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Abstract—Development of modern products is complex and
exceeds the comprehension of a single engineer, who cannot
understand every detail of a product. Some of the current
approaches to deal with the complex product design are based
on the “divide-and-conquer” (D&C) approach. Those
approaches in their present form, however, reveal
shortcomings in many multidisciplinary problems. This paper
gives an overview on current D&C approaches to deal with
complex products. It also presents the general philosophy of the
work carried out in the Intelligent Mechanical Systems (IMS)
group toward developing tools and methods for improvement
of complex product development.

I. INTRODUCTION

MANY modern products are very complex due to the
involved technologies, the sheer size of the product,
and the existing multi-disciplinarity, inter-disciplinarity, or
cross-disciplinarity An example of such complex products is
a mechatronics product, which incorporates knowledge of
different engineering fields (e.g., mechanics, electronics,
computer science).

Architecture of modern products is very complex, since
the large amount of components and details counts up to 10”.
Moreover, there are interactions among those components
and details. Fig. 1 shows a schematic representation of
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layers in a multidisciplinary complex product. The top layer
is very abstract and consists of a description of functions,
requirements, and modules of the product. The bottom layer
is strongly mono-disciplinary and consists of technical
details (e.g., components). The middle layer is
multidisciplinary and consists of systems-level descriptions
of behaviors and relations between different subsystems in
different domains. Currently, engineers and designers have
good tools to deal with the top and bottom layers in many
engineering domains. There is, however, no good tool that
can deal with the multi-disciplinarity of the product in the
middle layer (Fig. 1). Table I lists examples of descriptions
in those top, middle, and bottom levels.

100 L
Current situation:
=
1
%_1 0 A Abstract,
5102 g function level
3 i
©
=103
[
» Multi-Disciplinary,
104 : Systems and
c .
2108 behavioral level
5108 b s %\ Mono-Disciplinary,
ks ¥ B Ry components level
5107 ? 49 e :
Z YA v % L S

Fig. 1. Representation of product complexity (adapted from [15])
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Development of complex products is difficult and exceeds
the comprehension of a single engineer, who cannot
understand every detail of a product, since he/she is
educated and trained in a single discipline [1], [2].
Therefore, development process forces experts from
different disciplines to work as a team. Unfortunately, this
introduces new problems (e.g., miscommunication — a result
of using different common languages among engineers with



different backgrounds). Complexity in design increases the
complexity of product development processes. For example,
as a consequence of mutually connected subsystems, a small
change in one domain (e.g., thermal) of a complex product
can easily propagate to many other engineering domains
(e.g., mechanics, electronics). This can trigger
unmanageable system-wide changes and unexpected
problems that will be found in later stages of product
development.

“Reductionism” — the belief that complicated whole can
be explained by considering it as a combination of simple
parts — has been often used in science. Engineers divide
problems into sub-problems of a manageable size. Those
sub-problems are individually solved and their solutions are
later integrated to form a solution for the whole problem.
This “divide-and-conquer” (D&C) approach requests clear
separation of sub-problems. This means that interactions
among sub-problems should be clearly identified, specified,
and minimized. If these conditions are not satisfied, which is
often the case for multidisciplinary problems, D&C cannot
be implemented. Therefore, it is desirable to develop new
methodologies and tools that can enhance D&C to deal with
complexity, particularly, at the systems level middle layer
during multidisciplinary product development.

This paper gives an overview on current approaches to
deal with complex products. It also presents the general
philosophy of the work carried out in the Intelligent
Mechanical Systems (IMS) group at Delft University of
Technology towards developing tools and methods for
improvement of complex product development.

II. CURRENT APPROACHES

Several different approaches to deal with the design of
complex systems can be found in the literature. In general,
they can be classified as technological approaches oriented
towards product architecting, organizational, and managerial
approaches that suggest methods to organize the design
process, and computer-based tools that improve data sharing
and management in design. In this section we describe some
of the methods and tools pertaining to these categories and
then perform a brief analysis around their advantages and
disadvantages.

A. Technological approaches

This category includes methodologies that search
formalization of the architecting activity; that is, formalize
how to derive functions and decompose them appropriately,
or how to distinguish good and bad architectures according
to some criteria.

