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Abstract

There is an increasing recognition in the society that interdisciplinary challenges must be part of new educational practices.
In this paper, we describe the key curriculum activities at the University of Southern Denmark that combine mathematical
modelling, software engineering, and user-centred design courses. These three disciplines represent a core of our graduate
program, aiming at educating the professionals that will be capable of not only using but also further developing new
technologies, and therefore, will be capable of fostering further the progress in computational science and engineering.
Finally, we show how the learning environment, with emphases on broadening the student experience by industrial links,
affects the student career aspiration.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Computational science and engineering (CSE) has
evolved into a discipline in its own right and its role in
the society has continued to increase. Numerical simu-
lation plays a key role in, and is an intrinsic part of CSE
since it allows us to facilitate scientific discoveries and
to make the process of engineering design more effi-
cient than has ever been possible. However, designing
technology and creating new products that would have
an impact in years ahead is not about just perform-
ing computations based on the existing models or the
models that are currently being developed. Rather, it is
close continuous interactions inthe process of product
design and technology development between applied
mathematicians, mechanical and electronic engineers,
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software and usability engineers, and hardware spe-
cialists that will make a difference in years ahead.

We see CSE as the synergistic integration of math-
ematical models, sciences, mechanical, electrical, and
computer systems with human expertise and experi-
ence. The current economic forces and the market-
driven university environment are not the same as they
were several decades ago. They might not be very
favourable in attracting the best minds in mathemat-
ics, physics and other core science curricula. However,
it is clear that as the boundaries between the sciences
and engineering become increasingly blurred, an in-
creasing number of very strong students will look for
a multidisciplinary education. Moreover, there is ev-
idence to suggest that educational programs with an
engineering design component will become increas-
ingly popular[2]. Being an integral part of CSE educa-
tion, the program we discuss in this paper is different
from what has been already developed at other institu-
tions of which we are aware (e.g.[9]). The difference
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is concerned primarily with the fact that the curricu-
lum at the Mads Clausen Institute (MCI), University
of Southern Denmark is developed with the major fo-
cus on teaching students how to apply mathematical
models in conjunction with tools and methodologies
of mechanical, electronic and computer engineering
to the design of industrial products.

The MCI at the University of Southern Denmark
is a centre for product innovation with research and
development expertise in the areas of mathematical
modelling of physical systems, in particular mod-
elling of electromechanical systems and computa-
tional electronics, software design, and user-centred
design (UCD). The MCI has a strong tradition of
links with manufacturers of mechatronics devices
and in applying mathematical modelling, software
engineering, and UCD tools during the process of
product development. In particular, we have close
links with the largest industrial concern in Denmark,
Danfoss.

Since CSE education is traditionally based on prob-
lem solving methodologies, it is generally agreed (e.g.
[9]) that (a) CSE differs from classical education in
mathematics and/or computer science because CSE by
definition and by tools is based on collaborative ef-
forts of people working in different disciplines, and
(b) CSE differs from an often-used approach in en-
gineering education where students learn how to use
“canned” codes because CSE by definition and by
tools is based on creativity. Nowadays CSE is consid-
ered as an important partner to theory and experimen-
tation in the set of tools that advance science and engi-
neering[5,10]. It is evident that higher education has
to respond to an increasing demand in training people
who are able to effectively use integrated knowledge
and methodologies coming from a fusion of several
different disciplines pertinent to CSE. We believe that
a core subset of these disciplines should include math-
ematical modelling, software engineering, and UCD
in a graduate program aiming at educating the pro-
fessionals that will be capable of not only using but
also further developing new technologies, and there-
fore, will be capable of further fostering the progress
in CSE. At the MCI, University of Southern Denmark
we strive to integrate the above three areas, and in this
paper we show that the intended fusion is possible,
and can bring along important benefits to students, not
achievable otherwise.

2. Challenges of CSE education in the era of
pervasive computing and mechatronics

The basic structure of the relationship between CSE
and the other disciplines is typically plotted as an in-
tersection set between three major areas, applied math-
ematics, engineering/science, and computer science
(e.g. [9]). In discussing educational issues in CSE, it
is important to realise that the resulting set is impres-
sively large, its growth is stimulated from each of the
three disciplines mentioned, and each educational pro-
gram can only cover a subset of what is represented
by that intersection. There are, however, some basic
technological trends which, we believe, are worth-
while discussing here since they will influence dra-
matically further enrichment of the whole community
of CSE.

