussed in this paper focus
rather on tools and how to use them, than on the fundamental principles of Systems
Engineering. Therefore, systems engineers may perfectly use SysML editors and other
related tools, while they do not really know and understand Systems Engineering pro-
cesses, their goals, their execution or the links between them. The solution to this
problem, especially, when the goal is to teach the fundamental concepts of Systems
Engineering, may be to consider the use of Systems Engineering standards, such as
the most recent 2015 edition of the ISO/IEC/15288 standard [3]. It define a set of pro-
cesses and associated terminology from an engineering viewpoint. One way on how to
use this standard for educational purposes might be to give related materials or lectures
to students, and ask them to respect the standard while they realize their own project.
However, even if we consider this solution, we still need to find responses to some
questions such as: which set of processes can and should be adopted in the learning
process? How much detail does the teacher give to the students on how to execute the
processes, which tools to use for each process and for each activity and task? How to
ensure that the students really pass through the correct processes, the right way and
the right time?

4.3 Assessment

Another point that needs specific attention is the ability to efficiently evaluate student
work and the acquired knowledge and skills. For that purpose, we suggest four types
of assessment which any Systems Engineering Education solution should take into
account:

* Result Assessment: Evaluating the quality of the outcome compared to the project
requirements (expressed by the teacher or an industrial).

» Execution Assessment: Evaluating how well Systems Engineering Processes
(standard or not) have been applied during the project.

* Knowledge Assessment: Evaluating the acquisition of fundamental knowledge on
Systems Engineering.

» Skills Assessment: Evaluating the learned soft skills, such as collaboration, com-
munication, team work, etc.

But the remaining question is how to deploy and efficiently apply these criteria, depend-
ing on the nature of the project?
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5 Conclusion

In this paper, we investigated the main objectives of Systems Engineering Education
and presented the current state-of-the-art in this field. We particularly discussed the
most suited pedagogical model, which is Project-Based Learning. We also provided
some open questions that need further research. This study may be a valuable start-
ing point for educational institutions aiming to create solutions for Systems Engineering
Education. It also highlights some challenges that might interest researchers from both
educational and engineering sciences. It appears very clearly from this study, that spe-
cific effort needs to be dedicated to the subject of students assessment in PBL/Systems
Engineering context, and also to facilitate the adoption of Systems Engineering stan-
dards and enhancing their roles in Systems Engineering Education solutions.

From our perspective, this survey helped especially in defining the specifications of our
future platform for Systems Engineering Education, which is under development. In
fact, in order to address the previously cited challenges, we are creating a new Col-
laborative Platform for Systems Engineering Education. For that, we are using some
of the most recent and most disruptive technologies, such as Virtual Reality, Web 3D
and Internet of Things. Our solution is a Standard-Based Solution, because the pro-
posed learning scenario is based on Systems Engineering Standard Processes. By
doing that, our goal is to make learners use the standardized processes of Systems
Engineering, when engineering the requested system in a Systems Engineering learn-
ing environment. Also, we aim to be able to assess their acquired knowledge and skills,
along with the processes execution quality and the obtained results.
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Introduction

Time has gone when industrial companies recruited their employees only based on a fine techni-
cal background. Nowadays, these companies deal with complex and multidisciplinary systems,
and their mastering requires much more than mere technical excellence. Today’s engineers need
to be good team workers, adept communicators, and lifelong learners [1]. In addition to produc-
ing the expected client outcomes, a major engineering project has to satisfy various stakeholders
while ensuring an optimization of time, cost, energy and other resources throughout its entire life
cycle. In view of these challenges, a growing number of companies turn to the Systems Engi-
neering (SE) approach, a discipline initially reserved for big defense and aerospace companies.
”Systems engineering is an interdisciplinary approach and means to enable the realization of
successful systems. It focuses on defining customer needs and required functionalities early in
the development cycle, documenting requirements, and then proceeding with design synthesis
and system validation while considering the complete problem”.[2]

According to Wasson [3] ”Unfortunately, the engineering of systems, performed in many or-
ganizations is often characterized as chaotic, ineffective, and inefficient. Objective evidence
of these characteristics is exemplified by noncompliance to requirements, cost overruns, and
late schedule deliveries in program metrics for a project’s contract or task triple performance
constraints— i.e., technical, cost, and schedule.”. Based on his experience, the author suggest
that “many engineers are estimated to spend on average from 50% to 75% of their total career
hours collaborating with others concerning the engineering of systems — i.e., systems engineer-
ing - for which they have no formal education”

Significant efforts are made to improve the discipline of SE, by both industrial and academic
players. On the one hand, industries and governments develop standards, norms, competency
models, and documentation [4], while applying the SE approach in their projects and promot-
ing it to smaller entities [5] [3]. On the other hand, academic institutions and researchers, most
often in collaboration with industries, investigate new paths to teaching SE. They are typically
interested in defining competencies which best characterize a system engineer, in order to de-
sign an efficient pedagogical model and an appropriate learning environment. In addition to
these questions, the present paper particulary focuses on SE standards and on how they can and
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should be used for SE learning purposes.

The next section of this paper presents a state of the art introducing a number of significant
works related to SE education. The following sections convey our own vision of teaching SE,
together with a presentation of our developed solution as well as survey results regarding its
usefulness and ease-of-use. The paper concludes by highlighting our main contributions and
discusses the perspectives of our approach.

Background

Over the last decade, governments, universities, engineering schools and industrial companies
have been dedicating much attention to the practice of SE. Various aspects have been addressed
including people, processes and technology. In the scope of our study, we are mostly focus-
ing on people and how to make them most efficiently learn the fundamental principles of SE.
”Traditionally, systems engineering competencies have been developed primarily through ex-
perience, but recently, education and training have taken on a much greater role” [6]. The
following list compiles a number of significant advances:

Systems Engineering competencies

According to the Systems Engineering Body of Knowledge book (SEBoK) [6], SE compe-
tencies reflect the individual’s Knowledge, Skills, Abilities, and Attitudes (KSAAs), which
are developed through education, training, and on-the-job experience. According to the same
source, "For an individual, a set of KSAAs enables the fulfillment of the competencies needed
to perform the tasks associated with the assigned systems engineering role”.

A set of SE competencies form a SE competency model which reflects the individual’s
KSAAs. The KSAAs are in turn related to different roles in the company or the project, so
that they are associated to a set of tasks. A competency model is therefore a framework for
organizing a collection of observable KSAAs. According to [6], ”SE competency models gen-
erally agree that systems thinking, taking a holistic view of the system that includes the full life
cycle, and specific knowledge of both technical and managerial systems engineering methods
are required to be a fully capable systems engineer”.

KSAAs can be used as learning objectives for SE competency development, especially when
they are defined in terms of a standard taxonomy, as in [7]. Authors designed a SE competency
career development model as an analytical approach using Bloom’s taxonomy. In addition to
their use in education, training, and development, competency models can also be used for
recruitment and selection, human resources planning and placements [6].

Various competency models exists in the field of SE. Most of them have been developed
for specific contexts, since the required competencies can differ between organizations and
projects, and they can typically be tailored to the organization or project particularities. The
most well-known competency models in the field of SE are:

* INCOSE UK Working Group Competency Model: identifies the competencies required
to conduct good SE projects[8].

* Defense Acquisition University (DAU) ENG Competency Model: identifies the compe-
tencies required for Department of Defense (DoD) acquisition engineering professionals
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* NASA Academy of Program/Project and Engineering Leadership (APPEL): identifies a
project management and SE competency model to improve project management and SE
at NASA [10].

* The MITRE institute SE competency model: defines new curricula for SE and assesses
personnel and organizational capabilities [11]

* INCOSE multi-level professional Systems Engineering Professionals (SEP) certification
program: provides a formal method for recognizing the knowledge and experience of
systems engineers, regardless of their current point in career [12].

Most organizations tailor those models by including domain-specific KSAAs and other par-
ticularities of their organization. Also, several models can be used together and merge into a
new competency model, as suggested by White [7]

The role of standards in SE education

Some of SE standards describe and provide a framework for system life cycle processes, such
as in ISO/IEC/IEEE 15288 [13] or ISO/IEC 20110 [5]. The relation between SE competency
models and a system life cycle processes is explained in [6], ”SE competency must be viewed
through its relationships to the systems life cycle, the systems engineering discipline, and the
domain in which the engineer practices systems engineering” [6].

In this paper, we support the use of such SE standards as the basis of a SE education ap-
proach, while being in compliance with a SE competency model. As a matter of fact, these
standards encompass the fundamental principles of SE which is exactly what we want to teach.

The adequate pedagogical model for SE education

According to Khalaf et al. [14], the nature of the SE discipline is in inherent alignment with the
Project-Based Learning (PBL) pedagogy. PBL is especially recommended for developing ana-
lytical and problem-solving skills which are necessary to address multidisciplinary and complex
engineering problems. According to Dym et al. [1], "the currently most-favored pedagogical
model for teaching Design is Project Based Learning”. Despite the differences between de-
sign and systems thinking (a core aspect of the SE discipline) [15], both engineering design
and systems engineering mostly deal with processes and skills, and not with transferable and
fundamental knowledge. engineering design is defined as “a systematic, intelligent process
in which designers generate, evaluate, and specify concepts for devices, systems, or processes
whose form and function achieve clients’ objectives or users’ needs while satisfying a specified
set of constraints.” [1]. Therefore, it can be assumed that PBL is actually the most appropriate
pedagogical model for both engineering design and SE Education.