Interfaces between the constituents of a system have been
identified as a crucial element of a system’s architecture, and
in fact, the choice of interfaces is representative of the
choice of components in a system. Design Structure
Matrices (DSM) [3] contain relations between the elements
that result from a decomposition process. The matrix

representation allows application of clustering techniques to
find groups of components and/or subprocesses that are
related strongly, and to evaluate the grouping choice by
choosing the alternatives that attain higher degree of
clustering (e.g., less isolated components that relate to
components in other groups). The well known N* method
[4] makes part of this family of methods.

The Functions and Key drivers (FunKey) [5] method
proposes relating system’s functions to key drivers and
requirements and coupling them in a matrix. Functions and
key drivers correspond respectively to the headers for rows
and columns. The coupling matrix elements contain the
contribution of each function to the different key drivers as
in a system budget. The method seeks mainly to provide an
easy way of documenting a certain choice for an architecture
(by the choice of functions) and its performance (by the
budget distribution) providing the system architect with an
overview of his choices.

Axiomatic Design (AD) [6] applies the decomposition
rule of functional independence (the independence axiom) in
a zigzag decomposition from the customer domain towards
the solution space of the process domain. A design matrix is
used to represent the relations between function
requirements and design parameters in each step of
decomposition allowing to verify and maintain the
decoupling through the whole decomposition process. Then,
the merit of a design choice (i.e., an architecture) is
measured with the information axiom to choose the best
design.

CAFCR [7] is a decomposition of the architecture into
five views that capture the needs of the customer (in the
views of “what?” and “how?”), the functions the product
performs, and the design of the product from the conceptual
and realization standpoints. CAFCR’s author offers about
forty sub-methods to help the designers define these views
more clearly. The views are captured roughly in a sequence,
while keeping track of stakeholder concerns named as
“qualities” (e.g., safety, usability, performance) to maintain
integrating goals through the views. Story telling and use
case techniques are used to explore and analyze specific
details of the problem. The method is completed with an
explanation of how to perform iteration cycles for defining
the elements described previously. This reasoning approach
gives the means to integrate the views of the CAFCR
method.

B. Organizational and management approaches

One of the methods that comprises most of this
philosophy is Concurrent Engineering (CE); also known as
simultaneous engineering. Cooperative product development
is the essence of CE, and is aimed at being able to produce
complex products with short lead time and low cost while
achieving quality [8]. The concept emphasizes the
importance of the design of production and manufacturing
being concurrently conducted along with the other product
design activities. To do so, at design stages, various aspects



of product’s life cycle stages (such as manufacture,
maintenance, service, and end of life) should be taken into
consideration, resulting in “Design for X” (DfX)
methodologies. Regarding complex product development,
CE practices reduced the time-to-market and improved
product quality at the cost of increased process complexity.

The concept of cooperative product development is based
on organizational and management techniques to arrange the
execution of design activities and the work groups. This
arrangement seeks to obtain a parallel (or concurrent)
development of the design activities, and is heavily
supported by the use of computer tools to group activities
and people, and to share design data.

C. Computer-based tools

Good examples of methods that focus on the capabilities
of computers to manage and transfer data are Product Data
Management (PDM), Enterprise Resource Planning (ERP),
and Product Life-cycle Management (PLM). From the
perspective of improved data management, these tools (or
methods, depending on the author) share many common
points, and differ basically in the range of activities they
cover. All of them span over more than just the activities
design of the product (seen as the pure solution to the design
problem).

As common points we find capabilities for data sharing,
application integration, design release management, product
structure management, and change management [9]-[12].
Such similarities come from the fact that these tools share
origins from environments related to Computer Aided
Design (CAD) software [13]. These systems largely
decreased process complexity, rather than product
complexity, by computerization of data management.

ERP’s capabilities pivot around the improvement of
production and manufacturing of products [9], [10]. PDM is
often confused with ERP, but some authors state that PDM
spans towards all the life-cycle of the product [10], while
other authors [11] accept the shortcomings of current
systems which lack some of the more advanced capabilities
that would enable it to cover all the life-cycle (e.g., part
classification, systems management, impact analysis). Based
on this information, we can say that PDM and ERP stand as
part of the product information-managing tools that serve as
a base to PLM [13]. As a differentiating factor of PLM we
can observe that it devotes an important amount of attention
to the modeling of user-related aspects [12].

