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Abstract
Incorporating electronics and software systems into manufactured goods is becoming very common in
manufacturing companies. New technical functions, increased flexibility, and compensation for mechanical
design weaknesses are some key drivers of this technological change in our everyday products. The automotive
industry exemplifies this trend, since approximately 80–90% of new functions in cars are based on electronics
and software, and it is expected that at least a third of the total cost of a car will eventually be accounted for by
electronics and software. However, one of the main downsides of this technological trend is the increasing
number of quality issues related to these new technologies, something usually claimed to be a result of the
increased product development complexity.
Previous research into product development management has mainly concentrated on either physical products
or software systems, but not concurrently on both. Additionally, much of the research has concentrated on
issues of integrating marketing, R&D, and manufacturing in these companies, and has treated the engineering
disciplines in R&D as a homogenous group. Motivated by this change in technology content and the lack of
research into complex product development and especially into integration between engineering disciplines, the
present work investigates how to increase operational performance in multidisciplinary engineering
organizations. This work has especially focused on interdisciplinary integration and the feasibility of various socalled integration mechanisms, such as building common physical facilities, job rotation programs, the
implementation and use of information and communications technology, and computer-aided engineering
tools.
Both qualitative and quantitative research has been performed, involving 11 different companies and over 300
respondents. Supported by the present findings, it is demonstrated that interdisciplinary integration is a crucial
factor to consider, and it is concluded that certain integration mechanisms stand out as more important than
others. Organizational structure, work procedures and methods, training, social systems, and computer-aided engineering were
the five types of mechanisms that displayed the greatest potential for improvement.
It is further concluded that the ability to successfully match the body of practices to current products is
essential, since there is a high risk of current practices becoming out-dated with respect to the technology
content. Furthermore, inadequate identification of or managerial ability to establish the currently most
important interfaces complicate the choice of trade-offs between various technologies that are found to be
essential to cope with the inherent dynamic complexity. The organizational powerbase is often re-positioned in
the studied organizations, and the loss of decisive power can result in a demoralizing ignorance of newly
established disciplines and their design practices. Additionally, rigid structures and counterproductive traditions
can reduce the potential gains accruing from new boundary-spanning innovations, so organizational
responsibilities and mandates must be declared unambiguously, in many cases differently from how they have
been in the past.
Based on these conclusions, it is suggested that managers in organizations like those studied must be able to do
the following: cultivate software knowledge in all parts and levels of the product development organization;
reassess their recruitment strategies; organize for interdisciplinary collaboration; articulate and communicate the
technology fusion strategy to all disciplines; and realize and disseminate the fact that product launches do not
only concern manufacturability.
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Complex product development, Interdisciplinary integration, Technology fusion,
Systems engineering, New product development
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Introduction

We can probably all agree that many of the products we use every day are
getting more and more sophisticated in terms of intelligent functions and IT
content. Many of us who used to make simpler repairs to our own cars realize
that, due to the increased amount of electronics and embedded software in cars,
there are few service or repair concerns that a non-specialist can take care of
nowadays.
The constant change of the technology content of our everyday products is the
starting point for this thesis. That, together with the constant pressure on
product development organizations to increase their productivity and the speed
with which they release new products, prompted the research. The specific topic
of this thesis is managing product development complexity and, more
specifically, managing a wide range of engineering disciplines in order to
increase an organization’s product development performance.
Some scholars (see e.g. Wiese & John, 2002) refer to the era of product
development as multi-disciplinary, meaning that one must get used to coping
with multiple engineering disciplines when managing product development
activities. Supporting collaboration between these engineers, who differ
significantly in background and competence, is thus an everyday task for
engineering managers.
This thesis mainly cites the synergistic integration of mechanical, electrical, and
software engineering as a recurring and illustrative example of something usually
referred to as mechatronics (Harashima, Tomizuka & Fukuda, 1996). However,
as Kodama (1992) discussed when he coined the term “technology fusion,”
these disciplines will not necessarily be of foremost importance for R&D
organizations in the future. Technology fusion “blends incremental technical
improvements from several previously separate fields of technology to create
products that revolutionize markets” (Kodama, 1992). Since the old maxim
“one technology—one industry” no longer applies, companies must incorporate
the “fusion” approach into their technology strategies, and not solely depend on
technological breakthroughs. For example, engineers and scientists with
education in biotechnology and chemistry are becoming increasingly important
1
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for automotive R&D organizations striving to find more fuel-efficient and
innovative solutions.
Many dimensions of complexity will be further discussed in this thesis, and
these are specifically described in Chapter 2.2. While browsing through this
thesis, the reader should bear in mind that the type of complexity that is
currently challenging product development is dynamic, meaning that changes in a
system often propagate in a way that is nearly impossible to understand
completely (Senge, 1990). Opposing such dynamic complexity is detail complexity,
which refers to systems where, for example, hierarchical relationships dominate
lateral relationships and the implications of design changes are easier to
understand and foresee. For example, many new innovations in both consumer
and industrial goods are boundary-spanning, in that sense that they encompass
several technologies (e.g. mechanics, electronics, and software). This also implies
that several organizational boundaries within the R&D organization (e.g.
between power train, chassis, electrical and electronics, and software) are being
crossed, so several competence areas and engineering disciplines (e.g.
mechanical engineering, electrical engineering, and software engineering) are
being linked to each other. Hence these boundary-spanning innovations bring a
rather dynamic dimension to the complex process of developing new products.
This technological shift has naturally transformed the prerequisites for product
development work, and thereby also the working conditions of engineers in
R&D organizations. It is thus both timely and interesting to investigate how the
operational conditions for engineers in these organizations are being affected by
the constantly changing technological landscape.

1.1

Industries in transition: Complex product
development settings

Many companies that develop and produce what traditionally are referred to as
manufactured goods are affected by this technological change. Robotics,
automation, commercial vehicles, tooling, and transportation are just a few
examples of industries that have taken advantage of the possible and profitable
innovations created by embedding more electronics and software systems into
their mechanical products.
Some of the new advantages that can be attained by integrating software,
electronics, and mechanics into new concepts include the following (Buur,
1990): new technical functions, extending the range machine control parameters,
increased flexibility, compensation for weaknesses of mechanical design or
mechanical structure design, and reduced size and manufacturing costs due to
physical integration. For example, in some cases it may be strategically right to
replace an expensive and precise mechanical subsystem with a synergistic
combination of a cheaper but highly advanced control system and a less precise

2
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mechanical system, to obtain both improved system performance and decreased
cost.
1.1.1

The example of the automotive industry

One industry where this change is particularly evident is the automotive
industry, as mechatronics has been a specific area of interest in that industry for
the past 15 years (Ziebart, 1991; Barron & Powers, 1996). The evolution of
automotive electronics is depicted in Figure 1, which indicates how the amount
of electronics has increased with time. Mechatronic systems in the automotive
industry rely on information from several sensors (regarding e.g. wheel speed,
steering wheel, and yaw rate), and utilize actuators (e.g. engine, drive train, and
brakes), computer networks, and electrical control units distributed across
different technical subsystems and technologies. Approximately 80–90% of new
functions in cars were electronics-based in 2001 (Steiner & Schmidt, 2001), and
it is expected that at least a third of the total cost of a car will eventually be
accounted for by electronics and software (George & Wang, 2002). Altogether,
more than 600,000 jobs are expected to be created in automotive electronics in
Europe alone by 2015 (Dannenberg & Kleinhans, 2004).

Wiring harness 1999
3 data bus systems
~ 60 ECUs
~ 110 electric motors

Wiring harness 1990

Wiring harness 1949

Length ~ 3 km
Wires ~ 1900
Contact points ~ 3800
Weight ~ 39 kg

Wires ~ 40
Contact points ~ 60

Figure 1 The development of automotive electronics (von Hasseln, 2002).
More and more of brand identity relies on the functions an automotive supplier
can provide by implementing sophisticated but highly complex functionality
(Dannenberg & Kleinhans, 2004). Consequently, it has become a key issue in
the automotive industry to master and manage the synergistic integration of
technologies and engineers (Lung, 2001).
One important downside of this emergent change is that the number of quality
issues related to electronics and software in the automotive industry has
significantly increased (Auer, 2004). For example, in 2003 it was reported that
3
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49.2% of car breakdowns in Germany were due to electrical/electronics (EE)
failures (Knippel & Schulz, 2004), and automotive companies have repeatedly
been forced to make major and fairly expensive recalls due to electrical and
software problems (see e.g. Reuters, 2005-03-31; Göteborgs-Posten, 2006-1123).
1.1.2

Industrial challenges

First, many products are becoming more multi-technological, and hence getting
more complex in terms of number of components, technologies, interfaces,
internal and external relationships, and dependencies. It must be stressed that
this condition has implications for several phases in a product’s life cycle (e.g.
manufacturing and maintenance), not only for the product development phase
that is central to this thesis.
Second, the R&D organizations that turn ideas and concepts into feasible
products require a different competence profile of the engineering workforce,
so more electrical and software engineers are being recruited by manufacturing
companies. Simultaneously, these organizations are experiencing increased
organizational complexity, as new critical relationships and dependencies arise.
These relationships are based on the new technical boundary-spanning
functions, and these relationships may have been complicated to foresee and
respond to preventively. Similarly, the work flows within the organization have
also become more complex, since new activities and tasks must be carried out,
activities and tasks that may both depend on and disturb established work
processes.
Taken together, one can identify a potential relationship between the increasing
product complexity and the increasing complexity of managing a
multidisciplinary R&D organization. Many such organizations have regarded
engineers as a homogenous group of people, and spent many resources
supporting the integration of organizational functions, in particular,
collaboration and communication between marketing, R&D, and
manufacturing. Great savings and improvements have accrued from this, but it
is now critical to focus on how to manage the multidisciplinary R&D
organization (inclusive of its different organizational functions and its
personnel). This multidisciplinary era of product development requires further
knowledge of how to take advantage of new boundary-spanning innovations
while still sustaining competitiveness by developing and producing highperformance, high-quality products.

1.2

Motivation

In describing the motivation of this research, the multidisciplinary era of
product development and increased product complexity are used as starting
points, and the following factors are identified:
4
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Manufacturing companies integrating an increasing amount of embedded
software in their products are somewhat perplexed when it comes to
managing product development activities in light of this technological
change (Rauscher & Smith, 1995; Karlsson & Lovén, 2005).
- Different disciplines usually perform hardware and software
development, and they seldom get the opportunity to share their
experiences. The differing working cultures, supporting tools, and
educational backgrounds of these disciplines must be carefully managed
in order to cope with the increased complexity (Rauscher & Smith, 1995;
Karlsson & Lovén, 2005).
- Research into product development management has concentrated on
either physical products or software systems, but not on both
concurrently or on the integration between the two (see e.g. Joglekar &
Rosenthal, 2003; Karlsson & Lovén, 2005)
- Previous research related to engineering management has, with respect to
integration, mainly focused on how cross-functional integration between
marketing, R&D, and manufacturing—and not between engineering
disciplines within the R&D function—could be studied, evaluated, and
managed (see e.g. Griffin & Hauser, 1996; Leenders & Wierenga, 2002).
It is therefore concluded that there is an emerging need to study the
organizational and managerial aspects of multidisciplinary product development;
specifically, there is a need to treat the engineering disciplines and the
organizational interfaces between them separately.
-

1.3

Aim and scope of the thesis

The overall aim of this thesis is to investigate and understand how to increase the
operational performance of multidisciplinary engineering organizations. By applying new
empirical data regarding established theories of new product development
performance, also our understanding of the implications for the management of
complex product development will be enhanced. The reported research mainly
dealt with organizations that integrate embedded software systems into
traditionally manufactured goods; however, the intention is to provide results
that are applicable to the broader context of complex product development
organizations in general.
1.3.1

Research questions

To achieve this aim, two research questions are formulated that should be
answered in this thesis. These questions are derivatives, and are thus more
general, of the research questions previously formulated and reported in the
appended papers.

5
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The first question concerns integration between engineering disciplines and how
important it is to strive for it. In short, integration between engineering
disciplines refers to a composite that encompasses both interaction (mainly in
terms of communication and physical meetings) and collaboration (mainly in
terms of collective goals and mutual respect) taken together. A more inclusive
discussion of the meaning of integration is found in Chapter 2, Theoretical
framework. Since integration between organizational functions has been found
to be significant in other organizational contexts, it would be useful to dig
deeper and extend this area by seeking to answer:
RQ 1

How does integration between engineering disciplines relate to operational
performance in complex product development settings?

The second question concerns various strategies and tools, or so-called integration
mechanisms, for effectively integrating engineers across teams and groups within
an organization. This could, for example, refer to building common physical
facilities, job rotation programs, and implementing and using information and
communications technology (ICT) or computer-aided engineering (CAE) tools.
A more inclusive discussion of integration mechanisms is found in Chapter 2,
Theoretical framework. Since it is known that the feasibility of various
mechanisms may vary in terms of their effects on organizational integration and
product development performance, it would be useful to delve deeper into and
extend this area by seeking to answer:
RQ 2
1.3.2

What are the differences between the feasibility of different integration
mechanisms in complex product development?
Scope

In contrast to much previous research, which has studied the interfaces between
organizational functions such as R&D, manufacturing, and marketing, the
present research assumes a micro-level perspective by solely considering the
context of an R&D organization. This will enhance our understanding of how
technology fusion affects the work situation of the engineering workforce and
their opportunities to discharge their responsibilities productively.
As previously mentioned, this research cites mechatronics design as a recurring
example; however, it is important to note that the primary focus of this work is
technology fusion as an approach, rather than mechatronics as a technical
solution per se. This emphasis mainly stems from uncertainty as to what
technologies will be included in the next generation of manufactured goods.
The unit of observation chosen for this research comprises engineers’
experiences and attitudes regarding organizational factors believed to influence
operational engineering work. Furthermore, the unit of analysis is operational
work in engineering organizations; this is admittedly a rather operational
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focus—appropriately so, given the aim of investigating how to improve
operational performance in multidisciplinary engineering organizations.
The present research embraces multiple facets of engineering management, not
solely specific managerial strategies (such as team work, project management, or
computer-aided engineering tools). Much research has examined specific
solutions; in contrast, the present research aims to take a wide-ranging approach
by exploring, evaluating, and comparing different managerial approaches within
the context of complex and multidisciplinary R&D organizations. However, it is
still important to bear in mind that there are relationships and interfaces other
than those studied here; these excluded relationships and interfaces include both
intra-organizational (e.g. between R&D, marketing, and manufacturing) and
inter-organizational (e.g. relationships with suppliers) ones.