Even though PBL seems to be the most adequate model for teaching SE, there are a number
of open research questions and challenges regarding this pedagogical model. Some of them
have been identified by Dym et al. [1]

Current practices in SE education

Interstingly, current SE education programs do not pay much attention to the design of compe-
tency models, nor to the adoption of SE standards. In [16], we surveyed the current practices in
SE education published by the European Society for Engineering Education (SEFI), and clas-
sified them into 8 categories:



* Master programs with academia-industry partnerships [17] [18].

» Few-months international academia-industry projects [19].

* Student challenges [20].

* Few-weeks projects within regular engineering curriculum [21].
 Theoretical courses within industrial engineering curriculum [22].

* Few-Days Laboratories [23] [24].

LEGO-Based Programs [25] [26] [27] [14] [28]

Other less prominent SE education approaches exist, some of which can be found in [29],
such as Quizzes, Lab Reports, Design Projects, Arduino Projects, Exams, Homework, Labs,
Lecture and class discussion, Predominately Exams and a Design Project, Design Challenges,
Research Papers, Research Projects, and Case Studies. For a more detailed compilation, Incose
and the Systems Engineering Research Center (CERC) at Stevens Institute of Technology has
published a 116 pages document called 2016 World Wide Directory of systems engineering
and industrial engineering academic programs” [30]. This report lists the name of universities
offering degrees in SE, and provides detailed information. It can be concluded that academia
is interested more than ever in SE. However, there is no common teaching model, except for
some recommendations and specifications, as highlighted in [16].

Considering the requirements of an efficient learning environment for SE [16], the next
sections present our vision of how to improve SE learning experiences by adopting international
standards. We are particulary interested in standards concerning the systems life cycle, such as
ISO/TEC/IEEE 15288 [13] or the simplified ISO/IEC 29110 [5].

Global proposed approach and its main components

Our vision regarding the best suited environment for teaching SE focuses on new disruptive
technologies such as Virtual Reality (VR), Internet of Things (Iot), 3D Printing and Machine
Learning, coupled with a Project Based Learning (PBL) model, and a process based learning
path. Of course, this vision isn’t to be deployed today. However, in this paper, we present our
current work results, that might lead to achieving this vision in the future. We aim to make
the teaching of SE fundamentals true to reality. Therefore, we promote the learning-by doing-
paradigm, where multidisciplinary students from different locations collaborate to engineer a
system requested by an educator, this is what we call a system of interest[13]. Students can
adopt different roles such as designer, production operator, requirements engineer, architect or
tester. In particular, they are guided to apply SE standard processes and therefore meet situations
similar to real-life SE challenges.

Another accordance with real-life SE is the fact that our approach is based on two main
components, a virtual and a physical environment, operating through an Internet-of-Thing (IoT)
infrastructure. A high level of connectivity between these two environments is needed, not just
at the engineering level, but also with respect to the teaching process. The educator is able to
track the learning activities inside both the physical and the virtual environments, in order to
assist and evaluate students knowledge acquisition.



The global approach will therefore be a domain independent solution used by both edu-
cators and students in SE education organizations, enabling a high level of collaboration and
interaction.
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Figure 1: Main components of the proposed SE education approach

Primitive resources

Primitive resources are the atomic components used to create a new system or to modify an
existing one. For each primitive resource, students have at their disposal a 3D model inside the
Collaborative Virtual Environment (CVE), and a corresponding assembly part inside the physi-
cal environment. However, in order to satisfy the particular requirements or their mission, they
may need additional components. In this case, students design a 3D Model of the missing piece,
using the elements engineering component of this approach, and they produce the physical unit
inside the physical product assembly environment, e.g. using a 3D printer.

The collaborative virtual environment

This is the main component of our approach, representing the engineering workspace. It is
intended to be a web-based application where students can collaborate, and where they can
interact with educators throughout the whole project. Figure 2 show that this environment
incorporates several elements, which are:
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Figure 2: ICVE Elements Description

* Projects, teams, and resources (1): The top left part of the screen shows a three-component
menu. Its first element, Projects, includes a description of the project mission, given out
by the educator. By clicking on the Teams element, students find information about the
other members of their teams co-working on a specific project. They can also manage
the different roles assigned to each student during the product. Under the third element
of this menu, Resources, students find a collection of suggested resources provided by
the educator, to guide them through the engineering processes. The educator plays two
different roles. First, he can act as the acquirer of the system-of-interest, but another
entity can replace this role and define the project mission. Second, the educator plays the
teacher role, assisting students throughout the entire process of engineering the system,
and evaluating them from an individual and a collective point of view.

Prior to that, students must be recorded in the students data base, with their biography,
curriculum and skills. This information helps the educator to efficiently perform student-
team-project assignments. A team of students can be responsible of the engineering of an
entire system, or their system can be an element of a bigger one. In this case, the educator
assigns teams to specific parts of one higher-level project.

« Life cycle model processes (2): This is one of the most important parts of the collaborative
virtual environment where students follow the life cycle model processes, in order to
engineer the requested system. The life cycle model is defined by the acquirer/educator
based on the learning goals (SE competencies) and the nature of the system. In addition,
for more information about the currently used processes, or for further training regarding



the used resources and methods, students can always access the Documentation Center
which may be a LMS or a MOOC platform.

» The shared workspace (3): Represents a virtual place where students can report the results
of their performed tasks. All team members, including the educator, have a complete
overview of their progress at any time, and they are able to annotate and exchange work.

3D virtual models (4): The shared workspace gives access to the 3D models that can be
used as primitive elements in the design process. These models may already exist in the
physical world, or they can be 3D-printed to assemble the final system-of-interest. As
illustrated by (6), students are able to interact with the shared workspace, both in 2D and
3D modes, depending on the nature of their task.

* Collaboration (5): Using the collaborative virtual environment, students and educators
can communicate and exchange through a chat or video-conferencing system.

The physical environment

The Physical Environment represents the traditional manufacturing factories and production
lines for assembly. We distinguish the Manufacturing Environment with activities relative to
new components production, using tools and machines such as 3D printers, and the The Assem-
bly Environment, which may include a robot based production line for components assembly,
with the help of an assembly operator. Moreover, we assume that all components contain sen-
sors that allow a real-time tracking of the assembly operations, reporting relevant data to the
CVE through an adequate IoT architecture. The physical environment includes a testing envi-
ronment where the operator can perform a series of test procedures on the assembled system-
of-interest, and report the results to the CVE. This approach is particularly interesting if the
IoT infrastructure allows a post-production tracking of the system-of-interest, allowing for ad-
ditional tests to be directly performed from within the virtual environment.

Learning and documentation center

The documentation center is a virtual space where students have easy access to educational
resources, such as documents and videos, online libraries, LMS and MOOC platforms, etc.
By this means, students can find the appropriate time to learn more about different aspects of
the SE discipline, including its standards, processes, methodologies, and also consult useful
information and tutorials about SE related tools.

System elements engineering

This part of the global vision is related to a scenario where students are asked to design a required
component for the system-of-interest, which turns out to be so complex in itself that it needs
collaboration between different students in the team or between the different teams. In that case,
the component can be considered as a new system-of-interest, and students have to engineer it
by applying the same SE life cycle processes as for the higher-level system-of-interest. After
performing each task, the outcomes are uploaded to the collaborative virtual environment.



Third-party tools and resources

A good SE learning solution should be highly tool-independent, so that every organization,
educator and student can choose the most adequate tool for their SE activities. Ideally, stu-
dents should be able to access their tools directly inside the collaborative virtual environment.
Otherwise, they may resort to external tools and upload the results.

Implementation

After the previous discussion of our global solution for SE education, this section presents our
progress concerning its implementation. In the scope of this paper, we propose a solution for
teaching SE, which promotes the use of SE international standards and allows students to learn
through a project-based learning approach.

At its current stage, the solution allows working with only one kind of processes, the tech-
nical processes, where students can engineer their systems without dealing with other activities
related to management, agreement, or project-enabling processes. Students can be asked to
use the technical processes of a given standard, such as the ISO/IEC/IEEE 15288 [13], or the
ISO/IEC 29110 [5]. However, educators are free to define other process flows, by adding new
unstandardized processes, or by inserting processes from other standards. Two use-cases ap-
plying our solution are described in [31].

In this solution, students and educators pass through well-defined scenarios. The reader can
find the most important components of the solution in Appendix A.

* Main learning scenario

This represents the high-level learning scenario. As illustrated in Figure 3, it encompasses
other sub-scenarios. The proposed solution has two main players. On the one hand, edu-
cators are responsible for creating projects, by defining their goals and life-cycle models.
They also assign student teams, ensure assistance and assessment. Students, on the other
hand, are responsible for collaboratively engineering the system, with respect to the pro-
cesses defined by the educator.
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Figure 3: Global Learning Scenario
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Note that it is possible to extend the use of standard processes even to the definition of the
mission objectives. As a matter of fact, the solution may implement the acquisition pro-
cess, the first process of the ISO/IEC/IEEE 15288 agreement processes, where educators
and students can negotiate and agree on the work to be done.