D. Recapitulation

Technical, organizational and management approaches
together with computer-based tools, although closely
related, deal with different aspects of development of
complex systems. The biggest disadvantage of all the
approaches mentioned above is the fact that none of them
alone can deal with all the aspects of complex system
development. Moreover, so far there is no high-level, top-
down modeling framework that is able to capture all the

aspects of a product’s lifecycle stages and to translate and/or
connect them effortlessly [12].

Current approaches lack a formal representation of a
product that clearly describes its function, behavior, and
states. Instead, they mostly focus on the representation at
one level and domain [11]. In this way, the majority of
valuable information about products (e.g., geometric
representation, function, requirements) is not easily available
to the designer.

Another shortcoming of present approaches is their
implementation. It takes often a long learning curve before
the user is able to fully make use of them [10]. One of the
reasons is the lack of user-friendly interfaces. Besides that,
there are often problems related to communication of
engineers with different backgrounds within a tool [10].
Although many tools make the local communication in
single domains easy (e.g., for mechanical engineers), there is
still a shortage of support of all the domains together.

All the tools described above can be used together as an
aid during development process of a product. The user will
find it very difficult to exchange data between all the tools,
since they do not share a data language. In the literature,
most of the authors agree that UML (serialized in XML) is a
promising alternative [12]. Nevertheless, the question of the
ideal language that can be used for all the tools and stages of
complex systems development is still present.

ITI. APPROACH OF THE INTELLIGENT MECHANICAL
SYSTEMS GROUP

The previous section contains a review of tools and
methods created to support development process of complex
products and systems. In this section we present the general
philosophy of the work carried out in the IMS group at Delft
University of Technology towards developing tools and
methods similar to those mentioned in section II. The
application of that general philosophy is described using a
number of research projects in which the IMS group works
currently [14]-[18]. Since these projects are in an early
stage, the case studies are not yet completely defined and,
therefore, are not mentioned here.

A. General philosophy

Our fundamental strategy is how to reduce complexity
intrinsic to product development of such large-scale
multidisciplinary products as modern mechatronics systems.
The complexity results from the sheer size of the product
(numbers of subsystems and components) as well as from
the multi-disciplinarity of the product [2]. It can be the
product complexity itself and the process complexity
induced by the product complexity.

The D&C strategy secks to subsequently break up a
problem, or more precisely the source of a problem, into
several parts until they individually become simple enough
to be solved directly. Then, the individual solutions must be
combined to arrive to a solution for the initial problem. This



strategy has been used successfully for centuries to deal with
all sorts of problems, from politics and war [19] to the more
modern “D&C algorithm” in computer science [20].

When we try to apply it for the matter in hand, where
complexity due to size and multi-disciplinarity are present,
we can find that: (a) as we divide the original problem we
may loose the sense of the problem as a whole; (b) there is
no single, obvious, way to divide the design problem.

Statement (a) leads to problems to integrate the individual
solutions, to overlook chances for improvement because the
individual problem solutions are left for a single domain,
and to miss interactions not taken in account at the moment
of the division when a detail about this new level is not
completely defined. From statement (b), we obtain
decompositions that may seem “logical” or “obvious” to one
individual but that may be hard to understand to another
one, or that serve more to a few particular interests.

As mentioned in the Introduction, development of
multidisciplinary products can introduce interdisciplinary
problems. This is often caused by the difficulty to
comprehend the whole development process of complex
products by one engineer with a background in a single
discipline (e.g., mechanical engineering). By definition,
multidisciplinary product development includes inter-
disciplinary problems. It is difficult to locate and recognize
all problems that occur during the development of a complex
product having, for example, only the mechanical engi-
neering point of view. In other words, it is almost impossible
to find out how to deal with multidisciplinary problems as
long as that problem is viewing from a single discipline
point of view. Providing a “bird’s eye view” of the whole
product information is one of the solutions to that problem.

A bird’s eye view clearly presents information about both
the exact location of the problem and the relations between
disciplines in the product. Such information can be used to
analyze the structure of knowledge and to find methods to
tackle various problems. The bird’s eye view alone does not
solve interdisciplinary problems, but it offers useful
information and advice to find a problem-solving strategy.
In the complex product architecture, the bird’s eye view
provides engineers and designers with clear top-down
understanding of the system. It can also be seen as an aid to
coordinate their activities in a product development team
which consists of multidisciplinary domain experts.