1.4

Key terms employed

To facilitate reading this thesis, some key terms used are presented and defined
in this section; many of these terms are multi-faceted, and this section explains
how to interpret them in the remainder of this thesis.
Complexity:1 Difficulties and uncertainties posed by the number of
technologies/components/functions involved in development efforts and by
the nature of the organizational tasks that individuals and organizations face in
carrying out product development
Complex products: Products distinguished by a large number of elements, a large
number of interactions and interfaces, and/or a high level of heterogeneity
Cross-functional integration: The state and quality of interaction and collaboration
activities that involve two or more organizational functions
Discipline: A specific area of knowledge related to an engineering profession, for
example, mechanical engineering or electrical engineering.
Function:2 1) What an element of a product or a human actively or passively does
to contribute to a certain purpose; 2) a defined entity of an organization that
discharges responsibilities for a specific purpose.
Integration: Interaction and collaboration involving two or more entities, enabling
them to work more effectively together
Integration mechanism: A strategy, measure, or tool that can be used to integrate
engineers across teams and groups in an organization
Interdisciplinary integration: The state and quality of interaction and collaboration
activities that involve two or more engineering disciplines
This definition comes from Kim and Wilemon (2003) and refers to product development complexity.
Readers should note that function is presented with a two-fold definition. This is necessary, as the
work refers to both technical and organizational functions; in subsequent uses, the context will clearly
indicate which explanation is referred to.
1
2

7

INTRODUCTION

Interface: The locus where two subjects or events interact with each other
Multidisciplinary: Involving two or more disciplines
Operational performance: Measurable outcomes relative to stated operational goals
Subsystem: A subset of a system
Synergy: Additional benefit produced by a combination of two or more entities
(e.g. organizations, humans, and technical components)
System: A defined group of parts that work together as a whole for a particular
reason
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2

Theoretical framework

This chapter provides insight into some general theories of product
development, systems engineering, and engineering management, all of which
have been capitalized in the appended papers and used as the theoretical
foundation for the discussion presented later in this thesis. Since there is no
universal, unifying theory of managing engineering organizations, this chapter
should be treated as presenting a framework for the empirical work.
The chapter consists of two parts. The first part aims at describing the
theoretical context and foundation of the research, presenting a brief overview
of the fields of new product development, systems engineering management,
and software development. These fields form the “big picture” that provides the
background to the various theoretical fields on which this thesis relies.
The second part of the chapter narrows down the theoretical context to certain
specific areas used in the operational parts of the research. This includes an
overview of the complexity aspects of product development, especially product,
process, and organizational complexity. Since integration is a central issue in this
thesis, much of this section considers the issue of organizational integration, in
terms of content, barriers, and means of support. This section also reviews
various measures used in previous research to rate product development
performance.

2.1

Managing the engineering organization

Engineering management is an intricate management process, since it is both
multi-functional and multi-facetted. It involves a mixture of the somewhat
disparate elements of creativity and structure, wherein the main objective is to
turn good ideas into new value in the form of new technologies, new products
or services, better processes, customer value, and new business concepts.
Due to the multiple facets of engineering management, several research areas
claim to offer unique insight based on their frames of reference and viewpoints.
More technical and methodical viewpoints are often expressed in research
originating from the engineering and operational communities, while a
9
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managerial viewpoint is usually articulated by organizational theorists or
organizational development researchers. A customer-oriented perspective is
naturally given by the marketing research community, a community that
sometimes also embraces innovation aspects. Innovation is a theme frequently
found in psychology literatures, but also regularly made use of by many research
areas.
Three different research areas related to engineering management, and of
particular interest in the context of this thesis, are further described in
subsequent sections; these are 1) new product development, 2) software
development, and 3) systems engineering management. All three areas are tightly
coupled to engineering research, especially software engineering and systems
engineering management, which both originate from engineering research
communities. New product development (NPD) assumes a broader perspective,
although it is still tightly coupled to engineering, since it embraces marketing,
management, and engineering—the last in the form of both R&D and
manufacturing. These three domains constitute the perspective that informs this
thesis; it is neither solely an engineering nor a management perspective, but
should rather be seen as a cross-domain perspective.
These three domains have evolved rather independently, with few cross-domain
research initiatives to be found. As well, few comparative studies have been
made, Nambisan and Wilemon (2000) being one exception that compares new
product development research and software development research in an attempt
to find opportunities for cross-domain knowledge sharing. These authors
conclude that there have been significant differences in focus between the two
types of research (Figure 2).
New product development research has commonly concentrated on
investigating factors relating to people and processes in product development
activities, whereas software development research has primarily concentrated on
investigating factors relating to the use of technology and processes to improve
software development. Both systems engineering and engineering management
are typically taught in the same academic environments in the US (Farr &
Buede, 2003). The links between the two areas are generally rather tight but
natural, since systems engineers usually have both a managerial and a technical
role (Stevens, Brock, Jackson & Arnold, 1998).
2.1.1

New product development

The Product Development Management Association (PDMA) describes new
product development (NPD) as the overall process of strategy formulation,
organization, concept generation, marketing plan creation and evaluation, and
commercialization relating to a new product. Although, NPD itself is not a
specific solution; it should rather be seen as a general theoretical domain that
invokes different approaches to realize this process.
10
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People

Primary focus of NPD research
-Cross-cultural NPD
-Teamwork Management
-Cross-functional integration
-NPD stages & factors
-Customer involvement
-NPD success measures

Technology

Process

Primary focusof SD research
-Project management and productivity
-Process maturity models
-Development methodologies
-Software reuse
-Risk management

Figure 2 An illustration of the divergence in research focus between new product development
and software development (from Nambisan & Wilemon, 2000).
One approach that has gained much research attention is “integrated product
development” (see e.g. Andreasen & Hein, 1987; Norell, 1992; Wheelwright &
Clark, 1992), which has been found to be one of the most significant trends in
the management of new product development in the 1990s (Gerwin &
Barrowman, 2002). Integrated product development is a management approach
to improving new product development performance, which occurs in part
through the overlap and the interaction of certain activities in the new product
development process. Three main approaches to integrated product
development were identified by Gerwin and Barrowman (2002). The first
approach concerns organizational design in terms of structural adaptations to
environmental and technological factors (see e.g. Adler, 1995). The second
approach considers integrated product development as an informationprocessing process that aims to solve problems so as to allow market
opportunities and technological possibilities to form a product solution (see e.g.
Clark & Fujimoto, 1991). The third approach originates in total quality
management principles, in which such aspects as incremental development and
the virtual incorporation of suppliers and customers into the organization have
their roots (see e.g. Clausing, 1994).
Another approach, which is strongly related to integrated product development,
is “concurrent engineering”. The purpose of concurrent engineering, as
described by Sage (1992), is to compress the product lifecycle by implementing
different parts of the development phase of the lifecycle concurrently. During
its development as a research area, concurrent engineering has often focused on
computer-aided engineering and its applicability (see e.g. Bryan & Sackett, 1997;
Eric, 1997; Burr, Vielhaber, Deuber, Weber & Haasis, 2005).
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Most research into new product development has primarily related to what has
traditionally been referred to as manufactured goods, in that it has emphasized
traditional manufacturing companies (Rauscher & Smith, 1995). Nambisan and
Wilemon (2000) identified some key research areas that have been covered by
research related to NPD (see Table 1) when they compared new product
development research and software development research.
Table 1 New product development research areas as identified by Nambisan and Wilemon
(2000)
- Cross-functional integration
- Teamwork management
- External and internal communication in teams
- Project leadership
- NPD success measures
- NPD processes
- Factors that influence multiple stages of NPD
- Customer involvement
- Accelerated product development
- Cross-cultural NPD practices
2.1.2

Software development

A great deal of management research into software development (SD) has so far
focused on large stand-alone software projects, making few or no connections
to development of hardware (both electrical and mechanical hardware). There is,
however, some research into the co-design of software and hardware, but it
includes few or no management considerations; instead, it focuses on
development methodologies and technologies, modeling techniques, and similar
aspects of co-design (see e.g. Staunstrup & Wolf, 1997; Artist, 2003).
Much research into software development has so far also focused on
development methodologies, for example, Rational unified process (RUP)
(Lunell, 2003), object-oriented techniques, and technology use (e.g. computeraided software engineering). That, together with other research topics identified
in the comparative research of Nambisan and Wilemon (2000), is listed in Table
2. These authors also determined that project management tools and techniques,
including numerical productivity metrics, were research areas that evolved as
software development became more complex.
Among the topics that have attracted considerable interest and been found to be
applicable in software development organizations are various capability maturity
models. The capability maturity model for integration (CMMI), for example, is a
process improvement approach that provides organizations with the essential
elements of effective processes (Chrissis, Konrad & Shrum, 2003); it can be
used to guide process improvement throughout a project, division, or entire
organization.
12
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Table 2 SD research areas identified by Nambisan and Wilemon (2000)
- Development methodologies and technologies
- Software project management and productivity
- Development process maturity
- Risk management
- Software re-use
- Customer/user involvement
2.1.3

Systems engineering management

A third relevant research domain is “systems engineering”, which is rooted in
the American defense industry. Systems engineering started to develop in the
1960s to cope with the development and deployment of complex defense
systems. It is now an established industrial and academic domain (it is still most
strongly rooted in the US), one that takes a rather formal approach to manage
complex systems development, strongly emphasizing architectural design and
requirement management (US Department of Defense, 1974; Stevens et al.,
1998; INCOSE, 2004).
The principal meaning of systems engineering has been long and well debated.
Some scholars interpret it as referring to the interdisciplinary tasks required
throughout a system’s lifecycle to transform customer needs, requirements, and
constraints into a system solution (IEEE, 2005); others interpret it as having a
more basic meaning than that, namely, bringing a need into being (Blanchard &
Fabrycky, 2006). However, it is apparent that the systems engineering
community usually uses the technical system and its surrounding systems (e.g.
the logistics, sourcing, development, and deployment systems) as the main
reference points on which all activities depend (see e.g. Sage & Lynch, 1998).
Analyzing the content of systems engineering research reveals that this domain
can be positioned somewhere between new product development and software
development, since it focuses on both organizational practices and on more
formalistic techniques and methods (e.g. architectural design).
One part of the systems engineering literature covers managerial issues, in most
cases referred to as “systems engineering management”, emphasizing
organizational settings and how efficient teamwork can be supported in systems
engineering. Systems engineering focuses on three main objectives (Sage &
Lynch, 1998) that are believed to be causally linked: 1) integrate people,
organizations, and technology into multifunctional, networked teams; 2)
increase the quality and timeliness of decisions; and thereby 3) completely satisfy
customers through providing high-quality products and services that fulfill
customer expectations and needs.
The organizational practices described in the Systems Engineering Handbook
published by INCOSE (2004) mainly relate to and emphasize design teams and
13
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the systems of different teams that need to interact and collaborate to manage
complex systems. One of the most strongly emphasized factors contributing to
successful systems engineering management is efficient teamwork, especially socalled integrated product development teams (IPDT) (Browning, 1998, 1999;
INCOSE, 2004). Such teams are primarily cross functional, in that they include
representatives of different organizational functions, such as manufacturing,
R&D, and purchasing. Usually they are also part of a system of teams, meaning
that a number of teams are organized so as to parallel the hierarchical structure
of the product, which in turn depends on how the product is assembled and
integrated (INCOSE, 2004). In these teams, each function takes on a different
role in the teams’ work and contributes to the overarching product development
project, usually on the basis of the project’s current phase. To balance the
interests and responsibilities of the teams within the system of teams, a systems
engineering and integration team (SEIT) may be established. The primary
responsibility of such a team is to manage technical systems issues and to
balance requirements between product teams.

2.2

Complexity aspects of product development

No generally accepted definition of complexity is found in the literature. One
certain thing is that the original Latin word complexus denotes entwined or
twisted together, so to have something that is complex requires two or more
components that are joined in such a way that it is difficult to separate them.
Similarly, the Compact Oxford English Dictionary of Current English (Soanes, 2003)
defines “a complex” as something consisting of many different and connected
parts, something complicated and not easy to understand.
Regarding complexity and product development, there seems to some confusion
since several different concepts, namely, product complexity (see e.g. Griffin,
1997), project complexity (see e.g. Larson & Gobeli, 1989; Baccarini, 1996), and
technological novelty (see e.g. Tatikonda & Rosenthal, 2000), are used
interchangeably in the literature (Lebcir, 2006). One definition that takes
product development into consideration is provided by Kim and Wilemon
(2003, p.16); they define complexity as follows: “the difficulties and
uncertainties, posed by the number of technologies/components/functions in
development efforts and the nature of the organizational tasks that individuals
and organizations face in carrying out product development.”
Three different dimensions of complexity related to product development are
specifically highlighted and described in the subsequent sections: 2.2.1—
Product complexity, 2.2.2—Organizational complexity, and 2.2.3—Process
complexity. These three dimensions are often discussed in research into
engineering in general, as decisions regarding one of the three dimensions are
often reflected in the other two. Eppinger and Salminen (2001) even postulate
that industrial firms in which the patterns of interaction among these three
14
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dimensions are well aligned should outperform firms in which these patterns are
not well aligned.
The relationship between uncertainty and complexity is often discussed (see e.g.
Shenhar & Dvir, 1996; Kim & Wilemon, 2003; Karlsson & Lovén, 2005). Kim
and Wilemon (2003) argue that uncertainty is related to the procedural
complexity faced in the new product development process, and Karlsson and
Lovén (2005) propose that the number of technologies, components, or
functions generate uncertainty (as well as complexity) in product development.
Senge (1990) formulated two important concepts that will be further discussed
in relation to all three dimensions, namely, detail complexity and dynamic
complexity. The first refers to systems containing many identifiable variables or
components that are not strongly interconnected. The latter refers to systems
where cause and effect relationships are more subtle, and where the effects over
time of interventions are not obvious. The differences between the two
concepts are further described in Table 3. In a similar vein, Baccarini (1996)
distinguishes between two types of complexity: differentiation—the number of
varied elements, for example, tasks, specialists, organizational units, and
components; and interdependence or connectivity—the degree of interrelatedness
between these elements. As a result, a high degree of differentiation concurrent
with a low degree of interdependence would indicate the presence of detail
complexity, while the reverse would indicate dynamic complexity. A high degree
of differentiation could also be found in a situation of dynamic complexity, as
long as a high level of interdependence is apparent.
Table 3 Characteristics of detail and dynamic complexity, according to Senge (1990) as
presented by Calvano and John (2004).
-

Detail complexity
Hierarchical relationships dominate
lateral influences.
Cause and effect are relatively
obvious and direct.
The implications of design decisions
are relatively predictable.
Risks are dominated by the local risks
in achieving the contributing parts.
Influences on, and implications of,
decisions tend to follow the local
partitioning of the solution elements.