Educator: Project creation scenario

As illustrated in Figure 4, creating a new project goes through several stages. The educa-
tor defines the project title and description, as well as the life-cycle model which will be
followed by students. For this purpose, the educator selects a number of processes from
the processes database. If a specific process does not exist in the database, it can be added
using the processes management system, as illustrated by Figure 5. Finally, the educator
specifies the resources and tools to be used by students.
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Figure 4: Project creation scenario

For the time being, the life-cycle model is defined by the educator. In the future, it may
be possible that students with a solid background in SE are asked to define the life-cycle
model by themselves.

Educator: Processes management scenario

This scenario allows educators to create, adapt or remove SE processes. The adopted
architecture for a process is compliant to the 15288 standard. In addition to its purpose
and its outcomes, a process is defined as a set of activities, and each activity is defined as
a set of tasks to be performed.
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Figure 5: Processes management scenario
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» Student: Project engineering scenario

This scenario, described in Figure 6, represents the high-level stages that students will
follow to engineer the required system. After selecting an active project, and after man-
aging their roles, students engineer the system by performing the tasks of each activity of
the life-cycle model processes. The tasks are done using the adequate tools and methods,
and their results are uploaded to the project work-space.
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Figure 6: Project Execution scenario

All processes are executed in the same way, except for the system architecture definition
process and the system design definition process, which include some specific tasks that
can be executed inside the solution, as described next.

* Student: Environment Adaptation According to System Architecture Scenario

The system architecture is defined by students and uploaded to the project workspace
in form of an xml file. Depending on the chosen architecture, the project workspace is
automatically adapted to provide students sub-workspaces for each subsystem or system
element. Consequently, students can engineer each subsystem and system element as a
system, by passing through the entire life-cycle model.

* Virtual design scenario

Virtual 3D representation and the design of a tangible system are indispensable in any
system design process. In our solution, we propose virtual system assembly in a collab-
orative mode, where students in different locations are able to visualize and interact with
the system being assembled in real time. Currently, the virtual design is possible for a
limited number of pieces. If users want to use the 3D features, they can only engineer
systems based on the LEGO® MINDSTORMS® Education EV3 Bricks and their addi-
tional elements (Sensors, Motors...etc). However, if 3D virtual design is irrelevant for
students and educators, the solution can be used to engineer any kind of systems. The 3D
visualization can also be used for simple design review instead of system assembly.
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¢ Collaboration

Collaboration is enabled and encouraged in this solution, allowing students to work to-
gether on different tasks of the same project, while maintaining a global vision of the work
all along the engineering scenarios. More features are planned to enhance collaboration,
such as annotation of results, or chat and video-conferencing.

* Assessment

Student assessment is out of scope of this paper. However, we profoundly believe that this
solution will help implementing new students assessment methods, allowing educators to
objectively evaluate students with respect to various teaching objectives. We already
identified a number aspects that need to be considered for assessing students in a SE
learning experience as: result assessment, execution assessment, knowledge assessment,
and skills assessment.

Results and discussion

In this section, we discuss the acceptance of our solution by the SE academic community. We
targeted a specific public within this community with a presentation of the solution and a survey.

Methodology

The targeted public were students and tutors participating in the 2016 Robafis challenge. Or-
ganized since 2006 by AFIS, the French chapter of INCOSE, the Robafis challenge is a yearly
student competition for robot design [20], whose main goal is the promotion of SE. About ten
student teams from French universities and engineering schools participate in this competition.
Each team can consult a SE teacher, and they can also question AFIS experts. The road-map
starts about eight months before the final stage competition, when AFIS communicates the gen-
eral schedule, the regulations, specifications, and a reference development document. Three
months before the final stage, the teams register and receive a LEGO Mindstorms Robotics kit,
in order to physically implement their solution. Fifteen days before the final stage, the teams
send their development document to systems engineering experts for evaluation. The compe-
tition concludes by a final stage where all teams meet and operationally validate their works,
along with project and configuration audits. Few weeks after the competition, students receive
a detailed debrief regarding their work.

In 2016, eight student teams participated in the Robafis challenge. Some mixed teams fea-
tured students from several engineering schools. We got in touch with four teams, totaling in 25
students and 9 tutors. The tutors are mainly educators in the field of SE. Since the solution was
not shared for public, we produced a video tutorial showing the platform at work and explained
its most relevant features. The video was shared with our targeted public, together with a ques-
tionnaire they had to answer. The video can be viewed here [32], and the questionnaire used for
the educators can be found in appendix B. Note that there are not many differences between the
two questionnaires, as we were mainly interested in feedback regarding the implemented/to-
be-implemented features of the solution. The few differences will be apparent during the result
analysis.

We received responses from ten students and six tutors, which represents a response rate of
respectively 40% and 66%. The feedback from both students and tutors showed a high interest
in the features of this solution.
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Respondents profile

Nine out of ten of students who answered this questionnaire are undergraduate students, whereas
the last one is a post-graduate student. 70 % of students estimate that they are beginners in SE,
and the most usual way of learning SE were university lectures for 70%, and academic project-
based learning for 60%. It appears from their responses that most of them have an overview
of different topics of SE, with a focus on three topics, for which more than 90% think that
their level is between medium and good: “Design, Analysis, and Implementation”, ”Operation
and Management”, and “Technical Management”. Also, 80% think they are good, or at least
having a medium level in ”Requirements Management”, ” Architecting”, and ”Project-Enabling
Management”.

Tutors respondents are mainly academic SE practitioners, exercising in this fields for more
than two years for 67% among them, and more than five years for 17%. 50% used to teach and
promote SE through “university lectures”, ~competitions and challenges organization”, and
“academic or academy-industry project-based learning”.

Results from the students perspective

The following list itemizes the received student feedback concerning

* The usefulness of the current features of the solution: The two features that appear not to
be very useful, from a students perspective, are “the ability to add resources to different
processes”, and “reviewing the 3D design of the system”, where only 50% estimate that
they are useful or necessary. All the other features are considered useful by at least, 60 to
70% percent. For details, please refer to Table 1.

Table 1: Students appreciation about current features usefulness

Not Needs
Not
Manda- Very very Im-
Useful |, useful
Current features usefulness tory Useful inter- | prove-
% . at all
% % esting | ments y
% % °
Enabling geo-distributed students to 10 10 50 10 20 00
work together
Learning through SE processes 10 50 00 10 30 00
Reporting all tasks results in the 10 40 20 10 20 00
same shared space
Virtual 3D design of the system 00 30 20 10 30 10
Processes presentation 10 30 30 10 20 00
Processes related resources 10 20 20 30 20 00

* The ease-of-use of the current features: Most features are considered simple or very sim-
ple to use. About 70% to 90% of students share the same opinion about all features,
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except for the “virtual 3D design component”, where only 50% think that it is simple to
use, while the other 50% rate this feature to be hard or very hard. See table 2.

Table 2: Students appreciation of current features ease-of-use

Very Simple Pretty | Very
Current features ease-of-use simple % hard hard

% % %
Enabling geo-distributed students to work together || 10 60 30 00
Reporting all tasks results in the same shared space || 30 60 10 00
Reviewing the 3D design of the system 00 50 40 10
Notification management system 10 60 30 00
Processes presentation 20 50 30 00

» The additional features to be implemented: Table 3 shows that the suggested features
which we plan to add to this solution, will be very useful, if not obligatory, except maybe
the chat and video-call systems.

Table 3: Students appreciation of additional features usefulness

Additional features usefulness Mandatory Useful Not
Useful
Chat system 40 20 40
Video-call system 10 40 50
Assisting student through annotations 30 60 10
Engineering at both system and subsystems level 30 70 00
Tasks management 50 40 10
Direct web-access to SE tools 20 70 10
Direct web-access to learning resources and platforms 10 70 20
Downloading a project synthesis, at any moment 50 50 00

* Students evaluation methods: Students think that they should be evaluated in the con-
text of learning SE, using different methods at the same time. 50% of students agree on
evaluating them by the educator throughout the project (evaluation of processes execu-
tion quality), and regarding the acquired skills and knowledge (using questionnaires, for
example). However, only 40 % of the respondents approve of self evaluation methods
and final results evaluation. Regarding peer evaluation techniques, only 30% beleive that
this is a good way of evaluation.

» Advantages of this solution compared to their traditional way to learn SE: The ease of use,
the implementation of the project-based learning approach, and the use of SE standard
processes are the most appreciated features of this solution (respectively by 50%, 50%,
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and 40% of the responses), followed by the ability to evaluate students regarding different
metrics (30%).

Results from the educators perspective

* Current features usefulness and ease-of-use: Educators think that all features are useful
without any exception. However, they showed a special interest in the processes, life
cycle and projects management systems, the ability to learn through real SE processes,
and the ability to supervise students performing tasks in one shared space. See table 4.
Educators are also unanimous about the ease-of-use of the current features, see Table 5.