Recent years have witnessed an ever-increasing use
of embedded systems and the advent of the so-called
post-PC era. The latter can be characterised as the
era of pervasive computing and pervasive mechatron-
ics in which industry, infrastructure and everyday life
will be dependent on the operation of billions of em-
bedded control systems and components such as dedi-
cated controllers, intelligent sensors and actuators, etc.
[12]. The widespread use of embedded systems poses
a serious challenge to software developers in view of
diverse, severe and conflicting requirements, e.g. re-
duced costs and shorter time to market, software safety
and predictability, support for in-site and on-line re-
configuration, etc.

The above requirements cannot be met by currently
used technology, which is largely based on ad-hoc
software design and manual coding techniques. More-
over, current practices are often considered to be some
kind of art rather than computational and engineer-
ing science, or even sort of “medieval exercises in
alchemy”[15].

The above situation is largely due to the fact that em-
bedded systems have been ignored in the research and
educational programmes of computer science depart-
ments[7], and now, when their importance is becom-
ing obvious, there is lack of vision as to how software
should be developed for this class of system. Instead,
we are witnessing attempts to adapt existing (informal)
software design methods for the use in the real-time
embedded world. However, these methods have their
origins in conventional computer science and related
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human experience, as they have been originally de-
veloped for information processing systems, whereas
embedded systems are predominantly real-time con-
trol systems that are closely coupled to the machines
and processes being controlled[12]. This requires a
truly engineering approach for embedded software de-
velopment that is based on control engineering and
systems science concepts, rather than on conventional
software design methods. In particular, it is necessary
to develop formal methods for embedded control sys-
tems analysis and design that will adequately specify
systems structure and behaviour for a broad range of
real-world applications. This will help create indus-
trial software technology for embedded systems fea-
turing formal models (frameworks) and reusable com-
ponents. Accordingly, component-based design must
be properly introduced in the curriculum, which im-
plies close cooperation with other areas such as math-
ematical modelling and UCD.

When focusing on how users interact with embed-
ded systems, there are similar conflicts with tradi-
tional Human–Computer Interaction theory and meth-
ods, which were developed primarily for designing
user interfaces of desktop PCs and large information
processing systems. The primary purpose of interact-
ing with embedded systems is control and monitor-
ing. Users, e.g. process operators in industrial plants
that incorporate numerous intelligent sensors, actua-
tors and dedicated controllers, foremost interact with
the technology to make things happen. An informa-
tion processing view of this interaction can only partly
capture the work practice of such users. It is crucial
for operators to maintain a physical sense of the pro-
cesses, something they cannot obtain from the purely
visual cues of a control room monitor. On the other
hand, there is a major component of human reasoning
in most plant operation. Intelligent components are
potentially unstable, and control algorithms are often
not flexible enough if they are designed for “normal”
running conditions, a state that very seldom exists.
Rather than planning to replace human operators, the
sound way of thinking in design is to support human
work practice.

Another challenge for the UCD field brought about
by the advent of pervasive computing is to rethink
theory and methods in order to cope with commu-
nities of users interacting withnetworks of prod-
ucts, rather than single users interacting with single

products. In a world of numerous microprocessors sur-
rounding us, it is unrealistic to expect that all should
be operated through displays and keypads. Entirely
new methods of interacting withthe web of technol-
ogy must be developed for the future of pervasive
mechatronics.

The above observations have given us the insight
needed to build the educational program to reflect the
trends of the ongoing evolution of the engineering de-
sign paradigm in order to educate professionals that
will be capable of further developing and using the
future technologies.