-

Dynamic complexity
Lateral influences dominate
hierarchical relationships.
Cause and effect are not obvious and
direct.
Small causes can have large effects.
The implications of design decisions
are much less predictable.
Risks are dominated by system risks,
with unforeseen emergent properties.
Influences on, and implications of,
decisions are much more difficult to
bound and to establish.
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2.2.1

Product complexity

Various dimensions of product complexity have been discussed by several
researchers (see e.g. Flood & Carson, 1988; Hobday, 1998; Beckerman, 2000;
Eppinger & Salminen, 2001; Weber, 2005; Lebcir, 2006).
Differentiation mainly refers to such things as the number of components and
levels of subsystems, whereas interdependence mainly refers to the number of
interactions and interfaces in a technical system. The level of technical
heterogeneity has come to play a steadily increasing role adding to the level of
complexity (Larses, 2005) as more and more technologies are integrated into
products (Weber, 2005). Other aspects of product complexity identified by
Hobday (1998) are the degree of customization of both system and
components, number of design choices, elaborateness of system architecture,
range and depth of knowledge and skill inputs required, and variety of material
and information inputs.
Hobday (2000) states that some products can be categorized as extremely
complex, embodying many highly elaborate, customized subsystems and
components, and involving new knowledge and multiple feedback loops in both
design and production; furthermore, he refers to these systems as complex
products and systems (CoPS). These can be distinguished from simpler or even
merely complicated products in which the architecture is relatively
straightforward, the components are relatively few in number and usually
standardized, and the degree of new knowledge required for each product is
relatively constrained.
Weakly-integrated system

Highly integrated system

Figure 3 The impact of design decisions on components of highly integrated systems can be felt
system wide (from Calvano & John, 2004)
Calvano and John (2004) propose that so-called weakly integrated systems
(meaning systems that can easily be decomposed into smaller parts while still
capable of being considered large-scale systems) typically display the
characteristics of detail complexity. They also mean that highly integrated
systems (which exhibit more complex interactions throughout the system than
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simpler and more weakly integrated systems do) exhibit the characteristics of
dynamic complexity, especially since the lateral influences and interactions are
very strong and important (see Figure 3).
2.2.2

Organizational complexity

The function of an organizational structure is mainly to describe reporting
relationships, allocation of responsibility and authority to make decisions, and
allocation of different tasks. A complex organizational structure displays two
different kinds of attributes, namely: 1) the greater the differentiation the more
complex the organization (Hall, 1979), and 2) the greater the operational
interdependencies the more complex the organization (Baccarini, 1996).
The differentiation attribute has two dimensions (Baccarini, 1996). Vertical
differentiation refers to the depth of the organizational hierarchical structure, i.e.
the number of organizational levels (Hall, 1979). Complementarily, horizontal
differentiation refers either to division of labor/personal specialization or to the
number and diversity of knowledge resources assigned (Swink & Calantone,
2004).
The other attribute is the degree of operational interdependence. Thompson
(1967) defines three different types of interdependence between organizational
units: 1) pooled, 2) sequential, and 3) reciprocal. All organizations display pooled
interdependence, meaning that each part renders a discrete contribution to the
whole and each is supported by the whole. Another type is sequential
interdependence, which means that one part cannot act before another has
finished its tasks. The third type, which also makes for the greatest complexity
(Thompson, 1967), is reciprocal interdependence, which refers to a situation in
which one part is dependent on the output of another.
2.2.3

Process complexity

Process complexity is in some cases referred to as technological complexity
(Baccarini, 1996); this can be defined as the transformation processes that
convert inputs into outputs, processes that involve the use of material means,
techniques, knowledge, and skills.
Process complexity can refer to the degree to which a process is difficult to
analyze, understand, or explain. By citing differentiation, process complexity can
be described by the number of separate actions or tasks needed to produce the
end product, and also by the number of variables that must be taken into
account (Eppinger & Salminen, 2001). Process complexity, however, also
encompasses interdependencies (Baccarini, 1996): between tasks, within a network
of tasks, between teams, between different technologies, and between inputs. As
with organizational interdependence, technological interdependence can be one
of three types: pooled, sequential, or reciprocal (cf. Thompson, 1967). In
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addition, the meaning of process complexity also inheres in the coordination of
tasks and the required feedback loops (Hobday, 1998).

2.3

Organizational integration

The technical novelty and complexity of product development projects
involving several engineering disciplines and organizational functions require
that a wide range of expertise must be integrated in a resource-efficient but
high-performance fashion. Different engineering disciplines are usually, but not
necessarily, divided into different functional departments and do not get the
chance to meet regularly. Much research attention in this area has been devoted
to the interfaces between marketing, manufacturing, and R&D, where the
positive effects of different types of integration mechanisms have been
identified (Hoegl, Parboteeah & Gemuenden, 2003).
2.3.1

Integration and differentiation

The concepts of organizational integration and differentiation have been
debated long and well. Some of the classic research from the 1960s and 1970s
(Lawrence & Lorsch, 1967; Thompson, 1967; Galbraith, 1973) discussed the
dynamics of these concepts, and laid the groundwork for much of the product
development research done in the 1980s and 1990s. One early reference to
integration (in organizational contexts), given by Lawrence and Lorsch (1967),
runs as follows: “the quality of the state of collaboration that exists among
departments that are required to achieve unity of effort by the demands of the
environment”. Lawrence and Lorsch (1967) also provided an early reference to
the differentiation among units, which they referred to as “the difference in
cognitive and emotional orientation among managers in different functional
departments”.
Product development research has identified a potential need to integrate
various organizational dimensions (Engwall, Forslin, Kaulio, Norell & Ritzén,
2003). Depending on the particular situation, it may, for example, be necessary
to establish and support integration between different companies, departments,
competencies, simultaneous projects, and/or successive projects drawing on the
same resources.
The concept of integration has been widely discussed in the product
development research context. Three main research directions are easily
recognized. First, some studies have focused on issues of communication and
inter-departmental relationships, mainly in terms of information exchange and
physical meetings (Carlsson, 1991; Moenaert, Souder, Demeyer &
Deschoolmeester, 1994). Other studies have addressed more of the
collaboration aspects, focusing on efforts that encourage collective goals and
mutual respect through teamwork (Moenaert et al., 1994). The third view
regards integration as a composite that encompasses both interaction and
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collaboration within a single organizational entity (Kahn & McDonough, 1997;
Kahn & Mentzer, 1998). This view has frequently recurred in recent research,
implying that interaction is needed in order to achieve collaboration, and that
collaboration will slowly emerge from interaction activities (Jassawalla &
Sashittal, 1998).
Barriers to integration
There are many barriers to successful integration, most of which are situational.
Some general barriers have been identified in previous research, barriers to
integration between R&D and marketing, manufacturing and marketing, or even
between engineering disciplines.
One recurrent barrier to integration is the different cultures or thought worlds that
may be observed in a single organization (Griffin & Hauser, 1996; Bradley,
1997; Karlsson & Lovén, 2005). In the face of difficulties understanding each
other’s objectives and motivations, self-contained societies may develop in
organizations, giving rise to miscommunication. Differences in terms of time
orientation (Lawrence & Lorsch, 1967) may give rise to prioritization problems;
for example, preparation time for the manufacturing process is important to
mechanical engineers as tools and moulds must be ordered in time to meet the
start of production. Software engineers do not face the same time pressures
regarding ordering tools, etc., since the manufacturing process for software
production is minimal or nonexistent. As different thought worlds develop
some language barriers will arise as a consequence. Marketing and R&D have their
own set of terms and nomenclature (Lawrence & Lorsch, 1967; Griffin &
Hauser, 1996), just as engineering disciplines within R&D develop specific
technical jargon and allocate different meanings to similar terms (Bradley, 1997).
This of course seriously threatens effective communication, since different
disciplines may interpret and describe the same problem in such distinctly
different ways, that to an outsider it would seem that they are each describing
different problems (Bradley, 1997). Though some of the purported personality
differences between disciplines (Griffin & Hauser, 1996; Bradley, 1997) are most
likely stereotypes (Griffin & Hauser, 1996), it is still important to deal with
them. Even if the stereotypes are not based in reality, the fact that they are
invoked by one or more groups significantly threatens mutual understanding.
Organizational barriers may also arise due to differences in formality of structure
(Lawrence & Lorsch, 1967): since formal reporting relationships and control
procedures may differ, the misalignment of such structures could endanger
successful integration.
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Table 4 Classification of integration mechanisms with examples of related research (both
contributors and main research domains).
Type of mechanisms
Relocation of functional units
Personnel movement
Social systems
Organizational structure
Rewarding system
Work procedures and methods
Information and communication technologies
Computer-aided engineering, product data
management, software configuration management
Product architecture
Training

2.3.2

Examples of previous research
Allen (1977), Griffin and Hauser (1996),
Browning (1998)
Dougherty (1992), Moenart et al. (1994),
Griffin and Hauser (1996), Nihtilä
(1999), Leenders and Wierenga (2002)
Griffin and Hauser (1996), Leenders
and Wierenga (2002)
Griffin and Hauser (1996), Browning
(1998)
Griffin and Hauser (1996)
Souder and Moenart (1992), Browning
(1998), Leenders and Wierenga (2002)
Leenders and Wierenga (2002)
Trygg (1991), Browning (1998),
Crnkoviic, Asklund and Persson
Dahlqvist (2003), El-Khoury (2006)
Ulrich (1995), Larses (2005)
Browning (1998), Cronemyr (2000)

NPD SE
x
x
x

x

x

x

x

x

x
x

x

x

x
x
x
x

Integration mechanisms

Various means may be deployed to achieve integration, means usually referred
to as “integration mechanisms”3 (Nihtilä, 1999). Browning (1998, p. 97) refers
to integration mechanisms as “strategies and tools for effectively coordinating
actions across teams and groups within a program” (or organization). He further
categorizes integration mechanisms as either integration enablers or integration
maintainers, where the first provide for establishment of integration and the
latter monitor and facilitate established integration.
There are many studies of how integration mechanisms should be deployed to
increase both integration between various organizational functions, and how the
integration relates to various performance measures. Usually a contingency and
situational approach is taken—most scholars agree that there is no optimum
way of deploying integration mechanisms, since the use often invites trade-offs
such as trading information and communication technologies to some extent for
co-location (Browning, 1998). However, when these studies are compared, they
reveal a great variety in terms of scope, context, and research method. As
mentioned, most such research has focused on the organizational interfaces
between marketing, R&D, and manufacturing personnel. Some of these studies
have taken a qualitative approach (see e.g. Nihtilä, 1999), while others have

3

Adler (1995) uses the term “coordination mechanism.”
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taken a more quantitative approach (see e.g. Leenders & Wierenga, 2002).
Among the few examples of research examining the use of integration
mechanisms in multidisciplinary engineering organizations are the case studies
performed by Browning (1998). As well, some studies report on the use of
integration mechanisms in software development organizations (see e.g. Hoegl
et al., 2003) and construction organizations (see e.g. Mitropoulos & Tatum,
2000).
The primary purpose of these mechanisms is to support integration in different
kinds of organizations, but they can also directly influence the performance of
the organizations using them. Based on a review of relevant research (covering
both systems engineering and new product development), integration
mechanisms can be classified into ten different groups, which are further
discussed in the following sections. The ten groups are presented in Table 4,
which includes citations to related research in the research domains (new
product development and systems engineering) in which these ten groups have
mainly been discussed.
Relocation of functional units
Relocation of physical facilities mainly refers to the relocation of functional
units in the physical workspace; it is one of the most researched approaches to
cross-functional integration, since it represents an important—and obvious—
way to overcome the barrier of physical separation (Griffin & Hauser, 1996).
Usually it refers to physical adjacency of integrated product development teams,
functional support groups, system teams, and/or project members (Browning,
1998). Findings indicate that co-location of functional units eases the
establishment of interaction patterns, especially at early phases of the
development process. It has been argued by several researchers that reduced
physical distance increases information flow between organizational functions
and disciplines (Allen, 1977; Griffin & Hauser, 1996). Today’s global
organizations may often find it hard to co-locate (Kahn & McDonough, 1997),
and it is important to be aware that co-location is not always positive for the
performance of an organization. There is also the option of whom to co-locate,
i.e. only key members of a project or all personnel involved in a project.
Personnel movement
Another type of integration mechanism is personnel movement, a technique for
improving information flows across functional borders (see e.g. Dougherty,
1992; Moenaert et al., 1994; Nihtilä, 1999). People moving to another function
bring with them contextual information that is important for understanding why
certain decisions are made (Griffin & Hauser, 1996), especially when there is a
lack of documented and formalized process. One important feature of workrotation programs is that they minimize the negative influences of decisions
based primarily on information obtained in one particular local context.
However, excessively fast rotation in an organization could pose a threat, since
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opportunities to gain in-depth knowledge may be reduced (Leenders &
Wierenga, 2002). However, it is important to distinguish between temporary and
long-term rotations, since temporary rotations have been suggested to be more
effective (Griffin & Hauser, 1996). Since rotation programs can help individuals
gain knowledge of local jargon, new contacts, and friendship-based links, they
offer a potential way to overcome the barriers erected by cultural differences.
Social systems
Where cultural differences may present a significant barrier, informal social
systems may be very valuable for developing informal networks (see e.g. Gupta
& Wilemon, 1990). Team building and similar activities facilitate information
transfer, as they allow complementary expertise to be identified and located
(Dougherty, 1992) and cultural awareness to be promoted among different
functions (Souder & Moenaert, 1992). They can also foster relationships to
expertise that may be useful in solving technical problems in upcoming projects
(Leenders & Wierenga, 2002). Browning (1998) promotes so-called “town
meetings,” which do not focus on sharing technical information, but rather on
boosting friendship and increasing awareness of project-wide issues.
Organizational structure
Another integration mechanism, but one that is more of an a priori factor, is
organizational structure, which refers to the formal structure of the organization
itself. Functional organization, project organization, matrix organization,
coordination groups, team composition, roles, and responsibilities are the
factors emphasized in this regard in the literature relating to cross-functional
integration (see e.g. Griffin & Hauser, 1996; Browning, 1998; Nihtilä, 1999).
Different co-coordinating groups should have a balanced perspective and the
ability to act as translators and boundary-spanners in the organization (Griffin &
Hauser, 1996). The role of a flexible organization is identified by Browning
(1998), which means that a baseline organization that develops unprecedented
systems requires a great deal of flexibility if it is to sustain its performance.
Rewarding system
Without the right to incentives and rewards, organizational groups may end up
satisfying internal customers while jeopardizing the company’s strategic goals.
Griffin and Hauser (1996) postulate that performance evaluations, which
recognize inter-related rewards for different functions, decrease the inherent
barriers between the functions arising from their differing organizational
responsibilities (Griffin & Hauser, 1996). Such evaluations may also break down
any barriers originating in different goal orientations, since they can encourage
cross-functional decision-making.
Work procedures and methods
Formal work procedures refer to formal management processes that specify
what tasks are to be performed, in what order, and by whom. When the
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assignments to be performed are specified, it is easier for different groups to
define and schedule their specific tasks (Souder & Moenaert, 1992). These
procedures may include product development models, stage-gate reviews,
common guidelines, support methods and project management activities—all of
which are all designed to support cross-functional integration and reduce
inherent project uncertainty (Norell, 1992; Hovmark, 1993; Griffin & Hauser,
1996; Leenders & Wierenga, 2002).
Information and communication technologies
Improved information and communication technology (ICT), such as
collaborative tools, e-mail, tele- and video conferencing, common databases
(easily accessed and shared), and intranet allow people to contact others easily,
and to find, process, and send information in an effective way (see e.g. Trygg,
1991; Browning, 1998). It has been suggested that ICT offers one of the most
effective mechanisms for achieving integration between marketing and R&D
(Leenders & Wierenga, 2002); as well, it has the ability to build and foster
informal networks, thereby lessening the need for informal social systems.
Computer-aided engineering & product data management/software
configuration management
A different type of technological integration mechanism is the use of computeraided engineering (CAE) and product data management/software configuration
management (PDM/SCM) (Browning, 1998; Crnkovic et al., 2003; Zimmerman,
2005; El-Khoury, 2006). Enabling linked computer environments with common
file formats can reduce the number of interdisciplinary misunderstandings
(Browning, 1998). Tool support for multidisciplinary engineering, however, is
still a rather unproven and immature mechanism, but is believed to have great
potential for managing situations of increasing complexity. The difference
between 1) tool environments, such as computer-aided software engineering
(CASE), computer-aided control engineering (CACE), and computer-aided
design (CAD) and 2) ICT, is that the first category allows the use of computeraided design tools to perform analysis and synthesis. However, as Wheelwright
and Clark (1992) point out, only when inter-team barriers are broken down,
functional activities are integrated, and design processes are developed can the
full benefits of the technological aids be accounted for.
Product architecture
An integration mechanism that is closely related to organizational structure is
product architecture (meaning the decomposition of the technical system and
well-designed interfaces), which has been identified as a key driver of
performance (Ulrich, 1995). As already stated, product complexity influences
the need for integration; product architecture can decrease this complexity by
decomposing the system into smaller chunks (Ulrich, 1995). Modularization is
often stressed as one very beneficial way to cope with increased complexity (see
e.g. Ulrich, 1995; Baldwin & Clark, 2000; Larses, 2005).
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The decomposition of a technical system into subsystems can therefore also be
used as an integration mechanism, since the system’s architectural design
dictates the organizational design, and determines communication patterns and
the feasibility of co-location (Gulati & Eppinger, 1996). A well-understood
interface between architectural chunks minimizes the need for impromptu
communication between project teams; hence, product architecture becomes a
preventive and a priori way to support integration (Browning, 1998).
Training
Training may be useful both to develop and increase the competence of
personnel and to support integration. The need for training to increase
cooperative competence, team competence, and technical system competence is
increased by complex work situations (Cronemyr, 2000). People working in
complex work settings also need to be aware of systems of work groups and
their interrelationships; they also must be aware of and learn to avoid rigidity in
communication with respect to individual, team, group, and environmental
concerns (Adler, Black & Loveland, 2003). This therefore accentuates the need
for training, especially in team-building, since it can raise awareness of
integration needs, roles, and the potential contributions of different functions
(Browning, 1998).