Seeing the problems mentioned in previous sections, the
IMS group focuses efforts on two points to allow application
of the D&C scheme in the development process of complex
systems:

--Applying the correct decomposition: Try to formalize
the division process of a design problem or a system so that
the result answers the goals of different members of the
design team. This also requests keeping in mind that
formalization is one of the first steps towards automation.

--Keeping the coherence in the problem solution process:
The keyword in this point is abstraction. It is agreed that a

good way to deal with complexity of a system is to describe
the system at a high level (low resolution) [21]. The main
idea is to convey a concept of the whole problem to the
groups in charge of the solutions of the individual problems.
In this way it is possible to maintain a link between the
individual solutions, allowing their coherent and complete

integration into the final solution.
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Fig. 2. Scheme of the Function-Behavior-State knowledge representation
[22]

The following applications are partially based on the
Function-Behavior-State (FBS) knowledge representation
[22]. As shown in Fig. 2, the FBS scheme embodies a
structure in which the functional description at different
levels of abstraction is linked to a behavioral description. In
turn, each behavior is described in terms of state transitions.
Behaviors and their descriptions are grouped in several
“aspects” that correspond to the different points of view of a
system (e.g., mechanical, control, economic). The FBS
model uses knowledge bases for function prototypes,
physical features, and physical phenomena. Function
prototypes are built from FBS model pieces known as
physical features that relate a function to a structure of
entities, physical phenomena, and their relations, providing a
way to fulfill the function. After specifying the functions,
the user proceeds to decompose them aided by the
knowledge from function prototypes, supporting the
philosophy of applying the right decomposition.

B. Providing a better overview

Evolving the design into new products with more
functionality is a demanding process. Because of the large
amount of design knowledge, it is difficult to obtain good
traceability of the relations between subsystems in complex
multidisciplinary design processes. Creating a system
architecture that fosters evolvability is a challenge for
system architects. Support can be provided in this process by
using both, system-wide models on different levels of
abstraction, and computer based tools which allow the
system architects to get a bird’s eye view of the system
obtaining advantages exposed in section II.A [15]. To
increase design traceability we need models that connect
high levels of abstraction to more detailed levels. Most
models used now do not span different levels of abstractions
[23]. For example, a mechanical 3D CAD concerns only
shapes and assembly of components, and does not link to
functional information; and the requirement specification



sheets are models made for different levels of abstraction
(i.e. for the product at different stages of development) that
do not really combine into one traceable knowledge carrier
covering the complete product development.

With respect to the objectives of providing a bird’s eye
view and improving traceability, the functional
representation in FBS serves as a base to achieve the first
one, while the underlying Behavior-State structure is used to
verify the relations at the subsystems and component levels
to reach the second one [15].

C. Identification of interferences

Mechatronics machines are complex systems in which
many engineering domains are integrated. To deal with
complexity, the main function of the machine is decomposed
into sub-functions that should be mapped to sub-modules
and consequently to sub-projects. This decomposition task is
essential to resolve the system complexity, but it can lead to
a lack of system overview. Each designer is involved only in
his own discipline and module and, as a consequence, may
not oversee problems that come when the whole system is
integrated. Phenomena or parameters that seemed irrelevant
in one domain unexpectedly interfere when more domains
are integrated.

The Design Interference Detector (DID) [17] aims at
developing an automated analysis tool that detects
unpredicted problems that will appear in the combination
stage of D&C. This is done by reasoning about the behavior
of the system based on qualitative physics (qualitative
process theory) [24]. The DID is composed of a conceptual
design model (based on FBS) described by the engineer, a
qualitative reasoning system (QRS) to detect all possible
behaviors, and a filter to distinguish unexpected problems.
To reason out unexpected physical phenomena DID uses
pattern matching techniques between the machine-model
and the physical features which are stored in the system. In
this way, the design team can envision destructive problems
well in advance, without having to wait after a prototype-
machine has been developed.

D. Adaptable product architecture

Currently, there is no methodology that deals with
optimization of a complex product architecture, which is
influenced by the sheer size of the product, its multi-
disciplinarity, and the conditions of the environment. The
IMS group works on the development of a method that helps
to design an adaptable product architecture. From the point
of view of the product architecture, adaptability can be seen
as questions of where (in which domain and at which level,
e.g., mechanical), how (which strategy), and against what
(e.g., aging, deterioration) the reorganization and
reconfiguration of the mechanical structure, states, and
functional behaviors takes place. In an adaptable
architecture, there are always trade-offs that have to be
made. Finding an optimal architecture of a product working
under different conditions has to be investigated at various

levels, subsystems, and components.