3. Core curriculum activities and their integration
at the MCI, University of Southern Denmark

As the historical divisions between the various
branches of science and engineering become less
clearly defined[4], CSE can provide a roadmap for ed-
ucating new professionals capable of fostering further
the technological progress. The challenges described
in the previous section led us to believe that the core
structure of our graduate program should be based on
mathematical modelling courses, courses in software
engineering, and UCD courses. This combination re-
flects the importance of integrated modelling, design,
and control in the industrial setting as well as the
fruitful ground of challenging industrial mathematics
and computational sciences problems upon which the
educational program is being developed. All courses,
while having their individual goals, interact be-
tween themselves, and this interaction is represented
schematically inFig. 1. In the present curriculum, all
our students meet interaction between the research
fields in at least three courses (total credit 16 ECTS)
before their graduate thesis. In particular, Embedded
Software Engineering 2 allows students to prototype
user interface concepts developed in the UCD course;
Advanced Control Theory constitutes a meeting point
between mathematical modelling and embedded soft-
ware; and the Mechatronic Project allows the students
to work experimentally across two or all three disci-
plines. The distribution of credits between the three
fields in the core curriculum activities is presented
in Fig. 2, and includes Mathematical Modelling (28
ECTS), Embedded Software Engineering (16 ECTS),
and UCD (12 ECTS).
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Fig. 1. Interactions between three core curriculum activities.

In what follows we describe in some detail the prin-
ciples upon which the links between the core areas of
our curriculum are being built.

3.1. Mathematical modelling and software
engineering

Technology is a key element in educating students
in CSE. That is why many projects in the mathemati-
cal modelling courses focus on the key technological
areas such as mathematical modelling of engineering
systems, in particular electromechanical and thermo-
electric devices, and modelling for microelectronics
and nanotechnological applications.

A traditional link of mathematics courses with just
mechanical and control engineering courses is not suf-
ficient even for the current industry demands because
an engineer has to deal with systems whose principles
of operation are based on variouscoupled effects as it
is the case for electromechanical systems and/or me-
chanical systems enhanced by electronic components.

Moreover, what is termed now as the mechatronic de-
sign is far more than just a pure combination of such
fields as mathematics and control, mechanical, elec-
tronic, and software engineering. It is aprocess which
is a natural reflection of the society’s needs and in-
dustry demands, and this process will persist into the
future. In this process of mechatronic design, mathe-
matical modelling plays a primary role. The descrip-
tion of physical systems with mathematical modelling
tools is a key prerequisite to the optimisation and con-
trol stage where we have to optimise a design solution
across such diverse fields as electronic, software, and
mechanical design. Therefore, in training the mecha-
tronic engineers, mathematical modellers, and com-
putational scientists it is important to realise that we
cannot rely any longer on a yesterday’s view, where
major emphases have been put on just the controller
optimisation. The courses should be consistently
structured with a broader view in mind where the
optimisation of the system as a whole is being sought
(seeFig. 3). In this sense, we view the mathematical
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Fig. 2. Curriculum overview showing core courses within each discipline.

modelling courses as the fundamental background for
understanding the entire design process. A set of math-
ematical modelling courses (seeFig. 1) is designed
with the hands-on approach in mind to help the stu-
dents understand how mathematical models can pro-
vide a deeper insight into the system behaviour (which
on many occasions otherwise cannot be obtained due
to the system complexity), how such models can be
tested, and how they can provide a hierarchical struc-
ture in the entire design process allowing to treat
concurrently separate components of the system and
to estimate the influence of coupling effects. These
courses are run in parallel with software engineering
courses.

The goal of the MCI programme in Embedded
Software Engineering is to provide students with

necessary knowledge about relevant software en-
gineering concepts (taking into account challenges
outlined in Section 2), and to give them hands-on
experience in two main areas: embedded systems
software architecture (principles of operation and
software modelling techniques) and advanced soft-
ware technology for embedded systems. The first
area presents the theoretical background of modern
Software Engineering for embedded systems. Its pur-
pose is to develop a systematic approach to software
development for embedded real-time applications,
using formal (mathematical) models specifying sys-
tem structure and behaviour. This is accomplished
by introducing modelling techniques of gradually
increasing complexity, starting with basic task-level
techniques such as state machines and signal flow
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Fig. 3. The design and optimisation of novel industrial mechatronic products in integrating mathematical modelling, software engineering,
and UCD disciplines in the MCI curriculum at the University of Southern Denmark.