2.4

Measuring success in product development

New products are important, and sometimes critical, for a company’s success. It
is neither obvious nor unambiguous how this success should be measured and
reported. There are many indicators that can be related to the success of a
company, and sometimes success measured in one way (e.g. high market share)
is not positively related to others (e.g. margin-to-sales ratio) (Hultink & Robben,
1995). As a result, companies must first take a close look at the type of success
they desire, and then select the most appropriate strategy to attain it (Cooper,
1984). However, it is often difficult to link aggregate profit measures to a single
product development project or even a company program (Griffin & Hauser,
1996).
Performance indicators that are relevant for product development performance
are often considered as just one aspect of the overall performance of a
company, so it is relevant to distinguish between financial and operational
criteria (Venkatraman & Ramanujam, 1986). It is also important to consider the
time factor (Hultink & Robben, 1995), since long-term and short-term effects
may differ from each other. Griffin and Page (1996) grouped different success
and failure measures into five categories: 1) customer measures, 2) financial
measures, 3) process measures, 4) firm-level measures, and 5) and program
measures. Neither practitioners nor academics usually use only a single type of
measure. However, though different indicators may be used by academics and
by firms, both usually focus on revenue goals, profit goals, and time-to-market
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success measures. Firms also tend to use customer and financial measures,
unlike academics who tend to use firm-level and process measures as additional
measures in product development research (Griffin & Hauser, 1996).

2.5

Concluding remarks about the theoretical
framework

Different approaches to how to manage an engineering organization have been
presented and reviewed in this chapter. Some important lessons can be learned
from analyzing and comparing these approaches, which originate from different
domains. Nambisan and Wilemon (2000) presented some preliminary
comparisons between new product development research and software
development research, identifying some learning potentials of each domain.
However, they did not analyze the domains so as to allow us explicitly to learn
about multi-domain or interdisciplinary engineering. As they also conclude,
however, different research domains offer different perspectives, which in many
cases are complementary. If systems engineering also is included in such an
analysis, some fundamental distinctions will be found. The systems engineering
community usually uses the technical system and its surrounding systems (e.g.
logistics, sourcing, development, and deployment) as the reference points on
which all activities depend (see e.g. Sage & Lynch, 1998). A supplementary
reference is used by most new product development research (see e.g. Griffin &
Hauser, 1996), since the value created by the organization (in terms of both
customer value and profit) is central, this value eventually being realized by new
products.
Another viewpoint articulated in new product development research concerns
how cross-functional integration is to be treated. Organizational functions are
treated as disciplinary entities, whereas systems engineering research uses the
decomposition of the technical systems as the reference point when organizing
product development activities. As a result, different kinds of formal teams are
appointed, with different numbers of disciplines included in each team. The
latter view is more appropriate for complex product development, since an
organizational function dictates the area of responsibility and not primarily the
knowledge and competence of its members. As a result, it is more appropriate
to focus on interdisciplinary integration, since a function within the R&D
organization can consist of more than one engineering discipline.
Successful complex product development demands an organizational setting
that supports communication, collaboration, knowledge sharing, and
competence integration. Highly specialized engineers must be supported in
developing skills in both system design and collaboration, and they have to be
provided with sufficient tools that facilitate opportunities to manage the
complexity produced by the technical system. By classifying the research into
integration mechanisms, it was possible to derive a set of potential mechanisms
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that takes into consideration research based on both systems engineering and
new product development. This set of mechanisms represents an extension of
previous research, letting us enhance our understanding of complex product
development.
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3

Research approach

This chapter describes the overall approach taken in the research as a whole,
and the design and approach used in each phase of the research. As described
below, the research consists of four phases which all made individual
contributions to the overall aim and scope. This section describes the research
process in an open and detailed manner, so the reader can evaluate and judge
the correctness of both the research process and the present results.

3.1

Relationship between reality and theory

There are several options to consider when designing a research project and its
constituent studies. Since there is constant debate regarding the pros and cons
of various approaches (e.g. should a strictly qualitative or quantitative approach
be adopted), the intention with the following sections is to justify the
approaches and perspective adopted in conducting the reported research.
Researchers must take account of the relationship between theory and reality.
The present research uses what is usually referred to as an abductive approach
(Patel & Davidson, 2003). This means that, based on the first two studies
(explained in detail later in this chapter), a preliminary conceptual theoretical
model was first formulated, and then tested and examined in order to strengthen
its fit. Consequently, this approach corresponds more to an abductive approach
(illustrated in Figure 4), than to a strictly inductive or deductive approach.
However, the individual studies constituting the overall research have
themselves used either mainly inductive or mainly deductive approaches.
Since complex, multidisciplinary engineering has been little examined, and is
thus poorly understood, from a management perspective, there were few prior
methodological options to consider; consequently, at the beginning of the
present research, a rather open and non-structured exploration of the area was
required.
Later on, when more knowledge and preliminary empirical results had been
collected and analyzed, a more theoretical conceptualization could emerge. Then
an empirical investigation of the conceptualization—using more of an
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explanatory research approach—could be performed using a rather large
population. It is thus possible to divide this research into four phases, two
empirical and two analytical, all further described and discussed in this chapter.
ABDUCTIVE

THEORY 2

The theories are
further developed.

THEORY 1

This theory is tested
on new cases.

THEORY

Preliminary theories
are formed based on
single cases.

Conclusions about
single cases are drawn
based on theory
solely.

THEORY

INDUCTIVE

Theories are formed
based on single cases.

DEDUCTIVE

REALITY

Figure 4 The relationship between reality and theory and some central definitions (Patel &
Davidson, 2003).

3.2

Industrial partners

Applied research greatly depends on the researcher forging a productive and
long-term relationship with industrial partners. It was possible to focus the
research efforts on several different industrial sectors in Sweden, all of which
had experienced the problems and opportunities previously described. In the
early phases the research focused strictly on companies developing and
manufacturing vehicles of various kinds; an examination of this sector would be
instructive, because of the obvious challenges the sector faces. In the latter
phases of the research, more industries were approached, since the included
population should reflect more industrial sectors than just the vehicle sector.
This broadening of scope was motivated by the enhanced generalization that it
would permit, and companies from several industrial sectors (i.e. robotics,
transportation drive systems, advanced medical technologies, laser systems,
commercial vehicles, automotive electronics supplier, and automation systems)
agreed to take part. In total, 11 different companies took part in the research
between 2003 and 2007; all these companies were very R&D intensive and
involved in engineering complex, multidisciplinary systems. As an indication of
the R&D intensity, it is notable that five of the nine companies that participated
in the web-based survey in 2006 were listed among the top ten corporate groups
in Sweden with regards to R&D expenditures in 2005 (Alpman, 2006).
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3.3

Research progress

This work could be described as comprising four phases (depicted in Figure 5).
Empirical data collection and analysis (within each study) took place in Phases I
and III, whereas more general analysis and theory development took place in
Phases II and IV. The licentiate thesis (Adamsson, 2005b) on which paper C is
based was written in Phase II, while this doctoral thesis was written in the
fourth and concluding phase.
Three main empirical studies have been performed: the first two were
conducted in Phase I and the last one in Phase III. Each of the three main
empirical studies are briefly summarized in Table 5 and discussed in detail in the
subsequent sections.
A minor and supplementary empirical study was conducted in Phase I (reported
in Törngren et al. (2003). This study was included in the analysis in Phase II; due
to its minor contributions it is not touched on in the remaining discussion, and
methodological details regarding it are presented in Paper C.

Phase I – Empirical
data collection and
analysis

Phase II – Data
analysis and theory
development

[Inductive]

Phase IV – Data
analysis and theory
development

Phase III – Empirical
data collection and
analysis
[Deductive]

Figure 5 The four phases of the research process, distinguishing between empirical data
collection and general data analysis.
3.3.1

Phase I

The first phase (and also the first empirical phase) was carried out between
January 2003 and August 2004. Two different empirical investigations were
conducted over these 20 months. Although both studies used a mainly inductive
approach, they were both preceded by initial theoretical studies aiming at
identifying and narrowing down the themes to be examined.
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The first investigation4 (Study Alpha) had as its starting point how common
computer-aided design tools could support integration between engineering
disciplines. This investigation soon found that the focus needed to shift
somewhat, since there were more factors to consider than just tool-related
factors. Based on the initial findings, the research direction shifted towards
organizational and managerial issues, without excluding the original topic of
computer-aided engineering.
The purpose of the second investigation5 (Study Beta) was to further identify,
explore, and discuss the workforce implications—in terms of competency and
training—of the engineering of complex and multi-technological systems in
manufacturing companies.
Both investigations in this phase were performed using a case-study approach;
the first (Study Alpha) represented three different cases, making it possible to
perform cross-case analysis. In Study Alpha, a total of 21 open-ended interviews
were conducted, addressing various themes. The second study (Study Beta)
gathered empirical data from interviews, observations over three months, and
project documentation. This study included three main and approximately 40
secondary informants throughout the whole R&D organization in the studied
company.
The organizations taking part in both studies included different engineering
disciplines (mainly software, electrical, and mechanical engineering). The main
informants in the second study, however, were all electrical or software
engineers in an organization in which mechanical engineering had traditionally
been dominant; the secondary informants had different and complimentary
perspectives, since they represented such areas as mechanics, hydraulics, and
controls.
All interviews in this phase were tape-recorded and transcribed by the researcher
himself. In the second study, the observations from formal meetings were
recorded using specially designed data sheets, based on the study’s initial and
explorative interviews. In addition to the data sheets, daily field notes were taken
to collect data and impressions from informal meetings and observations.
All data processing in this phase was data driven, and the empirical data were
analyzed in an iterative process of reading, quantification, categorization, and
interpretation (Kvale, 1996). Consequently, classification patterns and themes
slowly evolved while working, organizing, and breaking down the empirical data
into manageable units. The analysis of the interview transcripts was influenced
by what is called “open coding” (Strauss & Corbin, 1990), meaning that the
researcher begins by identifying themes emerging from the raw data.

4
5

Reported in Papers A and C
Reported in Papers B and C
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Explore and describe how computer-supported and
model-based development affects collaboration
within multidisciplinary product development from
the perspective of the product developers.

Inductive

January 2003 - August 2003

Interviews

3 organizations
21 respondents

Thematic classification of collected data

Automotive, commercial vehicles, ATV

Paper A, Paper C

Approach

Time-frame

Data collection

Population

Analysis

Industries

Reported in

Study Alpha
Multiple case study

Purpose

Method

Table 5 A summary of the three performed studies.

Paper B, Paper C

Automotive

Thematic classification of collected data

1 organization
3 main respondents
40 secondary respondents

Interviews and observations

January 2004 - August 2004

Inductive

Demonstrate important work-related challenges
stemming from the design of complex systems
in organizations with a background in
mechanical engineering.

Study Beta
Case study

Robotics, transportation drive systems,
advanced medical technologies, laser systems,
commercial vehicles, automotive
electronics supplier, and automation systems
Paper D, Paper E

Factor analysis
Multiple regression
MANOVA

11 organizations
303 respondents

Web-based survey

June 2005 - September 2006

Deductive

Investigate the work situation in complex and multidisciplinary
R&D settings, focusing on how different organizational
factors (both integration mechanisms and integration)
contribute to the level of R&D performance.

Study Gamma
Survey
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Preliminary research reports from both studies were published, reports6 that
were rich and tightly woven descriptions of the research findings. Translation of
the results into a presentable form played a great role in the analysis process.
Subsequently, scientific papers were written, each presenting a narrower and
more focused part of the findings.
3.3.2

Phase II

The second phase included both a cross-analysis of the results acquired in Phase
I and a theoretical conceptualization. This phase was executed between
September 2004 and April 2005, concluding with a presentation of the author’s
licentiate thesis7 (Adamsson, 2005a). The work included a thorough literature
review covering previous research mainly concerning integration mechanisms
used in product development. The focus of this literature review was mainly
research performed in the context of cross-functional integration between
marketing, R&D, and manufacturing. Given the many research papers in this
area, the aim was to identify and make use of any opportunities for crossfertilization. Based on analysis of the findings from Phase I and the theoretical
review, a conceptual model was presented, which was later adjusted and
operationalized to suit the empirical investigation in Phase III.
3.3.3

Phase III

Based on the previous work and presented results, the second empirical phase
of the research was executed from June 2005 to September 2006. As previously
mentioned, this phase included a survey. The operationalization of the
conceptual model formulated in the second phase (see Figure 6) was greatly
influenced by the work of Leenders and Wierenga (2002). It was decided that a
quantitative and deductive approach would be most appropriate for achieving
the objectives, and as a result the third empirical study8 (Study Gamma) was
conducted as a web-based survey.
The purpose of this study was to investigate the work situation in complex,
multidisciplinary R&D settings, focusing on how different organizational factors
(both integration mechanisms and integration) contribute to the level of R&D
performance. More details concerning both the development of the used
variables and the population are given in Papers D and E.