Table 4: Educators appreciation about current features usefulness

Moder-| Not Need
Manda- Very Im-
Useful | ately useful
Current features usefulness tory Useful prove-
% useful | at all
% % o o ments
1] 0 %
Processes management system 16.66 | 33.33 50.00 | 00.00 | 00.00 | 00.00
Adding resources to processes 00.00 | 50.00 | 50.00 | 00.00 | 00.00 | 00.00
Projects creation and management 16.66 | 50.00 | 33.33 | 00.00 | 00.00 | 00.00
Life-cycle model definition 00.00 | 50.00 | 50.00 | 00.00 | 00.00 | 00.00
Notification management system 00.00 | 00.00 | 83.33 16.66 | 00.00 | 00.00
Enabling the use of SE processes 00.00 | 50.00 | 33.33 16.66 | 00.00 | 00.00
Reviewing the 3D design 00.00 | 16.66 | 66.66 | 16.66 | 00.00 | 00.00
Supervising one shared space 16.66 | 33.33 | 50.00 | 00.00 | 00.00 | 00.00
Enabling distributed engineering 00.00 | 33.33 | 66.66 | 00.00 | 00.00 | 00.00

Table 5: Educators appreciation of curent features ease-of-use

Very Simple Pretty | Very
Current features ease-of-use simple % hard hard

% % %
Processes management system 16.66 50 33.33 00.00
Adding related resources to processes 16.66 50.00 33.33 00.00
Projects creation and management 16.66 83.33 00.00 00.00
Life-cycle model definition 16.66 50 33.33 00.00
Notification management system 16.66 50.00 33.33 00.00
Reviewing the 3D design of the system 33.33 33.33 33.33 00.00
Supervising one shared space 33.33 33.33 3333 00.00
Enabling distributed engineering 66.66 16.66 16.66 00.00
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* Additional features usefulness: Regarding the proposed additional features, educators
mostly agreed on their utility. According to their responses, the most important extentions
are assisting students throughout the execution of SE processes, the ability to consider and
engineer subsystems as a system, and students managing their tasks.

Table 6: Educators appreciation of additional features usefulness

Not
Additional features usefulness yandatory OI/Jseful Useful
(v 0o (y
()
Chat system 00.00 83.33 16.66
Video-call system 00.00 83.33 16.66
Assisting student through annotations 33.33 66.66 00.00
Engineering at both system and subsystems level 33.33 66.66 00.00
Tasks management 16.66 83.33 00.00
Direct web-access to SE tools 33.33 50.00 16.66
Direct web-access to learning resources and platforms 33.33 33.33 33.33
Downloading a project synthesis, at any moment 16.66 50.00 33.33

* Students evaluation methods: Educators also beleive that students should be evaluated
in the context of learning SE, using different methods and metrics at the same time. The
most expected method by educators is the ability to assess students throughout the project
execution process (the engineering of the system), recommended by about 83% of them.
This mainly represents the evaluation of SE processes execution quality. The second
method favored by about 67% is student evaluation regarding the acquired knowledge and
skills, by using surveys at the end of the project, but also by extracting useful information
from the learning process. The third method recommended by 50% of educators, was self-
evaluation and evaluation of the final results in order to see if they match with the starting
requirements. Just as students, only 33% of educators approved of peer evaluation.

* The advantages of this solution compared to their traditional way to teach SE: Unlike
students, educators did not think that the ease-of-use and the project-based learning ap-
proach were the most important aspect that differentiate this solution from traditional SE
teaching. However, 50% of educators appreciate the use of SE standard processes and
the ability to evaluate students using different metrics. More importantly, about 67% de-
clare that the ability to manage the systems life-cycle model is a good idea, along with
the ability to manage geo-distributed students.

Conclusion

In this paper, we presented a solution for SE education, using international standards in a project-
based-learning approach. Thanks to this concept, students will learn to not only engineer the
requested system, but also to engineer it the right way, using real-life SE practices conveyed by
standardized processes, together with communication, team management, collaboration and re-
lated soft skills. The main advantages of our solution are the processes, life-cycle, and projects
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adaptation and management components, as well as the shared workspace for students engineer-
ing tasks during all the life cycle. Another advantage of the solution resides in its ability to help
in meeting the challenges of a project-based-learning approach, in particular by opening a way
of assessing students by different metrics, including: the final results, the execution quality, the
acquired knowledge, and the acquired skills. In addition, the conducted survey highlights that
both educators and students appreciate the usefulness and the ease of use of the current features
of the solution. They also approved the proposed additional features, except for the chat and
video-call systems.

These additional features will soon be added to the solution. After their implementation, we
intend to conduct two new experimentations. The first one will consist of a survey targeting a
larger amount of potential users. The second one will be the application of the solution to actual
SE teaching. For this purpose, we aim to propose a SE course for a large group of students.
Students will first assist to theoretical lectures on SE, and will then be asked to engineer a
system in small groups. Half of these groups will be using our solution, and the other groups
will work in a traditional fashion. At the end of the course, their results will be compared, with a
special focus on the quality of the final product and its conformance to the project requirements,
the acquired knowledge and skills, and the quality of SE processes execution.
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Appendices

A Appendix A: An illustration of some features from the proposed solution

« Educator: Processes activities and tasks definition

PROFILE LOGOUT

@ PLACIS : Click to add new activity

bougaa Activity

& Name

Prepare for system requirements definition
# Home

Description

= Projects

Management

& Students
Management
& Processes
Management Tasks
B Create
Process
@ Display Task Description - 1
Process + Define the functional boundary Of the system in terms Ofthe behavior and properties to be provided
@ Modify
Process Task Description - 2
B DUD"CBTJ’ + Define the functional boundary Ofthe system in terms Ofthe behavior and properties to be provided. + Define the sys
Adapt
Remove Task Description - 3

Figure A.1: Adding activities and their related tasks to a specific process

¢ Educator: New project definition

PROFILE LOGOUT

@ PLACIS

New Project

Create New Project for student.

bougaa

= 2 AﬂributeProcesses> 3 Add Resources > 4 Validation

# Home
Title & Deseription

= Projects
Management

Title
&= How titiect Race-Car Engineering Project
|2 Active

Projects Description

|2 Pending You are asked in t . for & Racing-Car design project.
Projects This car needs & =alized using Lego storms EV3. IE espect these maximum

li Closed mensurations: di ons L23xM E: veight. It must have an obstacle _ﬁ_q_te;gfgi_?_p_

3 system, that a allow it to ust be able fo reach a 4@4mn speed in 5

Projects secs.
¥ Students
Management

& Processes
Management “

Figure A.2: Adding a title and a description of a new project
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» Educator: Life cycle model definition (Processes attribution)

PROFILE

@ PLACIS

Processes

bougaa Process he: 1
15288 Business or mission analysis process T
&
Process N°: 2
LR 15288 Stakeholder needs and requirements definition process v
& Projects
Management Process N°- 3
12 New Project 15288 System requirements definition process v
= Adwe Process N : 4
Projects
|2 Pending Design definition process v
Projects
|z Closed Process N°: B

Projects
2 Students

Figure A.3: Defining the adequate Life-Cycle Model for this project

* Student: A project workspace for a specific team

HOME

Prepare for stakeholder needs and requirements definition
This activity consists of the following tasks:

+ Identify the stakeholders who have an interest in the system throughout its life cycle

Results
Description
Purpose
P -
Activity & Tasks ‘Choose File | Mo file chosen
Upload a file...
Quicomes
Architecture
definition process Dicriton | Fieupoad | Dspiay ]

Purpose +RESULTS 1ipg click here

+ scene 26.0PG click here
Activity & Tasks + System requirement diagrams Figure-3.jpg click here

+ SFDSRTRKMLLFDKLTRSETRSRETRTDRRD aJPG click here

Ouicomes

Architecture m

Design definition
process

Purpose + Define the stakeholder needs and requirements definition strategy:

Figure A.4: A task execution results upload, relative to the first activity of the Stakeholders
needs and requirements definition process



» Student: Architecture definition process

HOME

Immersive Collaborative Virtual Environment

& PLACIS

Architecture Definition Process.

Model system architecture defined interest and keep itin menu

&
Upload File
Stakeholder needs
and requirements FE—
TR e Choose File | Mo file chosen
Purpose Selecta file

Activity & Tasks

Architecture
definition process

Purpose
Activity & Tasks

Outcomes

Architeciure

Figure A.5: System-of-interest architecture upload, as an XML file

* Student: 3D Design review and assembly feature, only supporting Lego Bricks for now.

HOME

Immersive Collaborative Virtual Environment

Stakeholder needs
and requirements

Design Definition Process

Design Definition Process.

Purpose
Activity & Tasks Purpose 3D Outcome

Outcomes

. Servers. Canvas Players : 1 Room : Projet 1
Architecture
definition process x H v F z q

Purpose

Set Position Canvas

Rotate Transiate
Activity & Tasks

Outcomes

Architecture

Design definition
process

Purpose

Activity & Tasks
Outcomes

3D

System analysis

process Quﬂy WebGL Test Network n

Figure A.6: a collaborative virtual 3D environment for virtual design review and assembly
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B Appendix B: Educators Questionnaire

IS

. How you used to transfar Systems Engineering knowledge and skills *

[ ] 1dont teach Systems Enginesring

Evaluation of a new solution for Systems Engineering [ Systems Enginesring university lectures
Education || Systems Engineering Books

“Obligatoire | ] Using MOOGs (Massive Open Orline Caurses, ex,Coursera, Edx...efc)

1. Adresse e-mail *

[ ] Edeaming plateforms (Other than MOOCs)
[ ] Acadenmic Project Based leaming

[ Industry-Academy Project Based leaming
|| Competitions and challenges organization
[

Autre

5. What are the topics/processes you deal with the most in Systems Engineering *

All the time Occasionally Rarely Never
System & Stakeholder
Requirements
hittp:/fyoutub ch?y=ANyBTJxy3lo Architecturing ) (
Design, analysis and -
implementation
Some information about you Integration () !
Test, verification and Validation ( ) (

These information will only be used for statistical goals, and will be treated anonymously.

planning & assessment, decision
2. You are: * & risk management ...etc)

Project-Enabling Management - B
(Life Cycle Model, Infrastructure ) [
Academic Systems Engineering Practicioner Portfolio, Knowledge...etc)

Indusirial Systems Engineering Practicioner

Both Industrial and Academic Systems Engineering Praclicioner
What do you think about the actual features of the proposed
solution

Autre :

3. How much experience you have in Systems Engineering field *

Less than 1 year
2105 years

) More than 5 years



n about usefulness of these features *

6. Please give your o

seule réponse

par ligne.