graphs for sequential, continuous and hybrid control
systems. Implementation aspects are also discussed,
emphasising high-level (programming-in-the-large)
techniques and reusable components within conven-
tional as well as advanced software development
environments (e.g. VisualSTATE). Basic modelling
techniques can be used to efficiently implement vari-
ous types of embedded systems of low and medium
complexity. However, they provide the foundation
for complex system modelling techniques that can be
used to fully specify all aspects of real-time systems
such as system structure, sub-system and compo-
nent behaviour and interactions. The second subject
area builds on the theoretical foundation, which is
provided by the preceding one, and proceeds with a
detailed discussion of the implementation aspects of
embedded systems. Here, the emphasis is placed on
high-level solutions for complex embedded applica-
tions operating in a predictable system environment.
The discussion outlines the architectural concepts and
principles of operation of hard real-time systems, i.e.
task and time management, event management, task
interaction (synchronisation and communication) in
the context of stand-alone and distributed embedded
systems. It highlights advanced techniques and math-
ematical analysis methods for predictable real-time

systems, e.g. rate monotonic scheduling theory. The-
oretical and implementation aspects discussed in the
above two areas are presented in the basic Software
Engineering courses (Embedded Software Engineer-
ing 1–3), and they are further generalised in an elec-
tive course on distributed embedded systems.

3.2. Software engineering and UCD

It was earlier pointed out that existing software
design methods are inadequate in the era of perva-
sive embedded systems. Therefore, a new approach
towards software development is needed, i.e. com-
ponent-based design which will allow for industrial
production of software for embedded applications.
Industrial software production methods are currently
in the focus of major international programmes (e.g.
[12]). Research is also going on at the MCI that is
aimed at finding feasible solutions to the above prob-
lem. Guidelines formulated inSection 2helped us
also in developinga prototype framework and the as-
sociated method for component-based design of em-
bedded software[1]. Certain aspects of this method
have already been introduced in the Software Engi-
neering courses, in particular in Embedded Software
Engineering I. Component-based design of embedded
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software requires an interdisciplinary research and de-
velopment effort, including both mathematical mod-
elling and UCD. Specifically, it emphasises end-user
development by delegating design or programming
capabilities to the users through easy to use software
development mechanisms supporting software com-
posability, scalability and reconfiguration. Implemen-
tation of transparent, user friendly interfaces is another
aspect that will be possible through component-based
design of software. That is a major meeting point
between software engineering and UCD courses.

In more general terms, UCD activities aim at under-
standing users, establishing user collaboration, design-
ing user interaction, and organising iterative design
processes. UCD borrows from such diverse areas as
ethnography, cognitive psychology, industrial design,
drama, and the primary goal is to ensure that products
are designed in such a way that they fit into the work
practice and expectations of the people using them. It
is the process of formulating design problems and es-
tablishing requirements for a design solution that re-
quires a link between Software Engineering and UCD
areas. In the traditional view of software “production”,
requirements are seen as the contract between the or-
ganisation in need of a system and the organisation
developing the system. It is assumed that the customer
organisation is able to envisage and specify the solu-
tion it needs, and that the development organisation is
able to work against a full set of requirements. How-
ever, it has been shown that an understanding of the
design process as an ongoing framing and re-framing
of the problem is much more beneficial[11]. Require-
ments emerge not through an analytic activity preced-
ing design, but throughout the initial stages of design
by creating experimental design concepts, imposing
them on the situation, and listening to the “backtalk”
of the situation, e.g. the reaction of users, customers,
stakeholders. The UCD courses at the MCI support
this view of design by engaging students in projects
with open problem settings in close collaboration with
industry. Students learn to engage users in an ongo-
ing dialog throughout the design process in a Scandi-
navian tradition of user participation[6]. They learn
that iterative design cycles are imperative for achiev-
ing designs that correspond to human needs, and that
these cycles can be investigated through user activities
like user visits and user workshops[3]. In this process,
the relationship between user field studies and require-

ments engineering need further attention. The UCD
courses teach ethnographically inspired techniques for
studying users in their work context[13]. Through ex-
ercises and project work, the students acquire the abil-
ity to reduce the richness of the actual situation to the
strict formalia of, e.g. use-case descriptions for soft-
ware development.