6 Adamsson, N. (2003). Modellbaserad mekatronikutveckling och kompetensintegration: en komparativ fallstudie inom
svensk fordonsindustri. KTH Machine Design, the Royal Institute of Technology, Stockholm. TRITAMMK 2003:40
Adamsson, N. (2004). Mekatronik - inte bara en teknisk utmaning KTH Machine Design, the Royal Institute
of Technology, Stockholm. TRITA-MMK 2004:20
7 Reported in a condensed form in Paper C.
8 Reported in Papers D and E.
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The study covered product developers in 11 R&D settings in nine Swedish
manufacturing companies. The industries represented were robotics,
transportation drive systems, advanced medical technology, laser systems,
commercial vehicles, automotive electronics suppliers, and automation systems.
Each organization that took part in this study displayed high levels of both
organizational and product complexity, and in particular, high levels of technical
heterogeneity. The population consisted of 397 respondents and with 303 valid
responses, for a response rate of 76%.
The collected data were analyzed in several steps, starting with a comprehensive
set of steps aiming at breaking down the data into more manageable units.
Principal component factor analysis with orthogonal Varimax rotation was used
for item analysis and possible data reduction. Items included in the factors had
magnitudes greater than 0.5, and tests of reliability were performed where
applicable using Cronbach’s  (Cronbach, 1951). The influence of background
variables on integration was tested by performing a one-way ANOVA. The
variables included in this test were age, sex, and engineering discipline, none of
which produced any significant results.
Based on the research model, two different analyses were performed (described
in detail in Papers D and E). The first analysis (reported in Paper D) concerned
1) the relationship between integration mechanisms and integration, and 2) the
relationship between integration and the success indicators used in the study;
these relationships are denoted #1 and #3 in Figure 6. The second analysis
(reported in Paper E) treats both integration mechanisms9 and integration
concurrently as independent variables. The analysis concerns the relationship
between these and the success indicators used in this study; these relationships
are denoted #2 and #3 in Figure 6.
These relationships were analyzed using linear multiple regression. A stepwise
selection process was employed, meaning that it was possible to single out the
variables that explained the relationships the most. The stepwise selection
process is a sequential search method that selects certain variables based on their
contributions (Hair, Anderson, Tatham & Black, 1998). This selection process
was chosen mainly for its ability to determine the relative strength of each
relationship between the independent and dependent variables. It also removes
redundant predictors, and hence creates a rather simple model that does not
account for noise added by unnecessary predictors. However, one potential
argument against such regression procedures is that when there is a rather high
internal correlation between two potential predictors, the effects of one variable
could be suppressed by those of the other highly correlated variable, which is a
stronger and more significant predictor.
To avoid misunderstandings regarding the relationship between integration and integration
mechanisms, the term “coordination mechanism” is used instead of “integration mechanism” in Paper
E.
9
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#3

Success indicators

#1

Integration between
engineering disciplines

Integration mechanisms

It is possible to argue that the rationale for applying these different analyses to
the same dataset was somewhat weak. Since interdisciplinary integration was
treated as a dependent variable in the first analysis (reported in Paper D), but as
an independent variable in the second analysis (reported in Paper E), all effects
were not analyzed simultaneously. A different approach (and presumably the
next step) would have been to apply structural equation modeling (SEM) to this
dataset, which would enable the simultaneous testing of both the indirect and
direct effects of the integration mechanisms. The main reason for not applying
SEM at this point was that many of the variables were only recently established,
and establishment of a good model fit in an SEM analysis requires that the
latent variables included in the analysis are measured by at least three indicators.
Since not all of the variables included in this study comply with this condition, it
was argued that the variables needed further refinement before SEM could be
applied.

#2

Figure 6 The operationalized model used in Phase III.
3.3.4

Phase IV

In October 2006 and June 2007, phase IV of the research was carried out. This
thesis represents the final deliverable of this PhD project, and includes a crossanalysis of the previously reported work. This analysis permits the theoretical
and conceptual model presented and discussed in the preceding licentiate thesis
to be strengthened and potential gaps in the argumentation dealt with.
The various contributions from this phase differ in their characteristics. Some of
the contributions are mainly theoretical, i.e. deriving general conclusions and
identifying the theoretical contributions of the research. Others concern our
understanding of the managerial implications of complex product development
and how the research results relate to the industrial practitioner. One central
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thrust of this phase was to identify further potential research areas of specific
interest.

3.4

Research quality

The research reported in this thesis relies on qualitative and quantitative
methods, and the intention throughout the studies has been to explore and
investigate the specific area of complex and multidisciplinary engineering. By
applying both qualitative and quantitative research methods in a planned way,
the belief was that the complementary strengths of each approach would be
exploited, while the influence of any weaknesses were being overridden. In
general, the aim of qualitative research is to build understanding and explore
new aspects of a specific area, whereas the aim of quantitative research is to
evaluate ideas and propositions with regards to relationships between
variables—especially so in larger populations.
There is constant debate regarding the appropriateness of qualitative versus
quantitative research. In some cases they are treated as opposing research ideals
(Bryman, 1997) mainly originating from different ontological and
epistemological standpoints. Since the research presented in this thesis used
both a qualitative and a quantitative approach, it is argued, in line with Bryman
(1997), that both approaches are suitable and not mutually contradictory; rather,
they are complementary, since they represent two balanced approaches to
collecting empirical information. One strength of this research is that it was
possible, based on its first two phases, to perform some preliminary analysis of
the posited theoretical relationships. By doing so, the belief was that the final
results could be even more comprehensive, knowing both the strengths and
weaknesses of the results and propositions.
One benefit of qualitative research is that it offers the opportunity to explore
new areas from the perspective of the respondents, for example, since the
industrial experience of one respondent may shed new light on a phenomenon.
Some of the main reservations concerning qualitative research originate in
considerations as to whether qualitative research (especially the qualitative
research interview) can truly remain objective and scientific, and not simply
promote “common sense” insights (Kvale, 1994). In response to this criticism,
throughout the different stages of the work presented in this thesis, a scientific
approach to collecting, analyzing, and presenting information has been adhered
to. The aim was, in a methodical way, to produce new and systematic
knowledge. Considering the limitations of a qualitative approach, the intention
was mainly to uncover patterns of behavior, explore different aspects of specific
areas, and explore potential relationships between variables (without seeking
evidence and causal links). With such an approach, the expectation was that the
results acquired in the first phase of the research would form a sufficient
foundation for the theoretical propositions (which were later tested).
35

RESEARCH APPROACH

Quantitative research brings with it the possibility of considering information
from a large number of respondents. Usually there is an underlying research
design that tries to seek relationships between predetermined variables for a
specific segment of a population (Bryman, 1997). Some of the main criticisms of
quantitative research come from a natural science perspective on research into
social conditions, which asserts that such quantitative research misses out on the
depth and information richness that the qualitative research interview can
provide.
Taken together, the overall aim was to reduce any negative impacts originating
from either of the research methods; in fact, one of the main strengths of this
research is arguably its alternating use of qualitative and quantitative research
methods.
3.4.1

Theoretical sources

Regarding how theoretical sources have been used throughout the work, it is
important to note that this work has been empirically driven, starting from the
knowledge gap, experienced in industry, concerning how to manage increased
product development complexity. As a result, the theoretical viewpoints have
been governed by the results achieved in each of the empirical phases. Multiple
theoretical domains applicable to the present work were used throughout all
phases, and major bibliographical databases were used as well (such as the ISI
Web of Knowledge) as main sources. Regularly updating searches was important
in taking different theoretical viewpoints into consideration, especially in Phases
II and IV of the research.
3.4.2

Validity

Validity has somewhat different meanings for qualitative and quantitative
research, mainly due to their different purposes and approaches.
In quantitative research, the issue of validity mainly refers to the correctness of
the measures used to capture the empirical data, how well any hypothetical
relationships seems to adhere, and the degree to which conclusions about
relationships in the data are reasonable. In qualitative research, the issue instead
mainly refers to the trustworthiness of the results and how well the results
mirror the experiences of the respondents (Larsson, 1994).
In Phase I the validity concern could have been further addressed by extending
the population in each case and using a broader dataset. In Study Beta, the results
would have been more valid and more representative if more engineering
perspectives, such as those of mechanical engineers, control engineers, and/or
system architects, had been represented by primary informants. It would also
been desirable if the data collection had been conducted in cooperation with
another researcher. To limit the negative influence of subjectivity, the intention
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throughout the research process was to treat findings neutrally and nonjudgmentally.
One aspect of validity that is important for quantitative research is what is called
construct validity, which refers to how well the constructs of theoretical interest are
successfully operationalized in the research (Kidder, Judd, Smith & Selltiz,
1986). Construct validity can be considered both from a statistical and a more
qualitative viewpoint, both of which need to be considered when assessing the
construct validity.
Considering the constructs used in Phase III, some deserve further attention
and refinement, mainly due to the small number of indicators for some of the
latent variables. However, some of the constructs, mainly that used for
interdisciplinary integration, seem to offer a higher level of construct validity.
One understandable reason for this is that integration is based on a previously
tested construct (Ruekert & Walker, 1987), whereas many of the other
constructs were newly established. It would thus be desirable, in order to
strengthen the construct validity, if more items, including more relevant ones,
could be assigned to each of the variables.
Notably, the results are based on self-reported measures. It is thus difficult to
determine to what extent, for example, perceived product quality reflects actual
circumstances. Different results may have been obtained if external assessment
of productivity or other economic measures had been carried out.
Two different sets of research propositions (or research models) are presented
and analyzed in this thesis, each of which individually explains several interesting
relationships in the context of complex product development. The fits of the
models are different, the ones presented in Paper E displaying a better fit (in
terms of explained variance) than that presented in Paper D. Nevertheless, both
models explain important aspects that are further discussed and elaborated on in
this thesis. With regards to the fit of the models, it is important to point out that
the missing part of the variance can be explained either by factors beyond the
scope of this thesis (e.g. resource and economic aspects), or by integration
mechanisms so far unaccounted for in the research; the latter are further
elaborated on in section 6.2, Future research.
3.4.3

Generalization of the results

The results of qualitative studies are almost impossible to generalize. It is,
however, possible to transfer some tentative conclusions to similar situations to
contribute to the explanation of similar phenomena. However, it is not generally
possible to state the actual transferability, only to provide sufficient information
to enable the reader to judge whether the findings are applicable to new
contexts (Lincoln & Guba, 1985). It is believed that the research process and
findings presented here and its related publications are informative enough for a
reader to judge the transferability. Yin (1994) states that so-called analytical
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generalization is more appropriate for qualitative studies, since it is more
rewarding to evaluate such findings in light of existing theories.
Statistical generalization refers to the possibility of transferring the results and
conclusions to other populations in other time settings. All organizations
included in the sample in Study Gamma are primarily based in Sweden, so to
increase the generalizability of the results, an international perspective could be
added. Such an inclusion would be able to identify the potential roles the
national culture and educational system play in influencing how complex
product development should be managed. The sample in Phase III, however, is
not random, which somewhat limits how far the findings can be generalized.
The respondents were chosen by company representatives in each organization,
which itself may have positively affected the response rate while negatively
affecting the possibilities for generalization.
The context of the research was manufacturing companies that now embed
more and more software and electronics in their products. It is possible to
consider the feasibility of transferring these results to other contexts that have
experienced similar situations, in terms of both opportunities and organizational
challenges. However, preliminary research is needed in other areas before it is
possible to evaluate that aspect of transferability.
3.4.4

Concluding remarks

This chapter describes the research process and the various studies included in
the thesis. The intention was, in an open and detailed manner, to describe the
underlying motives and justification for the decisions that have influenced the
research process. It is also possible to identify both the strengths and
weaknesses of the performed research, but the balanced mixture of qualitative,
quantitative, and theoretical studies is believed to have ensured the quality of the
present findings.
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4

Summary of appended papers

This chapter gives an overview of the contents of the five appended papers, the
aims, methods, and results of which are described in outline. Furthermore, a
brief discussion of the contribution of each paper completes each presentation.
These condensed presentations provide the basis for the discussion in Chapter
5. The five appended papers present a clear line of argument regarding the
management of interdisciplinary engineering work. In doing so, they represent
the intended complete structure of this thesis, starting with the first explorative
studies in Papers A and B, moving on to the conceptualization in Paper C, and
completing the work by testing the conceptual model in Papers D and E.

4.1

Relationships between appended papers

The first three papers represent the outcome of the first two phases of the
present work. Papers A and B report the empirical basis of the author’s
licentiate research (Adamsson, 2005a), while Paper C is a summarized version of
the same thesis. Both Papers A and B explore the area of interdisciplinary
integration and the use of specific integration mechanisms in complex product
development.
The design for Phase III of the research was based on Adamsson (2005a).
Papers D and E report the results of the empirical implementation and analysis
of the research performed in this phase.

4.2

Paper A

Title: Model-based development of mechatronic systems—reducing the gaps
between competencies?
Author: Niklas Adamsson
Status of publication: Published in proceedings of TMCE 2004, The Fifth
International Symposium on Tools and Methods of Competitive Engineering,
Volume 1(2), pp. 405–414, Lausanne, Switzerland, April 2004.