Moderately
iseful

Not

Obligatory L};Z%I Useful usefhll at Imprv,JVveegenls
al

Processes Management
System
Adding related
resources to processes
Projects Creation and

Management —
Life Cycle Model —
Definition e
Notification —

Management System
Enabling learning by
executing the real
Systems Engineering
Processes

Reviewing the 3D
Design of the System
Supervising all tasks
results in the same
shared space
Enabling Geodestributed

Stucent fo work O OO0 O O O
together
7. Please give your opinion ing the f- (the of these features *

Une seule réponse possible par ligne

Very simpleto  simple to Pretty hard to  Very hard to
use us use

Processes Management — — —
System - -, )

Adding related resources to o) V) I

processes ) ) -

Projects Creation and )

Management p—

Life Cycle Model Definition [@D)

Notification Management —

System D

Reviewing the 3D Design of —

the System -

Supervising all tasks results —

in the same shared space )

Enabling Geodestributed o) ‘\/7\‘ o) 7/‘

students to work together — —

What do you think about the following additional features:

These are some additional features we think useful to improve this solution, please tell us what do you
think

8.

©

Enabling students in the same team to communicate in real time, by adding a chat system *

seule réponse pos.

\\D Necessary
() Useful
(") Not Useful

() Autre:

. Enabling students in the same team to communicate in real time, by adding a video-calling

system *

Une seule réponse p ible.

(") Necessary
) Useful
() Not Useful

() Autre:

. Allowing educators to assist students by making notes about the tasks being realized durring

their execution. *
Une seule réponse pos.

() Necessay

() Useful

(") Not Useful

() Autre:

. Allowing students to Manage and execute the processes of the Life Cycle Model on the full

system, but also on its sub-syste and systems In other terms, adding a feature
that allows students to switch between the different sub-systems and systems el -

Une

réponse possible.

Necessary
Useful
Not Useful

Autre :

. What about adding a features that enables students to manage and assign the different tasks

to the different students of the team.

Une seule réponse possible.

) Necessary
Useful
() Not Useful

() Autre:



13. Would it be better if it's for the Educator himself to manage and assign the different tasks to
the different students of the team. *

Yes
No

Autre :

14. What about adding a feature that enables students getting direct web-based access to systems
engineering tools (such as SysML) *

Necessary
Useful
Not Useful

Autre :

15. What about adding a feature that enables students getting direct web-based access to
documentation and learning plateforms such as EDX. *

Necessary
Useful
Not Useful

Autre :

16. What about giving the the Educator the ability to download at any time, a synthesis of the
project as a Pdf File. *

Necessary
Useful
Not Useful

Autre :

17. What do you think will be the best way to evaluate the work done under this solution? *

Self Evaluation (By taking a survey)

Peer Evaluation (Evaluation of the results by other students)
Educator evaluation regarding the final Results

Educator evaluation throughout the project execution

Educator evaluation regarding the aquired skills and Knowledge (using questionnaires and
projects execution data)
A mixture of some of the previous methods (please check the ones you think are the best)

Autre :

Comparing this solution

18. In which way do you think this solution is BETTER than the solutions you used to know or to
teach systems engineering with (especially after adding the additional features). *

The ease of use of the solution

The management of Geodistributed students

The management of a Project Based Learning approach

The use of Systems Engineering Standard Processes

The ability to manage the Life Cycle Model

The ability to use any Systems Engineering Standard (Standard choice independant)
The ability to use any Systems Engineering Tools (Tools choice independant)

The ablity to evaluate students regarding different Metrics

Autre :

19. Do you have any additional remarks or suggestions?

Une copie de vos réponses sera envoyée par e-mail & ladresse indiquée.

Fourni par

é Google Forms
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Abstract—This paper discusses the use of two different stan-
dards for teaching Systems Engineering (SE): ISO/IEC/IEEE
15288 and ISO/IEC 29110. The first one is a general and widely-
used standard describing the lifecycle processes of the entire
system, whereas the second one is a relatively new standard
based on a reduced set of standards elements focused on lifecycle
profiles for Very Small Entities (VSEs). We are especially inter-
ested in the impact that SE standards can have on teaching this
discipline to engineering students. We consider the teaching of
fundamental principles of systems engineering. In this paper we
illustrate how our, previously developed, standard based solution
for systems engineering education can be used as a framework to
support these standard-based teaching paths. We mainly focus
on illustrating how adapting standard processes can be done,
considering not only the learning goals, but also projects size
and complexity, in a project-based learning environment.

This paper shows that, thanks to it’s adaptation from the
ISO/IEC/IEEE 15288, and to it’s reduced size, the ISO/IEC 29110
standard is particularly suitable for teaching systems engineering
fundamental knowledge to undergraduate students, new to the
discipline. While the ISO IEC/IEEE 15288 might be more suited
for students that already have a good grounding in systems
engineering fundamentals, especially thanks to the ability to use
some from its various processes to separately teach different
topics of systems engineering.

Keywords: Systems Engineering , Systems Engineering Ed-
ucation, Systems Engineering Standards, Project-Based Learn-
ing, ISO/IEC/IEEE 15288 Standard, ISO/IEC 29110 Standard,
Life Cycle Model.

I. INTRODUCTION

Systems Engineering (SE) is a structured approach focusing
on the design and the management of complex engineering
projects over their entire life cycle. It is presented by the In-
ternational Council on Systems Engineering INCOSE), as "an
interdisciplinary approach and means to enable the realization
of successful systems. It focuses, not only on defining customer
needs and required functions early in the development cycle,
but also, documenting requirements, proceeding with design
synthesis and system validation, and considering the complete
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Alain RIVIERE
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problem are in the scope of Systems Engineering” [1]. This
discipline has known much efforts trying to promote its
adoption by different industries, especially when the complex-
ity of nowadays systems has increased to an unprecedented
level. This complexity is caused at the first place, by the
multidisciplinary aspects of modern systems along with, their
multiple involved stakeholders, and their geo-located engi-
neering context. These efforts are primarily, development of
multiple international standards, guides and methodologies, to
help the industry adopting this approach [2]. However, many
academic institutions have not coped with systems engineering
challenges, and have not sufficiently considered its specifica-
tions and requirements when implementing their engineering
curriculum. So, while the engineering industries may better
cope with the complexity problems, thanks to the different
efforts done in this domain, they face a significant lack of
well-trained human resources who master the fundamental
and domain-specific systems engineering principles and their
corresponding standard processes. Standards and their related
processes and methods are one of the most sought after skills,
but academic institution, as stated in our review study [3], have
not kept up with this demand. From an industry perspective,
in order to be effective as systems engineers, in addition
to the necessary knowledge in their traditional engineering
disciplines, engineering students need practical and real world
experiences, acquired in reality-like geo-distributed and mul-
tidisciplinary context. It needs to be a skills focusing and
challenging context[4], more than being a knowledge focusing
one, what presents real challenges from academic perspective.
To cope with these challenges, we proposed in [5] a new
technology-based solution to teach systems engineering.

Our proposed solution, presented in section (IV), enables
educators to work on an adaptive path for teaching this
discipline, by giving them the ability to adapt their learning
scenarios. Educators are able to select and adapt standard pro-
cesses to make them more suited for each learning situation.
We illustrate two use cases using the 15288 and the 29110
standards in section (V) of this paper. In section (II) and (III)
we respectively, highlight the specifications and requirements



of systems engineering education and the leading standards in
this discipline, with a focus on the previously cited ones.

II. SYSTEMS ENGINEERING EDUCATION

According to Muller [6], systems engineering education
differs from traditional mono-disciplinary engineering courses,
since the training needs to focus more on skills and less on
transferable facts. The author gave a set of recommendations to
consider for a good systems engineering education program,
including interaction with students, soft skills development,
media use and students feedback. In the same context, Dym [7]
believes that ”a good engineering education is about process,
about learning how to think like an engineer, its much more
than a prescription of content”.

Dym et al. [8] recommend the following three activities for
a powerful learning environment for systems engineering and
similar disciplines:

o Instrumenting the learning process to obtain quantitative
and qualitative data that support metrics consistent with
quality control.

o Teaching design engineering and other disciplines such
as systems engineering across geographically dispersed,
culturally diverse, international networks

o Engage design coaches to help manage the contextual-
ization of engineering design theory and practice.