Our approach to obtain adaptable architectures is based on
the FBS modeling, optimization studies, and reasoning about
product behaviors by means of QRS. This will aim to
provide guidelines to deal with statement (b) in section I11.4
from the point of view of adaptability.

E. Integration and automation

Due to product complexity, the traditional, sequential
methods for development of mechatronic products and their
controllers carry a series of difficulties. Examples of these
difficulties are: arise of unexpected forms of interaction
besides the intended subsystem interfaces; malfunction of
the “integrated” system due to unintended interactions;
incomplete optimization of global performance of the system
and restriction to solution alternatives originating form
inappropriate decomposition of separate designs for each
domain; and tardy design of the controller that transfers the
unexpected problems to late phases of the design when
changes are more expensive.

The IMS group introduces a proposal of a framework of
prototype tools that aim to improve controller design for
mechatronic systems, providing control software generation
and allowing simulation of particular and, possibly,
incomplete solutions (i.e., the outcome of the combination
stage of D&C). Next, we emphasize the high level system
description embedded in such framework and the model
integration aspects [16].

The use of a high level model of the system based on a
functional description (i.e., FBS) serves to represent the top-
level conceptual hierarchy. This aims to act as a skeletal
structure that links models of lower levels of abstraction,
using functions as “wrappers” to the models. The basic
hypothesis is that from the functional point of view it is
possible to describe a system in as much detail as needed,
focusing on the features of interest while maintaining
coherence of the model as a whole. Another point to be
explored is the function’s potential to convey the design
intention of systems, which could be used to guide or filter
the results of a qualitative reasoning process towards the
results of interest.

IV. CONCLUSION

One of the competences of modern engineers is the
capability to integrate different types of knowledge and
apply it in practical (often complex) applications. This
stands in a sharp contrast with the image of classical
(traditional) engineers that are specialists in a narrow
domain. Nevertheless, those two types of engineers are
equally important, since the increasing complexity of
modern products together with the increasing market
demands request contemporary engineers and designers to
be equipped with both “classical” and “modern” ways of
thinking and solving problems.

To reduce and manage complexity, the D&C strategy is



often used in engineering to divide problems into sub-
problems that are manageable. D&C, however, cannot be
used easily to deal with the design of complex systems.
Therefore, several approaches have been developed to help
engineers and designers to deal with the design of complex
systems. Those approaches are oriented towards product
architecting, organizational and management approaches,
and computer-based tools. Although all those approaches are
closely related, they deal with different aspects of
development of complex systems and none of them alone
can deal with all those aspects. Moreover, seamless
exchange of data between different designing tools seems to
be almost impossible to this date.

The IMS group works on the systems integration
technology, which consists of a set of methods used for
developing large-scale, complex, and multidisciplinary
products, addressing both technical and managerial issues.
Systems integration technology has four main elements:

--Systems architecture with established requirements and
specifications:  Systems architecture includes overall
organization of the system in the functional, behavioral, and
physical layers. This leads to a hierarchical systems
decomposition which defines subsystems, their boundaries,
and interactions among them. As the system decomposition
goes into detail, it is possible to clarify the processes and
technologies needed to build the system and its components.

--Project coordination: It begins with coordination of
mono-disciplinary design and engineering processes. It also
addresses allocation and management of resources such as
personnel, budget, technology, and knowledge. Project
coordination facilitates communications and negotiations to
coordinate cross-disciplinary activities, to resolve conflicts
and contradictions, and to control engineering processes and
human factors.

--System integration in a narrow sense: The focus here is
on the integration of individual elementary design results
into a whole. Usually at this stage it is necessary to resolve
conflicts and contradictions present between these individual
results.

--Knowledge integration: Although knowledge integration
is the core of systems integration technology, a significant
part of it is still being investigated. Currently, knowledge
integration can be learnt only through practice. There are,
however, some technical clues for knowledge integration,
i.e., knowledge structuring and abduction [25], [26].
Knowledge structuring identifies relationships between
different domains, whereas abduction is considered to be an
algorithm for integrating knowledge domains.
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