39

SUMMARY OF APPENDED PAPERS

Research group: Adamsson collected all the empirical material, performed the
analysis, and wrote the paper, with Annika Zika-Viktorsson as an advisor.
Margareta Norell Bergendahl and Martin Törngren also played advisory roles.
The purpose of the study was to explore and describe how computer-supported
and model-based development affects collaboration in multidisciplinary product
development from the perspective of the product developers. This paper
examined and discussed how model-based development affects collaboration
and integration when developing mechatronics.
Research method: Three large companies in the Swedish vehicle industry were
involved in this multiple case study. Altogether 21 semi-structured interviews
were carried out in the first half of 2003: 11 in the automotive company, six in
the truck company, and five in the all-terrain vehicle (ATV) company.
Main findings: The results of the study indicated gaps between the different
engineering disciplines that work together in developing mechatronics. Several
barriers to integration were found in all three cases, barriers that hindered the
organizations’ efforts to reduce the gaps between disciplines. The barriers found
are divided into four different categories, as summarized in Table 6.
Main conclusions: One main conclusion is that the modeling approach should be
aligned within the organization, in order to support interdisciplinary integration.
Currently, in organizations, modeling is done on separate “islands” with little or
no exchange of information between them. With a certain level of product
complexity, an interdisciplinary approach to modeling may provide essential
support to help manage the embedded complexity.
It was also found to be important to clarify the meaning of the terminology
used. Different engineering disciplines experienced misunderstandings in
complex projects resulting from different perceptions of the concepts used; it
would improve intra-organization communication if such clarification were
done.
Over time, development processes should be adjusted to suit the ever-changing
needs of the organization. Any single discipline’s development work tends to be
performed quite separately from that of other disciplines until late in the
process. This leads to a crucial system integration phase, in which different
disciplines must interact without being able to effect major design changes.
Contribution to thesis: This paper reports on the first empirical study conducted
within the scope of this thesis, and points out the importance of considering
several dimensions of complex product development. In addition to supportive
computer tools, other suitable integration mechanisms were evident in the
studied organizations.
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Table 6 The barriers to integrating different engineering disciplines found and discussed in
Paper A.
Model-based
development

Case ATV
Local strategies
Interfaces
inconsistent

Case Truck
Local strategies
Interfaces
inconsistent

Case Automotive
Lack of guidelines
Two points of reference
Interfaces inconsistent

Different
disciplines—different
outlooks

Lack of awareness
of other
departments’ work

Conceptual
confusion with
regard to
nomenclature

Misunderstanding of
terminology

Organizational
support

The product
development
process was not
anchored within
the whole
organization
Disciplines
geographically
dislocated from
each other

The product
development process
did not fully include
system integration

The product
development process was
not mature enough for
interdisciplinary work

Disciplines
geographically
dislocated from each
other

Disciplines
geographically dislocated
from each other

Location

Other related publications: Larses, O., Adamsson, N., (2004). Drivers of the modelbased development of mechatronic systems. In Proceedings of Design 2004, 8th
International Design Conference. Dubrovnik, Croatia.
Adamsson, N., 2003, Modellbaserad mekatronikutveckling och kompetensintegration—
En komparativ fallstudie inom svensk fordonsindustri. KTH Machine Design, the Royal
Institute of Technology, Stockholm. TRITA-MMK 2003:40 (in Swedish)

4.3

Paper B

Title: Challenges and outlooks for software and electrical engineering in
traditional mechanical engineering companies—an investigation into workforce
implications
Authors: Niklas Adamsson and Annika Zika-Viktorsson
Status of publication: Submitted for publication, February 2006
Research group: Adamsson collected all empirical data, which were analyzed in
collaboration with Annika Zika-Viktorsson. The paper was written by both
authors, Adamsson being the main contributor.
The purpose of this paper was to demonstrate and discuss important work-related
challenges stemming from the design of complex systems in organizations with
a background in mechanical engineering.
Research method: The presented results rely on observations and interviews carried
out over three months in one product development organization in the
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automotive industry. Three people served as main informants, with
approximately 40 engineers as secondary informants; the main informants
worked mainly with software and electronics.
Main findings: The findings primarily concerned training initiatives and
competency requirements, but also organizational structures and macroorganizational conflicts and traditions were also discussed.
Engineers working with systems formerly considered “stand alone” had to seek
new means for mastering their complex jobs. Mechatronic systems in the
automotive industry rely on information from several sensors, and utilize
actuators, computer networks, and electrical control units distributed across
different technologies and subsystems. However, the structure of the
organization in question reflected a traditional approach, consistent with the
architecture of a mechanical product.
The main entities of the organization were divided in accordance with the
physical subsystems of an automobile. This organizational structure was
reported to be less than supportive of integration when developing boundaryspanning and complex technical systems.
Main conclusions: Important work-related challenges for software and electrical
engineering are demonstrated and these challenges are believed to origin from
the increased product complexity due to the greater software and electronics
content. It was concluded that it is vital to look beyond any unconstructive
traditions that may exist, and hence adjust the organization to the needs
imposed by the altered products.
It was further concluded that industries and organizations need to question how
the engineer’s competency is improved. In that context the multitude of skills
needed, both social and technical, were discussed and how they could be
accomplished through training on the job and work rotation programs.
Contribution to thesis: This paper reports on the second empirical study performed
within the scope of this thesis. It points out several more factors of importance,
in addition to the results reported in Paper A, which merit further research.
Taken together, the results in this paper add to the results presented in Paper A,
and together they formed the basis for the analysis reported in Paper C.
Other related publications: Adamsson, N., 2004, Mekatronik—inte bara en teknisk
utmaning. Observationer av mekatronikutveckling i en komplex organisation. KTH
Machine Design, the Royal Institute of Technology, Stockholm. TRITA-MMK
2004:20 (in Swedish)
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4.4

Paper C

Title: Management of mechatronics engineering—reflections and propositions
Author: Niklas Adamsson
Status of publication: In proceedings of 12th International Product Development
Management Conference, EIASM, Volume 1(3), pp. 35–48, Copenhagen,
Denmark, June 2005.
Research group: This work is based on the author’s licentiate thesis, of which he
was the sole author. Margareta Norell Bergendahl, Martin Törngren, and Annika
Zika-Viktorsson acted as supervisors.
The purpose of this paper was to identify and discuss common patterns of
organizational aspects concerning interdisciplinary work integration for
mechatronics engineering.
Research method: The paper is based on a comparative analysis of three empirical
research studies: Paper A, Paper B, and a third study reported in Törngren,
Adamsson and Johannessen (2003).
Main findings: The findings of the three studies indicate that mechatronics
engineering requires a broad perspective on cross-functional integration. It is
important to understand that one vital aspect is to manage interdisciplinary
cooperation and integration, and not only integration between organizational
functions that may include disciplinary and/or multidisciplinary teams. In other
words, it may be more appropriate to discuss interdisciplinary work integration
rather than cross-functional integration, as an organizational function may
include several disciplines that have to cooperate and integrate their work.
Further findings indicate that mechatronics is a matter of integration at three
organizational levels, the most substantial needs being found at the team and
individual levels, and not primarily at the project level. Furthermore, to succeed
in mechatronics engineering, managers and engineers must look beyond narrow
disciplinary needs and put the mechatronic system at the centre. Subsequently,
both teamwork and competence management become key issues for the
management of mechatronics engineering. Finally, computer-supported and
model-based development of mechatronics display great potential for
promoting the successful integration of different engineering disciplines, even
though such technological support is still rather immature and requires further
research.
Main conclusions: Despite the focus on cross-functional integration in engineering
companies, this paper provides examples of inadequate integration of software
and electronics engineering with mechanical engineering in organizations
dominated by the last. One must consider organizational aspects in different
dimensions to support interdisciplinary work integration. Previous research has
mainly focused on the situational, structural, and process dimensions of product
development activities to support organizational integration. It is concluded,
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however, that technology dimensions (in terms of supporting computer tools,
product complexity, and product architectures) must also be emphasized in the
case of mechatronics engineering.
Contribution to thesis: This paper presents the analysis of the first phase of this
research. The conceptualization and theoretical contribution are of the utmost
importance, since the results presented in this paper subsequently formed the
basis for the last phases of the research, which included testing different sets of
hypotheses derived from these results.
Other related publications: Adamsson, N. (2004). Model-based development of
mechatronic systems—Reducing the gaps between competencies? In Proceedings
of TMCE 2004: The fifth international symposium on Tools and Methods of Competitive
Engineering. Lausanne, Switzerland. Volume 1(2), pp. 405–414.
Törngren, M., Adamsson, N., Johannessen, P. (2004). Lessons learned from the
model-based development of a distributed embedded automotive control
system. SAE World Congress 2004. Detroit, USA. Paper 04AE-59.
Adamsson, N., Zika-Viktorsson, A. (2006). Challenges and outlooks for
software and electrical engineering in traditional mechanical engineering
companies—an investigation into workforce implications. Submitted for
publication, February 2006.

4.5

Paper D

Title: The relative effectiveness of different mechanisms for integrating
engineering disciplines in complex product development
Authors: Niklas Adamsson and Annika Zika-Viktorsson
Status of publications: Submitted for publication, January 2007
A previous version of the submitted paper appears in the proceedings for the
13th International Product Development Management Conference, EIASM,
June 11–13, 2006, Milan, Italy.
Research group: Adamsson designed the study in close collaboration with ZikaViktorsson. The analysis was performed by Adamsson under the supervision of
Svante Hovmark. The paper was written by Adamsson, with comments given by
Zika-Viktorsson, Svante Hovmark, and Margareta Norell Bergendahl.
The purpose of the study was to investigate the work situation in complex,
multidisciplinary R&D settings, focusing on how different organizational factors
contribute to the level of integration and R&D performance. The general
question that governed the research was: How relatively effective are different
mechanisms in producing integration of engineering disciplines in complex
product development settings?
Research method: Analyzing empirical data drawn from a database compiled using
a structured web-based questionnaire and consisting of 303 responses from 11
different organizations.
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Main findings: The study shows that a high level of integration between
engineering disciplines can partly be explained by four mechanisms: 1) high
satisfaction with formal work procedures; 2) well-defined responsibilities
throughout the organization; 3) multidisciplinary phase review boards; and 4) an
environment of computer-aided engineering tools that are well-adjusted to the
engineers’ experienced needs. Among these factors, high satisfaction with
prescribed work procedures is the single most potent predictor of integration
between engineering disciplines.
In addition, the results show that integration between engineering disciplines
can produce beneficial outcomes for the organization, since it is positively
associated with work effectiveness, innovativeness, and product quality.
Main conclusions: The study highlights some important factors to consider in
multidisciplinary engineering settings. To create a more open-minded and
pleasant work environment that is positively associated with potential benefits
for an R&D organization, some specific suggestions are made.
When an R&D organization changes the profile of its engineering workforce,
i.e. by hiring more people in a specific discipline, it is crucial to adapt
organization and work procedures to meet the changed needs of the engineers.
If such changes are neglected, frustration and dissatisfaction among engineers
may negatively influence innovativeness in the organization and jeopardize the
technical quality of its products. It is crucial to understand that different
disciplines impose specific demands on the work process and how product
development is organized. One example refers to activities concerning
manufacturability, where mechanical engineers and electrical engineers have
physical components that must be prepared for manufacturing. In contrast,
software engineers must carry out a rigorous verification and validation process
to ensure that no design flaws in the code will jeopardize functionality after
product release. If such differences are not taken into account, some disciplines
may feel estranged.
Well-defined responsibilities comprise one significant factor that can neutralize
the negative impact of discipline-specific jargon, since engineers with different
backgrounds may use different technical language. If engineers are unable to
grasp the meaning of the terms employed, awareness of relationships between
their and others’ performance might suffer, endangering the quality of
integration between them. It is also important to consider that much of the
functionality realized by today’s products spans several subsystems and
organizational boundaries. Hence, in terms of responsibility, it is critical to
consider how and by whom subsystem integration and full-scale system testing
should be planned and carried out.
Contribution to thesis: This paper reports on the first analysis of the dataset
collected in the Phase IV of this research. The results give provide important
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input regarding the fit of the proposed analytical model, hence directing further
work and refinement of the model and constructs.
Other related publications: N/A

4.6

Paper E

Title: Understanding the importance of interdisciplinary integration in complex
product development
Authors: Niklas Adamsson and Annika Zika-Viktorsson
Status of publications: TRITA-MMK 2007:03, KTH, Stockholm, Sweden,
Submitted for publication, April 2007
Research group: Adamsson designed the study in collaboration with ZikaViktorsson. The analysis was performed by Adamsson under the supervision of
Svante Hovmark. The paper was written by Adamsson in collaboration with
Zika-Viktorsson, Adamsson being the main contributor. Both Hovmark and
Margareta Norell Bergendahl gave important input during the writing process.
The purpose of this paper was to examine how relatively important
interdisciplinary integration was compared to integration mechanisms for 1)
product quality and 2) innovativeness. This paper is a follow-up analysis on the
work presented in Paper D.
Research method: Analyzing empirical data drawn from a database compiled using
a structured web-based questionnaire and consisting of 303 responses from 11
different organizations.
Main findings: Through the analysis it was found that interdisciplinary integration
is the most powerful predictor for innovativeness, and also that it plays a vital
part in explaining product quality. Still, it is not exclusively the most powerful
predictor for both of the dependent variables, since some integration
mechanisms are found to be more potent predictors for product quality.
Altogether, three factors were found to predict high levels of product quality,
namely 1) multidisciplinary composition of project work groups, 2)
interdisciplinary integration, and 3) satisfaction with formal work procedures.
For innovativeness, five predictors were found, namely 1) interdisciplinary
integration, 2) flexibility and compliance in the organization, 3) project
management training, 4) multidisciplinary teambuilding activities in functional
work groups, and 5) multidisciplinary composition of functional work groups.
Main conclusions: One of the main concerns of organizations that embed ever
more software systems into traditionally manufactured goods is to take account
of their capability successfully to match their body of practices with the
products being developed. It is, however, likely that organizations do not notice
that their body of practices is getting out-dated. The potential mismatch can be
devastating for product development performance, and strong traditions need
to be re-assessed in the light of the changed technology content of products.
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New technology in a product gives rise to new interfaces, both product-wise
and organization-wise. The interfaces that deserve managerial attention and
analysis vary with situational factors, such as the current technologies being
employed and the products currently being developed. Based on the results
presented here, it is concluded that inadequate identification of the currently
most important interfaces, or managerial inability to establish them, is a key
factor that is negatively associated with product development performance.
The organizational power base is often re-positioned when established
organizational structures and traditions are confronted by change in the
technology content of a product. The loss of decisive power for a specific group
of engineers can result in a demoralizing ignorance of newly established
disciplines and their design practices; hence, the organizations are not able to
fully maximize the potential of technology fusion.
The relation between cause and effect is neither obvious nor direct in a
dynamically complex environment, and it is obvious that unexpected effects will
appear in the process of developing complex and multi-technological systems.
To minimize the negative impacts of such effects, organizational responsibilities
and mandates must be declared in an unambiguous way. In many cases, these
responsibilities and mandates will differ from how they have been declared in
the past, when the products only consisted of a few technologies.
Contribution to thesis: This paper reports on a second analysis of the dataset
collected in Phase IV of this research. The results provide some input regarding
the importance of integration between engineering disciplines, and how
different integration mechanisms can contribute to product development
performance.
Other related publications: N/A
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5

Discussion

This chapter first revisits the formulated research questions, and then presents a
general discussion of the results acquired from the different phases of the
research. This chapter is the product of a cross-analysis of the included studies
and other relevant sources. For each of the research questions, answers are
given based on the findings of the studies.
The general discussion follows an arrangement presented by Smith and
Rauscher (1995). Their work is one of the earliest examinations of the
management aspects of embedding software systems in manufactured goods.
They divided the current topic into three different areas: management opportunities,
development process opportunities, and product design opportunities. These areas are
slightly adapted for the following discussion, in that they are each given a more
general label; moreover, one additional area is added, namely, organizational
opportunities. Opportunities are identified and discussed for all these areas, with
the aim of increasing the operational performance of product development
organizations. The objective is also to extend the current scientific body of
knowledge and existing theories concerning organizational integration, primarily
by addressing factors affecting integration between engineering disciplines in
complex product development.
The chapter concludes by discussing both the contributions and appropriateness
of the chosen research approach and its relationship to the acquired results.