Finally, in a broader context, Herrington and Kervin [9] spec-
ify nine main characteristics that any learning environment,
technology-based or not, should feature:

o Provide authentic context that reflects the way the knowl-
edge will be used in real life

e Provide authentic activities

o Provide access to expert performances and the modeling
of processes

o Provide multiple roles and perspectives

o Support collaborative construction of knowledge

o Promote reflection to enable abstractions to be formed

e Promote articulation to enable tacit knowledge to be
made explicit

e Provide coaching by the teacher at critical times, and
scaffolding and fading of teacher support

e Provide for authentic, integrated assessment of learning
within the tasks

It appears clearly, from the work we presented in [3],
that most of systems engineering current practices don’t take
these considerations and recommendations into account when
designing their curriculum, and none of them considered the
use of SE standards during the learning scenario. However,
this survey [3] helped us defining the perimeter and the
features of our solution, that will be presented later. This helps
us especially deciding to focus our efforts in incorporating
systems engineering standards in the learning scenarios, and
to select the Project-Based Learning (PBL) as a pedagogical
model.

III. SYSTEMS ENGINEERING LEADING STANDARDS

A. SE Standards Overview

Systems engineering addresses the complexity of systems,
in order to be able to transfer user needs into operational
systems via an interdisciplinary processes. The early standard
for systems engineering was the US Military Standard MIL-
STD-499, Engineering management from 1969 [2], produced
by the US Department of Defense (DoD) for the defense
industry. It has been adapted twice after that, the MIL-STD-
499A release on May 1st, 1974, and the MIL-STD-499B draft
on 1992. By 1994, a group of organizations called Electronic
Industries Alliance (EIA) collaborate to develop a commercial
systems engineering standard to replace the military one. This
group included representatives from the DoD, the Aircraft
Industry Association (AIA), the National Security Industries
Association (NDIA), the Institute of Electrical and Electronics
Engineers (IEEE), and INCOSE [2]. By December 1994, they
released the EIA Interim Standard 632 (EIA/IS 632) Systems
Engineering. This Standard became later the ANSI/EIA 632-
1998, Processes for Engineering a System [10], which has
been approved on January 7th, 1999.

The IEEE , the International Organization for Standard-
ization (ISO) along with the International Electrotechnical
Commission (IEC), have also worked on developing systems
engineering standards. By 1998, and after a trial-use version by
1995 (IEEE Std 1220-1994) [11], IEEE produced the IEEE Std
1220-1998, standard for application and management of the
systems engineering process [12], and by 2002, ISO and IEC
released the ISO/IEC 15288 standard, systems engineering-
system life-cycle processes [13], which has been created by the
same group that created the ISO/IEC 12207 software life-cycle
standard, in collaboration with systems engineering experts
[2].

Each of these three different Commercial standards, EIA
632, IEEE 1220 and the ISO/IEC 15288 addressed various
level in the systems engineering processes. While the last
active version of the EIA 632, processes for engineering
a system, still the one approved on 1999 and reaffirmed
on 2003, and the IEEE 1220 that has been revised once
on 2005, which still be the actual active version of this
standard [14], the ISO/IEC 15288-2002 after its adoption by
IEEE in 2004, has been revised by the ISO/IEC 15288:2008
[15], before it has been canceled and replaced by its final
revision, the ISO/IEC/IEEE 15288:2015 [16] which was pre-
pared by Joint Technical Committee ISO/IEC JTC 1 (In-
formation technology), Subcommittee SC 7 Software and
systems Engineering), in cooperation with the IEEE computer
society systems and software engineering standards committee
[Ref152882015standard]. In 2004, ISO/IEC 15288-2002 has
been adopted by IEEE, in the IEEE Std 15288-2004 [17], Also,
INCOSE adopted this standard and aligns upon it, the process
and life cycle content in their 4th Version of the SE Handbook
[18]. ISO/IEC/IEEE 15288, by gathering all the important
normalization institutions and big industrial around it, is
becoming the most revised and the most complete standard for



systems engineering. It’s becoming the starting point of many
derivative products, different institutions and researchers, in
order to support it, are producing content, guidance, reports,
use cases...etc. Others are creating completely new products,
such as the ISO/IEC 29110 standard [19] , which is a Systems
and Software Life Cycle Profiles and Guidelines for Very
Small Entities (VSEs). ISO/IEC 29110 is mainly based on
ISO/IEC/IEEE 15288 for systems engineering part, and on
the ISO/IEC/IEEE 12207 for software engineering part. This
was just a sample set of standards, to show their importance in
the field of systems engineering, for more information about
systems engineering standards, especially in some specific
disciplines, you can take a look at Incose website [20]

B. Illustrative Standards

Based on the previous overview of the different systems
engineering processes standards, and as our goal is to
illustrate our adaptive learning path, we consider the use of
ISO/TEC/IEEE 15288 and ISO/IEC 29110 as the best choice.
Especially because one of these standards covers the entire
life cycle of a system, with a large number of different
individual processes, while the other one, is a smaller set
of processes focusing on the need of VSEs, some of their
advantages are listed here.

1) The ISO/IEC/IEEE 15288 Standard: The most signif-
icant characteristics of the ISO/IEC/IEEE 15288 are:

o It is the systems engineering reference standard, and it is
promoted by mainly all the standardization organizations
including IEEE and INCOSE. It is up-to-date and based
on proven practices.

e Our aim is to let the students learn the fundamentals of
systems engineering, but we don’t want to bother them
with high level of details relative to deeper processes
application. However we want educators to be able to
select most suited topics to learn for specific students,
and for which kind of systems. This standard provides
them with the ability to do that.

o Its processes can be applied in different manners: con-
currently, iteratively and recursively to a system, and
incrementally to its elements. It can be applied to a an
element of a system, considered as a system itself, as it
can be applied at any level in the hierarchy of a system
across its life cycle.

o It applies to man-made systems configured with one or
more of the following, hardware, software, humans, or
processes.

o When defining the life cycle model and its different
stages, educators can choose which of this standard
processes to consider in order to be in conformance with.
But also, its processes can be tailored to fit a specific
learning goal for example.

e It can be used alone or jointly with the ISO/IEC/IEEE
12207, for software engineering, which has the same
terminology and concepts.

In its last revision of 2015, it includes 30 processes grouped
into four categories.

o Agreement processes: 2 processes

« Organizational Project-Enabling Processes: 6 processes
o Technical management processes: 8 processes

o Technical processes: 14 processes

For each process, this standard provides us by:

o Its Purpose: a paragraph that describes at a high level
overall goal of performing the process.

o Its Outcomes: Outcomes express the observable results
expected from the successful execution of the process.

o Its Activities : Activities provide the first level of struc-
tural decomposition of a process, they generally provide
a set of the related lower-level elements called Tasks.

o Its activities tasks: Tasks are requirements, recommen-
dations, or permissible actions intended to support the
achievement of the outcomes.

« and some Notes:

This standard provides a common processes framework
for describing the life cycle of systems created by humans,
adopting a systems engineering approach[16]. It does not
describe a specific system life cycle model, neither a
development methodology, method, model or technique.

2) The ISO/IEC 29110 Standard: The most significant
characteristics/advantages of this standard and its differentia-
tion regarding the first one are:

e The recently published set of ISO/IEC 29110 interna-
tional standards (IS) and Technical Reports (TR) [21]
are specifically aimed at addressing the specific needs
of VSEs (Very Small Entities), i.e., enterprises, organiza-
tions, departments or projects with up to 25 people.

o The engineering standards and guides developed by an
ISO working group, Working Group 24 (WG24), are tar-
geting VSEs which do not have experience or expertise in
selecting, for a specific project, the appropriate processes
from life cycle standards such as ISO/IEC/IEEE 12207
or ISO/IEC/IEEE 15288, and tailor them to the needs of
a specific project [22].

o Building upon the success of ISO/IEC 29110 for soft-
ware, in 2009, an INCOSE working group was estab-
lished to evaluate the possibility of developing a standard
using the generic profile group scheme of the ISO/IEC
29110 series and the systems engineering life cycle
processes standard ISO/IEC/IEEE 15288 (2008), for or-
ganizations developing systems instead of just softwares.
This new ISO/IEC 29110 standard is targeted for VSEs
that do not have experience or expertise in tailoring
ISO/IEC/IEEE 15288 to their needs. The result is the
publication of a Systems Management and Engineering
Guide Entry profile (ISO/IEC TR 29110-6-5-1:2015), i.e.
for VSEs working on small projects (e.g. at most six
person-months effort) and for start-up VSEs and Basic
Profile (ISO/IEC TR 29110-6-5-2:2014) [23].



« The systems engineering basic profile is composed of
two processes: Project Management (PM) and System
Definition and Realization (SR). An acquirer provides a
Statement of Work (SoW) as an input to the PM process
and receives a product as a result of SR process execution,
see Figure 1.

System Definition and

| Acquirer ‘ Realization Process

Statement of

Work Product

System Requirements
Engineering
System Architectural
Design

System Integration,
Verification and
Validation

System Definition and
Realization Initiation

Project Management Process

Project Planning Project Assessment

and Control

Project Closure

Project Plan
Execution

| Organizational Management ‘
Product Delivery

Adapted from [Varkei 2010)

Fig. 1. ISO/IEC 29110-6-5-2:2014 architecture

IV. SOLUTION DESCRIPTION

In this section we describe our solution and highlight its
main features, more details about the full solution can be found
in [5]. At this stage, the developed solution only allows us
to work with one kind of processes: the technical processes.
These processes allow users, students in this case, to engineer
their systems, without dealing with other kinds of processes,
such as the management, agreement, and project-enabling
processes.