3.3. Mathematical modelling and UCD

We believe that in educating top professionals in
CSE the understanding of the role of human activities
in complex technological systems is imperative. The
traditional systems engineering view of “the human
in the control loop”, in which the human operator is
regarded as an element comparable to the technical
subsystems of the control system, must be abandoned
in favour of a broader understanding leading to su-
pervisory control concepts[8]. Humans act upon the
clues of the situation rather than in a pre-planned way
[14]. Studies of operators in, for instance, industrial
plants show how humans act as supervisors of control
systems, ensuring that the plant keeps running when
situations occur that were not foreseen at the time of
designing the system. Control systems need to be de-
signed in a way that they support human operators in
doing their work even in the situations where condi-
tions change beyond the foreseeable. In this context,
the UCD courses attempt to question the imperative
of traditional engineering that technology can be desi-
gned to perform perfectly, even in an imperfect world.

In addition to supervisory control, another impor-
tant meeting point between the mathematical mod-
elling and UCD curricula is the methods of gathering
information for the design process—the relationship
between qualitative and quantitative data. Both are
required, both are gathered through investigations
and observations, but they play different roles. The
qualitative information serves to propel the creative
process of generating ideas, while the quantitative in-
formation serves to establish “boundary” conditions
for the models the designers need to establish for
the phenomenon in question. In our education, we
emphasise both computational power of modern com-
puters and the user’s creativity in using computers
and designing new products.

A new kind of CSE professionals should combine
strong scientific/engineering background, knowledge
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of technology, and a strong ethical and aesthetic sense
in terms of product development. In a traditional set-
ting, engineers are confined with design types where
all the major parameters are already fixed and the re-
quirements are set, either on the basis of financial rea-
sons or due to using prior simplified evaluations. It is
often beneficial to take a different point of view since
the already imposed constrains might prohibit the op-
timisation of the system as a whole and might omit
some interesting design options.

4. Benefits of the integrated approach and student
career aspiration

The subject of CSE encompasses many diverse
areas. Therefore, it is important to create such a
learning environment that would help our students to
understand that solutions to many problems in CSE
can be found in different domains, and only close
collaborative links between experts in different fields,
working as a team, can lead to the overall success. It
is no longer appropriate to think of the engineering
design as an optimisation problem requiring to find
optimal controller parameters for a system allowing
optimisation of some of its performance indexes[2].
We have to consider such a system as a whole, be
able to integrate all the partial, typically sub-optimal,
solutions obtained at different stages of the design
process, and to take advantage of the features realised
at these stages. This view on the design and optimi-
sation leads to the integration of mathematical mod-
elling, software engineering, and UCD courses in the
MCI curriculum as a natural step, seeFigs. 1 and 3.

Integration of the three major areas within the MCI
is supported by an advanced learning environment
stimulating interdisciplinary research and education.
Within the MCI, we have all necessary infrastructure
to develop and integrate challenging student projects,
including a broad range of computing facilities and one
of the largest cluster supercomputers in Europe. We
believe that this type of integrated learning environ-
ment will strongly stimulate multidisciplinary educa-
tion through hands-on experience and teamwork that
will make it possible to cultivate a modern approach to
solving complex engineering problems. The MCI runs
both research and teaching activities in close collab-
oration with local industry. The recent 41st European

Study Group with Industry (ESGI) meeting took place
at the University of Southern Denmark and the MCI
took an active part in its activities. The MCI will be the
host of a 2003 ESGI meeting. Six industrial employees
from Danfoss are co-located with university staff in the
open office space. This provides an informal opportu-
nity for researchers and our graduate students to join
industrial product development activities (on a consul-
tancy basis) to experiment with new technologies and
methods, and for industrialists to join teaching to dis-
seminate industrial practice. Naturally, students ben-
efit from this mixed research/practice environment at
the MCI, and become better adapted to industrial prac-
tice. Not only the MCI itself is sponsored by Danfoss.
Each year, 25 students are awarded industrial scholar-
ships from a range of mechatronic companies. This en-
sures an active interaction with about 30 medium and
large sized industries through semester projects and
graduate projects. Working in such an environment
should help our students create a new vision of the de-
sign process emphasising computer-aided design and
integration of all aspects of the design process—from
UCD, through mathematical modelling and simula-
tion, to embedded systems and real-time software en-
gineering. On the other hand, students will develop
practical skills and in-depth knowledge of modern
computer technology in a broad range of activities and
areas of applications. The combination of these ma-
jor advantages should help in assisting our students in
their career aspirations and will ultimately make them
strongly competitive on the labour market.
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