5.1

Revisiting the research questions

The first research question concerned the integration between engineering
disciplines and the relationship between this and product development
performance. Previous research performed in other organizational contexts (see
e.g Gupta, Raj & Wilemon, 1987; Hauptman & Hirji, 1996; Hoegl &
Gemuenden, 2001) has often demonstrated that integration is associated with
many positive effects (mainly in terms of increased innovativeness and
adherence to budgets and schedules). However, it has also been demonstrated
that excessive levels of integration can overburden personnel with meetings,
resulting in inefficient interaction, “myopia,” and/or premature elimination of
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options due to excessive socialization (Kahn, 1996; Kahn & Mentzer, 1998;
Swink, 2000). Consequently, the importance of integration is not always
indisputable. Given the emerging need to study integration between engineering
disciplines and in light of previous research, it was appropriate and motivated in
this work to seek to answers to;:
RQ 1 How does integration between engineering disciplines relate to operational
performance in complex product development settings?
The analysis presented in Paper E indicates that interdisciplinary integration as
an organizational factor was not indisputably the most important one in seeking
to understand successful complex product development. Two specific success
indicators were used in the reported analysis, innovativeness and product quality.
Interdisciplinary integration was found to be the most influential factor for the
experienced level of innovativeness, but not the most influential factor with
regards product quality. Instead, it was found that for product quality, the
multidisciplinary composition of project groups in complex product
development settings was more influential. However, interdisciplinary
integration was still highly relevant, since it was found to be the second most
influential factor determining product quality.
With increased technological heterogeneity, the number of technically
complicated matters that require multifaceted opinions drastically increases.
Project teams then need to consider more and different viewpoints, rather than
excessively focusing on achieving high levels of integration between just a few
disciplines. In contrast, decreased product complexity (mainly in terms of
technological heterogeneity) could increase the importance of interdisciplinary
integration and thus lessen the importance of multifaceted opinions.
It has, however, been demonstrated that an open-minded atmosphere and good
relationships between engineering disciplines are two vital factors if the potential
advantages (in terms of new innovations) of the increased amount of embedded
software are to be exploited. Potential resistance to the new functionality and to
the changed locus of decisive power can therefore be counteracted by proper
integration of engineering disciplines that understand their role and how they
contribute to the development of complex products.
The second research question concerned different integration mechanisms and
their potential in complex product development settings. From previous
research it is known that the effectiveness and feasibility of different
mechanisms may vary (see e.g. Browning, 1998; Leenders & Wierenga, 2002).
Given the lack of knowledge of the specific feasibility of integration
mechanisms in complex product development, it was appropriate to seek to
answer:
RQ 2 What are the differences between the feasibility of different integration
mechanisms in complex product development?
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Different integration mechanisms have been evaluated in this research. The aim
has been to discover their effectiveness in supporting integration between
engineering disciplines, and to investigate which of them that could affect
various success indicators.
Both Papers D and E concluded that some integration mechanisms stand out as
more important than others. Organizational structure, work procedures and methods,
training, social systems, and computer-aided engineering were the five types of
mechanisms that displayed the greatest potential for improvement. They are reexamined and further discussed in the following sections.
5.1.1

Organizational structure

Based on the present results, it is apparent that organizational factors play a
significant role in high-performance organizations undertaking complex product
development. Responsibilities must be well-defined and articulated to support
integration between the involved disciplines working with boundary-spanning
product development, especially in organizations changing the technology
content of their products; it is also clear that boundary-spanning actions may
easily become a source of conflict and misunderstanding if this is neglected.
One way to deal with this inherent complexity is to make product development
teams largely independent, through defining responsibilities clearly and
decomposing the product into subsystems, functionality, interfaces, and project
deliverables. As Browning (1999) also points out, it is only then that the full
potential of independence can be realized, since it is based on a premise that
minimal interfaces imply fewer interface issues. Therefore, based on the results
presented in Paper D, it is concluded that responsibilities must be reassessed
and restructured in manufacturing companies to comply with the needs posed
by the changed technological content.
If high-quality products are to be achieved, one must account for the
multifaceted view of project teams. It is therefore emphasized, as also noted in
Adamsson and Malvius (2005), that different co-coordinating groups within an
organization need a balanced perspective and the ability to act as translators and
boundary-spanners. The cultural differences between engineering disciplines
may act as a potential barrier to successfully integrating disciplines (Bradley,
1997), and the ignorance of discipline-specific knowledge will only reinforce an
“us versus them” mindset that may be counterproductive for the organization.
Organizations must remain flexible in terms of supporting innovativeness and
sustaining performance when developing unprecedented systems. As Bradley
(1998) also suggests, the potential gains accruing from new boundary-spanning
innovations can be lost if the dominant internal organizational structures are too
rigid to change, even when faced with an apparent need to adapt to better suit
the development and integration of new technologies.
Findings presented in Paper E indicate that the multidisciplinary composition of
functional teams is a significant factor promoting innovation. However, this
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factor is not believed to be fully relevant to the development of unprecedented
systems; it is more likely to refer to making incremental changes to existing,
well-known products. From a short-term perspective, it seems to be more
appealing to recruit disciplines to a functional team in line with the existing
competence profile of the team. Nevertheless, the benefits from bringing
context-specific knowledge into the functional teams by recruiting other
disciplines must be thoroughly evaluated.
However, with the incremental increase in the presence of new technologies
(e.g. embedded software systems) in products, it is important to realize, as
Eppinger and Salminen (2001) also suggest, that the need for alignment between
the organizational and product dimensions must be dealt with. It is therefore
noted that the interactions within the organization necessitated by incremental
product change can be dealt with by re-evaluating the composition of the
functional work groups in light of the changed technology content, e.g.
recruiting other disciplines to traditionally discipline-based functional teams.
5.1.2

Work procedures and methods

Satisfaction with work procedures was reported in both Papers D and E to be a
very influential factor for achieving interdisciplinary integration and high
product quality. An organization must be able to adapt to current needs;
increased product complexity must be dealt with, and as Eppinger and Salminen
(2001) postulate, organizations that succeed in aligning their R&D
organizations, product architecture, and work processes will most likely
outperform those that are unable to do so.
The perceived needs of an engineer should logically be reflected in established
work procedures. It has repeatedly been observed in this research that work
procedures stemming from mechanical engineering traditions often become a
prime source of conflict, since other disciplines feel alienated by them. Formal
work procedures with traditions strongly rooted in mechanical engineering
emphasize design and manufacturing properties with which electrical and
software engineers are unacquainted. This threatens the possibility of achieving
mutual understanding and setting common goals, and also hinders minority
disciplines from meeting the terms stated in prescribed procedures, hence
jeopardizing the expected product quality.
5.1.3

Training

In successfully integrating different technologies and still remaining competitive,
competence development and acquisition are key issues. Two potential
strategies for dealing with these competence issues are recruiting and training. In
the early phases of their technology change programs, many companies use
contracted consultants to bring the missing skills and competence into the
organization (Adamsson, 2003). However, this is not a long-term solution, since
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the core competence of the organization changes with the changing technology
content and value distribution.
In addition to acquiring new personnel, training may be useful in increasing
personnel competence and supporting interdisciplinary integration (Browning,
1998). Project management training is a more effective than training activities at
increasing engineers’ technical skills. Results presented in Paper E indicate a
stronger relationship between project management training and an
organization’s perceived innovativeness, than between technical training and
perceived innovativeness. Project management skills are important in managing
administrative project tasks in complex product development, concurrently with
managing the conflicting mixture of creativity and structure needed to create an
open-minded and risk-taking environment.
5.1.4

Social systems

Results presented in Paper E strengthen the belief that informal social systems
are very valuable for developing informal networks, which in some cases may
compensate for deficient organizational structures. Team building or similar
activities facilitate information transfer, as complementary expertise can be
identified and located (Dougherty, 1992) while cultural awareness is being
promoted among various functions (Souder & Moenaert, 1992). The appearance
of multidisciplinary teambuilding in functional work groups was reported in
Paper E to be an important factor for encouraging new and profitable
innovations. Breaking up disciplinary monoliths in social activities may create
excellent opportunities to find more innovative product solutions, and as
Leenders and Wierenga (2002) also emphasize, create future relationships to
expertise that can be useful in solving technical problems in forthcoming
projects.
5.1.5

Computer-aided engineering

The fast and constant development of sophisticated, discipline-spanning
computer-aided engineering tools is a powerful strategy for coping with the
complexity issues in product development. The main promise of the approach
lies in the possibility it offers to explore the design space and support early
verification. As reported in Paper A, linked and discipline-spanning computeraided engineering tools soon become a necessity in attempting to cope with
increased product complexity. There is, however, a common belief that many of
the solutions to these problems lie in the procurement of new and more refined
tools. However, as demonstrated in both Papers A and D, and previously noted
by Wheelwright and Clark (1992), other aspects, such as the organizational and
process aspects of complex product development, must first be dealt with in
order to take full advantage of such tools.
It is known that using linked computer systems with a common point of
reference could lessen interdisciplinary misunderstandings (Browning, 1998; El53
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Khoury, 2006) by supporting the establishment of mutual terminology through
information modeling (Malvius, Redell & Ritzén, 2006). As reported in Paper D,
however, it is not always the technical capacity of the tools that primarily
matters, but rather actually satisfying users. It is therefore important to have
computer systems, i.e. both design tools and product data management tools
that conform well to user needs. If this is so, when they are eventually used
more extensively, their full potential can be exploited.

5.2

General discussion of the results

This section deals with four general areas, three of which correspond to those
outlined by Rauscher and Smith (1995), namely, 1) management opportunities, 2)
development process opportunities, and 3) product design opportunities, the additional area
being 4) organizational opportunities. As already mentioned, each of these areas is
discussed, and opportunities from each relevant to strengthening operational
performance are identified and analyzed (see Table 7 for an overview).
Table 7 An overview of the discussed areas.
Management opportunities
- Recruitment strategies and core competence
- Changing the locus of the organizational
powerbase
- Increasing management competence
Development process opportunities - Making an appropriate trade-off between
software and hardware
- A successful systems architecture,
development, and integration process
Product design opportunities
- Relating the changed technology content to
changed product architectures
- Effectively using complex technology to
develop complex technology
- Successfully managing design changes
Organizational opportunities
- Designing a flexible and adaptable
organization
- Maintaining multidisciplinary team settings
5.2.1

Management opportunities

From a management perspective, it is obvious that current trends in industry
pose some serious challenges, challenges that can generally be turned into
opportunities. It is apparent that many manufacturing companies have changed,
or soon will change, the technology content of their products; the competence
profile of the engineering workforce will then also have to change accordingly.
A rather homogenous engineering workforce, in which electrical and software
engineers have been rather overlooked minorities, will become (if this has not
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already happened) an engineering workforce in which much critical knowledge
and decisive power rests with electrical and software engineers.
Cultivating, for example, software knowledge within the organization, not only
among the software engineers, but also among managers and other disciplines,
will eventually make the workforce feel more comfortable dealing with the
increased complexity and challenges brought by the new technology. Achieving
a balanced perspective in terms of different viewpoints, however, is something
that can obviously be achieved in various ways; this will be discussed in the
following sections.
Recruitment strategies and core competence
Engineering disciplines new to an organization are often regarded as different
and odd (a view regularly based on stereotypes); this is known to be a common
barrier to integration between different groups in an organization (Griffin &
Hauser, 1996). The present research has demonstrated that in the case of
complex, interdisciplinary product development, the core competence of an
organization needs to be reflected at different organizational levels, i.e. not only
at an operative engineering level but also at management levels. Minorities that
exert increasing influence on the design process must gain support from
managers, otherwise the competitive edge delivered by these disciplines may
eventually be lost due to the management unawareness. As a result, it is
important to recruit people with different educational and engineering
backgrounds, not only to engineering positions but also to management
positions. This is one critical condition for being able to identify the needs and
strengths of the disciplines contributing to the core competence of the
organization. For complex product development organizations, the core
competence is reflected in the ability to develop and deploy complex and
heterogeneous systems. This is something that calls for substantial input from
various actors in the organization, actors who in turn may differ significantly in
educational and professional background.
All engineering disciplines bring with them discipline-specific skills and
traditions rooted in their university educations. Fully exploiting these specific
skills requires re-assessing the core competence of the organization and how the
recruitment strategy should be declared and implemented. The core competence
does not rest with one single discipline, but rather with the composition and
heterogeneity of all disciplines constituting the organization.
It is therefore important to recognize that some disciplines may be more suited
to expert roles, others to more generic and integrative roles. As also noted in
Adamsson and Malvius (2005), organizational roles must be re-assessed in light
of the changed technology content, as must the diversity of the engineering
workforce. One natural consequence is that managers must realize that
company tenure cannot be the only or the main indicator that determines the
distribution of the engineering workforce. Less experienced engineers may be
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suited to work on system-level design even though they are not experienced in
component-level design.
Changing the locus of the organizational powerbase
In manufacturing companies, value distribution and many of the R&D costs are
shifting from mechanical components to other technologies, such as software
and electronics. This research has demonstrated that that the locus of the
organizational powerbase is directly affected by this technology shift. It has also,
in line with Pavitt (1998), been shown that the ability to identify the adaptation
need is critical, since the disciplines that lack decisive power may resist the new
technologies, thus jeopardizing the level of integration between engineering
disciplines.
Along with the changed locus of the organizational powerbase, it is also clear
that managers need the will to address, at least for the moment, the most critical
interfaces (i.e. organizational, product, and process interfaces). However, the
results presented in Paper B indicate that mechanical engineers in management
positions often tend to underestimate the complexity of software and
electronics. As Kim and Wilemon (2003) also point out, this may give rise to an
imbalance in resource allocation within an organization. If the shift of decisive
power is not explicitly known to managers, the underestimation can cause
serious problems, since electrical and software engineers may worry about
unexpected events in terms of costly and badly thought out design changes.
Increasing management competence
Management needs to realize what the opportunities, but also the difficulties, of
software development are. Only if the differences, strengths, and weaknesses of
the involved disciplines are continuously kept in mind, can the opportunity to
constantly improve and adapt the organization, and its culture and work
procedures, emerge.
It has been suggested that software knowledge (or any other new technologyrelated knowledge) must be cultivated throughout the organizations at all levels,
so that any skepticism towards a new technology is avoided. As demonstrated in
Paper D, the opportunity for several disciplines to gain support in phase-review
boards was an important factor affecting the level of integration between
engineering disciplines. Consequently, if software knowledge is cultivated and
expanded at all levels in the organization—regardless of its traditions—great
benefits can be achieved in terms of receptiveness to new technologies (and
thus to new engineering disciplines). As a result, Paper E demonstrates that
well-integrated engineering disciplines have a considerable and positive impact
on the level of innovativeness.
As early as 1995, Rauscher and Smith (1995) had already noted that few
software engineers had reached high management positions in traditional
manufacturing companies. The present research feels that this relative absence is
still highly topical, despite the fact that software development has been a part of
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these companies’ operations for quite a while. It takes a long time to reach a
management position in these companies, since careers often start with a regular
engineering position. However, it is important to remember that bringing
context-specific knowledge to a managerial position can have a bridging effect
when arguing different viewpoints concerning complex technical matters
involving several technologies and engineering disciplines.
5.2.2