One of our main goals is to help systems engineering educa-
tion organizations improve their SE teaching experience, and
as stated before, we are focusing on the teaching of the fun-
damental principles of systems engineering. This fundamental
knowledge, when correctly acquired by students allows them
to easily adapt it to meet the specific industries needs in terms
of systems engineering skills. For this main reason, we decided
not to build this solution upon an existing systems engineering
methodologies, which may limit us by imposing some kind of
tools, methods, or processes to follow even if they are not fully
adapted to the system-of-interest being engineered by students,
or simply not fulfilling the learning experience requirements.
Rather, our solution is process-centered, hopefully standards
ones, while still being independent of the specific standard
choice. It provides the learner and educator with the ability
to work on the different stages of a life cycle model using
any systems engineering standard processes. We illustrate in
the next section, two different use cases using two different
standards.

From the adopted systems engineering standard, the educa-
tor can easily register in the solution the different processes
he’s interested in, while personalizing them or not. See Figure
2 bellow, for an example of a process registered in the solution.
Then, for each new project regarding the engineering or re-
engineering of a system, educators are able, through a specific
interface, created for that effect, to define the project life cycle
model and share it with students. They can choose to make
students passing through all the proposed processes in the
standard, or just through few of them, and also adapt standard
processes depending on what type of conformance with the
standard they want to claim for their system-of-interest, but
also depending on the project characteristics and the learning
goals.

The defined life cycle model, will be then followed by
students to engineer the requested system, by performing the
different activities and tasks. They will be working on a
collaborative project based approach, using the recommended
tools, methods, and resources, while producing the expected
outputs. An example of students workspace, including the
system life cycle at the left, is illustrated in Figure 3 below.

In order to illustrate how different standards, with different
adaptations can and should be implemented in this solution
for teaching purposes, we only need to use the following three
features from our solution:

o Processes Management System: allows educators, to
register systems engineering processes in the solution.
Educators are able to create new processes, or adapt
existing ones.

o Life Cycle Management System: Here, the Life cycle
model is defined by the educator, using the systems
engineering processes, defined inside the processes man-
agement system.

« Students Engineering Workspace:

This represents the workspace where students work in
collaboration mode to engineer the requested system. In
short words, it allows students teams as producer of the
system-of-interest,to follow the project life cycle model,
in order engineer the system. They can, depending on the
role of each one, start performing their tasks and activities
to get the expected outcomes, and reporting them in
the adequate process element in the solution menu, so,
everyone from the group, including the educator, can be
aware of the progress in the project. This help them, very
early detecting if there is a system requirement definition
gap, a misconception, a validation problem, or any other
problem, and report it.

V. ILLUSTRATIONS

o Case No.01: Introduction to requirements engineering
using the 15288 Standard
Learning Goal: The goal of this use case is to make
students learn the different aspects of the needs and
requirements engineering, through the realization of a
project proposed by the educator. Figure 4, show the
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Fig. 2. 15288 stakeholder needs and requirements definition process, implemented in our solution

definition of the project "Requirements for a 3D Racing-
Car Design Project”. This will enable them to go from
defining the problem and solution spaces, until defining
the technical view of the solution that meets operational
needs of the user, passing through stakeholder identifica-
tion with their needs. In shorter words, they should pass
through the defined system life-cycle model illustrated in
Figure 3 and 4.

Used processes: Using the 15288 standard, students
needs to pass at least through three processes: the Busi-
ness or mission Analysis Process, the Stakeholder Needs
and Requirements Definition Process and the System

Requirements Definition Process, as shown in Figure 3, .

that represent students workspace containing the three

processes forming the system life-cycle model.

Note that, this is just an illustration use case, we can do
the same thing about learning the system design, system
verification, validation, and other topics of systems en-
gineering using the 15288 standard processes. The main
significant thing that must be considered at this cases, is
that educators, need not to only define the project and life
cycle, but also to provide the necessary inputs, such as the
systems requirements. educators can even make students
pass through the entire life cycle technical processes of
the 15288 or another standard. Next, we’ll show how this
can happens using the 29110 standard this time.

Case No.02: Introduction to SE through the entire tech-
nical system life cycle model, using 29110 standard
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Fig. 4. Project description and related system life cycle model

Learning Goal: This time, we are interested in teaching
more aspects of systems engineering, those conveyed by
all the technical processes of the entire system life cycle
processes. We also aim to teach students these aspects
using a PBL approach, using the previously defined
project, with some adaptations, like the fact that, this time
students have to fully engineer the requested Racing-Car,

Results

[ Choose File | No file chosen
Upload a file

Fig. 3. A example of students workspace, showing the system-of-interest life cycle model at the left, and the different tasks and activities execution space,
for a specific process 715288 System requirements definition process”

going from system definition to systems delivery.

Used Processes:

This time, we think that using the 29110 standard will be
more appropriate, especially for small teams of students,
dealing with simple pedagogical systems, and who are
new in systems engineering. The educator defines the
system life cycle model inside this solution, according
to the 29110. More specifically, the system life cycle
model is defined based on the generic profile group:
Entry profile, from systems engineering management and
engineering guide ISO/IEC TR 29110-5-6-1 [24]. It was
intended to be used by VSEs to establish processes
to be implemented using any development approach or
methodology, based on the specific VSE or project needs.
What we consider as technical processes, are defined in
this guide, as a single process called System Definition
and Realization (SR) process, see Figure 1. This global
process has six activities: SR.1 System Definition and
Realization Initiation, SR.2 System Requirements Engi-
neering, SR.3 System Architectural Design, SR.4 System
Construction, SR.5 System Integration, Verification and
Validation, SR.6 Product Delivery [24]. These activities
can be considered at the same level as the 15288 technical
processes.

Since the technical processes are considered as activities
forming one global process, the SR Process, they will be
implemented such as in the platform. So, the system life
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Fig. 5. A example of students workspace, showing the system-of-interest life cycle model at the left, and the different tasks and activities execution space,

for a specific process ”29110 System definition and realization process”

cycle model in this case, even if it represent the entire
technical life cycle model, consists of only the SR Pro-
cess. This process is defined in the platform by it’s name,
purpose, and its Seven objectives as outcomes. Then, the
different activities, representing each, the equivalent of a
technical process in the 15288, are added as activities,
and their related tasks as tasks. At this level of maturity
of our solution, we don’t take the Roles described in
this guide into consideration. Input Products and Output
Products can be considered as the results students will
be uploading in each task space, even if their links with
other activities are not managed in the actual solution. At
the end, students will have the workspace illustrated in
Figure 5.

VI. CONCLUSION AND FURTHER WORK

Systems engineering international standards, encompass
from one side the fundamental knowledge of systems engi-
neering, and from the other side, they have been used as
the main source of competencies used in different systems
engineering competency models, including, the Incose, Nasa,
and other competency models. We showed in this paper, how
systems engineering teaching and learning will be improved
by adopting these standards when developing our solution.
The greatest impact is especially remarkable regarding the
learning outcomes compared to the systems engineering com-
petencies, described in different competency models. The
most significant advantage of the proposed solution reside
in the fact that educators, starting from which competencies
they want students to learn, they are able to tailor different

systems engineering standards and their processes to teach
them students. In addition, the ability of this solution to get
students working together using a technological solution in a
PBL-Based approach from different locations, to engineer the
same system, by passing through the entire life cycle model
defined by the educator, enables students to learn the other
part of systems engineering competencies, including the soft
skills, the team management, ...etc, which needs to be learned
by practice. We highlighted in this paper the ability of this
solution to be used with different standards, using different
adaptations, depending on the project type and learning goals.
We are still working on improving this solution, by en-
hancing its outcomes for both students and educators. We are
working on a new way to evaluate students, and improving
by the way PBL assessment challenges. We are doing that
by sharing with educators a vision of all what is happening
during the project engineering time, but also by putting some
KIs (Key Indicators) in the students work-space, and sending
the extracted information to the educators. This will enhance
students evaluation regarding: their results, execution quality,
along with their acquired Knowledge and Skills, and enable
educators to set which systems engineering competencies are
learned and what still need to be learned, for each student.
We can go further in the possibilities of adapting the
learning path, so it can fit systems engineering wanted skills,
such as the communication and time/cost management. We
can, for instance imagine a new learning path where different
independent groups of students are working on the same
project. In this case, group A is responsible of the needs
and requirements engineering, group B on the system design



and architecture, group C deals with system construction and
finally group D with system integration, verification, and
validation. At this case, the repartition of students among
the different groups should be done based on their systems
engineering competencies, and the competencies they had
to learn. However, in order to make this really happening,
some additional features are needed in this solutions, such
as adding new communication channels, to enable teams to
communicates together, and making it possible to use stan-
dardized management and agreement processes in the solution,
in addition to the technical processes. We can also ensure
that, in some situations, students will define and manage their
system life cycle model by themselves. This can make students
get a larger picture of what systems engineering is about, and
making them able to speak the systems engineering language,
at different levels.
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Abstract /Introduction:

This paper discusses the possibilities of applying Virtual Reality (VR) technologies
to Manufacturing Engineering, and in particular assesses its role in the Factory of
the Future (FoF). We review, classify and compare the recommendations given by
four major European reports on the challenges that have to be met for a successful
deployment of the FoF, and we identify the potential contributions of VR to this
vision in terms of new technologies, worker-factory relationship, modular infras-
tructure and production efficiency. We argue that VR can be a key technology to
support the FoF at all levels of the Systems Engineering approach, either directly
by applying it in standard engineering processes, or indirectly by leveraging other
useful technologies.

Introduction

From manufacturing to services companies in military, aerospace, medical or auto-
motive industries, the engineering of physical systems hasgrown more complex than
ever. Modern systems often have large architectures and require interdisciplinary
competences. They must not only be functional, but also reliable, maintainable and
safe. These challenges require new methodologies and have profound consequences
on systems modeling, analysis, validation, safety, decision making, and skills learn-
ing [1] [2]. Systems Engineering, which appears as a necessary approach in this
case, is a “Goallndependent methodological approach”, whose first concern is not
a specific design objective, but the optimization of all involved engineering pro-
cesses. As defined by the International Council on Systems Engineering (INCOSE):
“Systems engineering is an interdisciplinary approach and means to enable the re-
alization of successful systems. It focuses on defining customer needs and required
functionality early in the development cycle, documenting requirements, and then
proceeding with design synthesis and system validation while considering the com-
plete problem: operations, cost and schedule, performance, training and support,
test, manufacturing, and disposal. Systems engineering considers both the business
and the technical needs of all customers with the goal of providing a quality product
that meets the user needs”. [3] Much research effort has focused on proposing ap-
propriate tools for Systems Engineering, yet not all technologies that might support
this approach had full attention of the industrial and academic communities so far,
either because they are recentlike Big Data or the Internet of Things, or because, up
until recently, they were immature and unaffordable, like Virtual Reality (VR). In
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this paper, we are especially interested in the question of how VR technologies can
be successfully applied to Systems Engineering in the context of the Manufacturing
Industry (Manufacturing Engineering). The paper is organized as follows. Section
tworeviews the concept of the Factory of the Future (FoF) anddiscusses its chal-
lenges and recommendations given by four different reports on the subject. Section
three presents a number of VR initiatives in the context of a traditional factory,
and subsequently compiles the most promising ways for an efficient use in the FoF.
Finally, section four concludes by discussing the potential role of VR in the FoF.
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212.
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Abstract/Introduction:

This paper discusses the potential benefits of applying Virtual Reality (VR) technol-
ogy to the context of Systems Engineering (SE), for both educational and industrial
purposes. After an introductive presentation of the two fields and their state of
the art, we explore if and how VR can be of assistance to the processes involved
in a typical SE approach. We especially focus on commonly used 3D interaction
techniques in VR and argue that the design of appropriate 3D interactions is a key
ingredient for the success of VR in SE. We suggest three research directions that
may be considered for this design: interaction generality, context awareness and
adaptability. The 3D interactions should adapt, manually or automatically, to the
VR device, the virtual scene and the user context

Introduction:

Over the last decades, the engineering of physical systems and the management of
their life cycle have grown more and more complex. Military, aerospace, automotive
and medical industries are confronted with the challenge of building systems that
have large architectures and require interdisciplinary competence. Moreover, the
systems must not only be functional, but also reliable, maintainable and safe. As
an example, Fig. 1 illustrates the multidisciplinary nature of the design process
of an aerospace launch vehicle at the Onera research center [1]. The understand-
ing and the design of such complex systems cannot be achieved any more by a
simple Systems Design approach which is the concept, specification, implementa-
tion, verification and validation of a technical system for achieving a specific (and
mostly functional) objective [2]. New goal-independent methodological approaches
and modeling techniques are required, such as Systems Engineering (SE) whose first
concern is not a specific design objective, but the optimization of all involved engi-
neering processes. As defined by the International Council on Systems Engineering
(INCOSE): “Systems engineering is an interdisciplinary approach and means to en-
able the realization of successful systems. It focuses on defining customer needs and
required functionality early in the development cycle, documenting requirements,
and then proceeding with design synthesis and system validation while considering
the complete problem: operations, cost and schedule, performance, training and
support, test, manufacturing, and disposal. SE considers both the business and the
technical needs of all customers with the goal of providing a quality product that
meets the user needs”. [3]. Much research effort has focused on proposing appro-
priate tools for SE. Dedicated modeling languages have been introduced, such as
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SysML [4], a visual modeling language, and LML (Lifecycle Modeling Language)
[5], providing a simple way to understand and communicate cost, schedule and
performance design information to all stakeholders in a standard manner. Other
successful standardizations are ISO/IEC 15288 [6], defining a common framework
for the life cycle of systems, EIA 632 [7] proposing the blueprint of all processes
and requirements necessary for engineering a system, or IEEE 1220 [8] providing
the next-level-of-detail description of SE processes defined in EIA 632. However,
not all technologies that might support the SE approach had full attention of the
industrial and academic communities so far, either because they are recent like Big
Data, or because up until recently they were immature and unaffordable, like Vir-
tual Reality (VR). As a matter of fact, only little research has been done on VR
for SE, although its potential has already been discovered especially for educational
needs [9]. This paper pursues the assessment of the benefits of VR in the context
of SE. We intent to develop a collaborative VR based environment for using and
learning SE, we are particularly interested in the study of 3D interaction techniques
and explore if and how they should be improved or adapted, in order for systems
engineers to take maximum advantages from a VR environment. The paper is or-
ganized as follows: Section II discusses the requirements to be met by a typical
SE environment. Section III reviews the state of the art in VR, and distinguishes
between the components sufficiently mature to be applied to SE and those that
require improvements. Section IV focuses on immersive 3D interaction techniques
and puts forward some directions to explore, in order to take VR to a higher level
of maturity, in terms of precision and ease of use.
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Résumé de these en Francais

Faire face aux systéemes complexes d’aujourd’hui nécessite des ingénieurs systemes haute-
ment qualifiés. Mais pour étre efficace en tant qu’ingénieur systeme, les étudiants en
différentes disciplines d’ingénieries traditionnelles ont besoin d’une expérience pratique et
réelle dans ce type de systemes complexes, en plus des connaissances théoriques nécessaires
dans leur discipline.

L’éducation dans le domaine de l'ingénierie des systeémes (IS) concerne aussi bien
les compétences et les processus, que les faits transférables et les connaissances. Cela
rend ’education en IS un sujet tres difficile, avec un besoin de considérer a la fois la
complexité des systemes a concevoir, ainsi que la complexité et 'abstraction de I'IS dans
certains de ses principes fondamentaux. Des efforts considérables ont été accomplis afin
d’améliorer les pratiques de cette discipline et pour faire face a la complexité des systemes
actuels et a 1’éducation en IS. Ces efforts sont fournis par les organisations utilisant 'S
et les établissements universitaires et colleges formant des ingénieurs. Ils ont conduit a la
production de normes, de documentations pour ces normes, des modeles d’évaluation des
processus, ainsi que des modeles de compétences, tout en améliorant le déploiement et la
pratique de cette discipline dans l'industrie.

Au cours de cette these, nous avons examiné les pratiques actuelles en matiere d’éducation
en IS, et nous avons conclu qu’il n’existe pas de solution d’apprentissage formelle, unique,
et adoptée par la communauté pour cette discipline. Une solution capable de répondre aux
défis de I'industrie, et de produire des ingénieurs systemes bien formés ou des ingénieurs
spécialisés ayant des connaissances minimales viables sur les principes fondamenteaux de
I'IS. Une solution qui devrait étre facilement transférable d’une université a une autre, et
d’une discipline d’ingénierie a une autre, et qui permet de former des ingénieurs systeme
de différents niveaux d’expertise en largeur et/ou en profondeur sur les principes de I'IS.
Nous avons ensuite essayé de prendre en compte quelques aspects de base du domaine de
I’éducation, comme le modele pédagogique qui devrait etre utilisé et le role que la technolo-
gie et les formateurs devraient jouer dans un environnement idéal d’éducation en IS. Nous
avons fini par proposer une approche novatrice pour former les étudiants sur les principes
fondamenteaux de I'IS, indépendamment de leur discipline technique. Nous avons proposé
une approche centrée sur 'utilisation des processus normalisés en IS, tout en faisant en
sorte que le scénario d’apprentissage soit tres adaptable et qu’il puisse étre piloté par les
compétences d’IS acquises ou a acquérir. Ensuite, une plateforme Web a été développée
pour soutenir cette nouvelle approche d’apprentissage. Enfin, un échantillon d’étudiants
de premier cycle et de leurs formateurs ont été interrogé sur l'utilité et D'efficacité de
cette solution, et un autre échantillon de doctorants I'avait expérimenté dans un cours
d’initiation a I'IS, dans le cadre d'une approche d’apprentissage par projet (APP).

En utilisant cette approche, les étudiants ne seront pas seulement en mesure de bien
concevoir le systeme demandé de maniere distante et collaborative, mais ils seront aussi ca-
pables de 1’élaborer de maniere appropriée. Cela leur permettra d’apprendre les principes
et processus fondamentaux de I'IS, a mieux communiquer dans un environement de travail,
la gestion d’équipe, la collaboration et les compétences techniques connexes. Les forma-
teurs d'un autre coté pourront mieux gérer leur parcours d’apprentissage, les ressources
pédagogiques, et les résultats escomptés. En utilisant cette solution, les organisations
de ces formateurs et étudiants, c’est-a-dire les universités et les colleges, pourront gérer
et normaliser les compétences acquises par leurs futurs ingénieurs systemes a tous les
niveaux.

Mots-clefs Ingénierie des Systemes (IS), Education de 'S, Normes de I'IS, Apprentis-
sage Par Projet, Modele de Cycle de Vie, Modeles de Compétences.
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