Development process opportunities

With the increased number of both software and hardware components in
products, the links between the development (in terms of scheduling, design
activities, and deliverables) of the two types of components must be visible and
clear. To prevent engineering disciplines from holding each other responsible
for delays and poor product configuration, the links between design activities
should reflect the needs of the involved disciplines. Based on the present results,
it has been demonstrated that several aspects must be taken into account when
the process of developing complex products is considered.
Making an appropriate trade-off between software and hardware
An often recurring discussion in product development operations concerns
whether new features should be implemented by hardware, software, or a
synergistic combination of both. When the alternatives are being assessed
different indicators are taken into account, and common indicators focus on
cost, manufacturability, and system performance. As described in Adamsson
(2004) and in Rauscher and Smith (1995), the actual development time is seldom
taken into consideration. The trade-off between product development time and
component costs can mean that a cheaper solution in terms of component costs
is selected, even though it implies additional development effort in terms of
time and resources. As Rauscher and Smith (1995) also point out, however,
there is great potential in considering the trade-off decision from process and
resource perspectives. This could mean that choosing more expensive
components could drastically decrease the product development lead time—and
hence also the cost. Such a decision is beneficial, especially for software
development, since a traditional hardware set-up can constrain the separation of
software concerns. However, in the presence of strong mechanical engineering
traditions and designs based on physical components, matters are usually
handled the opposite way, since hardware is commonly considered by these
organizations as rather rigid, proven, and reliable. Software, on the other hand,
is considered as flexible but also more unreliable, meaning that the hardware setup is considered the fixed baseline with which the software development must
comply.
A successful systems architecture, development, and integration process
A system engineering process comprises many activities addressing different
phases of a system’s lifecycle. These activities assist in defining the system,
transforming the resulting set of requirements into a system through
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development activities, and eventually providing for the deployment of the
system in an operational environment (Sage & Lynch, 1998). The present
results, especially those in Papers A and B, indicate that the development
processes in the studied companies are rather mature in terms of the individual
disciplines. However, from the interdisciplinary and systems engineering
perspectives, there is still much room for improvement, especially in terms of
developing distributed systems in which components and functionalities are
separated in terms of both technology and organization.
In the systems engineering process, the technical system is eventually
decomposed into smaller and more manageable subsystems. These individual
systems and related responsibilities are often designated and allocated to
individual organizational functions. How responsibility for a multi-technological
function is to be divided and allocated then becomes a crucial, and difficult, task
for the organization. It is noted in the present results that responsibilities in
manufacturing companies have traditionally been allocated to physical
components or subsystems. Since a single functionality has regularly been
realized by a single subsystem or component, this has been successful in the
past; however, the practice needs to be re-evaluated in light of current
technological changes. As technical functions and features are increasingly
realized through the synergistic integration of existing subsystems, the question
of responsibility becomes critical. How should responsibility for a boundaryspanning technical function be allocated, and does responsibility for a function
imply a larger mandate than mere responsibility for a component? Costs are
often associated with the hardware components, so functionality may
sometimes suffer in the constant striving to reduce component costs.
Furthermore, it has been observed that the links between hardware, software,
and other technologies are not always explicitly understood. As Stille and
Bergström (2006) have also identified, it is common for each discipline to
perceive that it must wait until the others have completed their tasks. An
example of this conflict between engineering disciplines is that software
developers sometimes require a fully working hardware setup before the
software can be completely tested and verified. Nevertheless, the hardware
developers usually require at least some software to run their hardware, to
enable testing and demonstrations.
It is argued that both responsibilities and mandates must be defined
unambiguously, something that is not always consistent with how these have
been delineated in the past. This is mainly due to the fact that delayed systems
integration and testing is a common source of technical problems and delays. As
Karlsson and Lovén (2005) also point out, it is common for the different
involved engineering disciplines to meet for the first time in this late, critical
phase of development. Then, it is often too late to make any major design
changes, since there is not enough time left before the system is supposed to be
deployed. This conflict is also illustrated when requirements are traded,
compared, and modified to attain a feasible solution in terms of both system
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performance and target cost. Many requirements may be in conflict, for
example, the requirements for weight and power consumption may be
incompatible with a performance requirement.
Based on the present results, it is argued that adjusting the activities in different
product development phases would involve pinpointing possible integration
tasks in the early phases. Hence, some of the critical system integration and
testing activities could be performed earlier and up-stream in the development
process. As argued in Paper A, it would thus be beneficial to make more
extensive use of simulation and modeling tools, especially at a systems level. It is
also important, however, to remember that such an extension of the use of
computer-aided engineering tools must meet the needs of the involved
disciplines.
5.2.3

Product design opportunities

The technical system, with its implemented features and functions, is central to
the topic of this thesis. One of the main motives for studying the management
aspects of complex product development is the changed technology content of
manufactured goods. Accordingly, there are several product-related topics that
need to be addressed.
Relating the changed technology content to changed product
architectures
The implementation of embedded software systems in mechanical products
creates multi-technological platforms. Since platforms, components, and
functions are not longer the domain solely of mechanics, it is argued based on
the present results that the traditional perspective on product development
based on physical components is no longer sufficient. To remain competitive, a
more systemic perspective must be adopted, one that takes different
technologies into consideration. However, such a perspective entails making
changes and adjustments to organizations, sometimes even challenging their
governing traditions.
When the technical system is decomposed into smaller units (i.e. defining the
product architecture), many different technical views of the system are needed;
among the most important of these are the functional, hardware, and software
views. One of the main issues discussed in Paper C was the need to question
and reassess established product architectures, bearing in mind the changed
technology content. It is also argued that the opportunity and ability to tie
together different architectural views is critical.
Effectively using complex technology to develop complex technology
It is obvious that developing complex systems requires technological tool
support that enables multidisciplinary modeling, simulation, and product data
management. The use of advanced and multi-domain computer-aided
engineering tools is a current trend in complex product development (see e.g.
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Yan & Sharpe, 1994; Crnkovic et al., 2003; Kockerling & Gausemeier, 2003;
Zimmerman, 2005; El-Khoury, 2006).
Computer-aided engineering tools were the starting point of this research, and
based on the results presented in both Papers A and D, it is believed that such
computer support offers great opportunities, especially in managing the vast
amount of information in organizations. However, existing tool environments
are still rather immature when multidisciplinary product development is
considered (Törngren & Larses, 2005).
Some factors may reduce the positive effects of these opportunities. As reported
in Paper A, to take full advantage of their benefits, the use of such tools must be
aligned and coordinated in organizations. Doing so would likely increase the
satisfaction of users with the implemented tools. As reported in Adamsson
(2004), if implemented tools do not meet the current needs of the involved
disciplines, they can have a negative impact on the working situation. However,
there is great potential if these tools are implemented in a way that satisfies
users, since it is reported in Paper D that satisfactory tool support is positively
associated with interdisciplinary integration between engineering disciplines. It
has further been established that in companies that are rather inexperienced in
developing multi-technological products such tools are usually used in separate
“organizational islands” that exchange little or no information. As reported in
Paper A, however, when a certain level of product complexity has been reached,
such tools provide essential support for managing the embedded complexity.
Successfully managing design changes
It has been noticed that mechanical and hardware designs seem to become
frozen at an earlier stage of product development than software designs do.
Consequently, the correction of design flaws identified late in the design process
focuses on the possibility of adding or changing software. A main reason for
this is that great and obvious costs are involved in decisions affecting the
manufacturing process. These costs primarily refer to tool procurement, so
these decisions are not easy to reassess once they are made. Rauscher and Smith
(1995) argue that it is a common misperception that changing the hardware is
more expensive (since its perceived cost is higher) than changing the software,
primarily since software changes seem to be “free.”
Clearly, with an increased amount of software in products, it is important to
consider that product launch is not exclusively a question of manufacturability.
One must realize that late software changes also imply hidden costs, often of a
significant magnitude, especially in terms of more extensive verification and
validation work. Deficient software verification and validation, as mentioned
early in this thesis, easily leads to quality problems downstream in the product
lifecycle. Therefore, it is further argued that to achieve high levels of product
quality, it is essential to reserve time for verifying and validating components,
subsystems, and fully integrated systems throughout, and especially in the early
phases of the development process.
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5.2.4

Organizational opportunities

The concluding topic concerns organizational aspects of complex product
development. The organizational structure and formation of the different
functions and teams dictates their responsibilities and defines the roles in a
specific organization. Based on the present results, it is argued that this factor
has considerable impact on the success of developing complex products.
Designing a flexible and adaptable organization
It is apparent that in many manufacturing companies, the organizational
functions correspond to the architectural layout of the hardware subsystems.
This way of organizing can rapidly become out-dated, as the technology content
of products constantly changes. As of today, few organizations have questioned
the potential barrier that organizational rigidity may pose to success in
developing complex multi-technological systems. When product architectures
are changed to enable new innovations based on a synergistic combination of
different technologies, the organizational formation must be reassessed in light
of the new product architecture. It was previously argued that the R&D
organization’s ability to remain flexible and adapt to situational needs is one of
the factors offering the most room for improvement.
When a technical system is decomposed into smaller and more manageable
units, there are three different ways to arrange the relationship between the
system architecture and the organization structure (Sage & Lynch, 1998).
First, it is possible to tailor the functional architecture of the product to suit the
existing organization, taking the specific capabilities of that organizational
structure into consideration. This corresponds to the main approach identified
here; such approaches do, however, impose some severe limitations on the
possibility of efficiently developing boundary-spanning and distributed
functionality. It is likely that this first approach is more suitable when the
technology content of the products remains rather stable.
The second option proposed by Sage and Lynch (1998) is to tailor the
architecture to the capabilities found in the potential contractor’s organization, a
matter that is beyond the scope of the present research.
The third suggestion is to structure the teams and organizational functions
according to the determined and defined product architecture. This approach
offers considerable potential, but is currently seldom used in traditional
manufacturing industries. Gulati and Eppinger (1996) propose that the
architectural design should dictate the organizational design, and also the
communication patterns in the organization. Instead of seeking relationships
between the organizational architecture and the hardware architecture, there is a
potential to seek relationships between the organizational architecture and the
functional architecture. New boundary-spanning opportunities would likely arise
by decomposing the technical system into different technical layers, which
includes such things as sensors, control systems, and actuators. Consequently,
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several engineering disciplines are allocated to each technical layer—something
shown in Paper E to be an important factor. Such a set-up crosses traditional
organizational boundaries, creating an excellent opportunity to efficiently realize
high-quality, boundary-spanning, and innovative technical solutions.
Maintaining multidisciplinary team settings
The critical system integration activities can either be addressed within each
organizational function and individual design team, or by a specific system
integration department in the organization with designated systems engineering
teams (as described in INCOSE (2006)). An organization’s lack of experience of
dealing with multi-technological systems development and integration seriously
threatens successful systems integration. A designated systems engineering or
systems integration team may encounter resistance to their work, mainly from
other organizational units that do not understand how these teams contribute to
overall progress. Paper B demonstrated that systems engineering teams
consisting of several engineering disciplines were usually hard to manage, and
that the team-boundaries were hard to grasp for those involved, mainly due to a
lack of management awareness of the organizational need to deal with system
integration matters. However, these teams have been found to provide an
important forum in which engineers can address complicated and multitechnological systems issues. This is further accentuated by the results presented
in Paper E, which indicate that if project teams are composed of several
engineering disciplines, product quality seems to be strengthened.

5.3

From cross-functional to interdisciplinary
integration: A necessary shift in research
focus

The present research contributes to the great scientific body of knowledge
regarding organizational integration, by extending the context to include
integration between engineering disciplines in complex product development.
This is a natural extension of the research context due to the changed
technology content of our everyday products.
Cross-functional integration has been a main area of product development
research over the past 20 years. The present research demonstrates that it is
possible to capitalize and take advantage of previously presented findings and
explanations, even when the research context changes from cross-functional
integration to interdisciplinary integration. The most obvious explanation is that
both research contexts apply a collaborative and communicative perspective. In
both contexts the objective is to support knowledge exchange and transfer
between different groups of individuals. However, one fundamental difference
between the two areas has been identified: cross-functional integration is based
on defined areas of responsibilities for each organizational function, whereas
interdisciplinary integration is based on differences in the educational and
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professional backgrounds of individuals—i.e. more of a competence-based than
a responsibility-based perspective.
Regarding the present findings, the feasibility of the different integration
mechanisms differs somewhat. To act in accordance with and fully exploit a
technology fusion approach, it is argued that the technical system being
developed must be the center of attention. Activities and assignments should be
addressed from a product perspective; concurrently, the organizational structure
and responsibilities should be defined using the technical system as a starting
point. This means that the types of integration mechanisms emphasized in the
present results are strongly dependent on the technical system being developed.
For cross-functional integration this is not obviously the case, since it instead
depends on the value created for the company and its customers.

5.4

Discussion of the research approach

The presented research was conducted using two different approaches. The first
approach was a more explorative one, the aim of which was to gain a deep
understanding of the organizational context of developing multi-technological
and complex products. Based on that approach, certain theoretical propositions
were formulated, which were tested and analyzed using an explanatory research
approach. Due to the different approaches, the discussion of the research
approach is divided into two parts. The first part is found in Chapter 3 and
covers the approaches used in each phase; a more general discussion is found in
the subsequent sections and covers the overall approach of the research.
By combining different research approaches the belief is that the validity of the
results would be strengthened. First, it was possible to gain a deep and thorough
understanding of the practice of developing complex products. Second, it was
also possible to contribute theoretically to the body of scientific knowledge
regarding organizational integration, by extending the scope to explicitly cover
interdisciplinary integration—something not fully covered in previous research.
One alternative approach would have been to proceed with an explorative
approach throughout the whole research process. Other contexts and work
settings could then have been covered using case-like presentations. With the
chosen approach, it is apparent that some aspects and important factors of
complex product development may have been left out; however, the chosen and
studied factors have instead been examined in a more general setting within a
larger population. This enables a higher certainty with respect to the relevance
of the examined factors, but a lower certainty regarding the level of coverage of
factors relevant to the studied context.
5.4.1

Unit of analysis

The chosen unit of observation of this research is engineers’ experiences and
attitudes regarding the different organizational factors believed to influence their
operative engineering work. Furthermore, the unit of analysis is operative work
63

DISCUSSION

in engineering organizations. This is a rather operational focus, the aim of which
has been to investigate and understand how to increase operational performance
in multidisciplinary engineering organizations. As a result, it has been important
to consider how to improve the opportunity for the engineering workforce to
perform well. This choice was primarily a result of the identified lack of research
into operational conditions in complex product development settings; a
personal research interest in operational conditions in general also played a part
in this choice.
This choice implies that the present results should be treated as coming from
such a perspective. It is not the strategic considerations that constitute the
central issue, even though strategic considerations and operational
considerations are strongly linked and related to each other. A different unit of
analysis, meaning a more organizational or strategic focus, would most likely
affect the type of results. Instead of the rather operational implications that aim
to strengthen the operational capability, the results would aim to strengthen the
strategic capability of an organization.
5.4.2

Empirical investigations

Due to the rather thin body of scientific knowledge concerning operational
conditions in organizations integrating embedded software systems into
traditionally manufactured goods, there were few options to consider in the
early stages of the research. Since the research used an abductive approach, the
first stage was rather explorative, aiming to formulate some preliminary
theoretical propositions and concepts. These propositions and concepts were
then examined and tested in a fairly large population from different
organizations.
The criteria for selecting respondents were similar through all phases. The
primary respondents were engineers at an operational level in the organizations,
all of whom possessed different areas of expertise and responsibility. Based on
the chosen unit of analysis (discussed above) this choice seems reasonable, and a
different unit of analysis would require a different selection of respondents—
most likely a stricter focus on the management level of the organizations.
5.4.3

Theoretical foundation

The theoretical basis of the research naturally reflects the background of the
researcher. With an engineering background, it was therefore natural that a
rather substantial part of the theoretical foundation would be engineering
literature. As noted, however, another substantial part of the literature examined
in this research is related to other areas than engineering, in particular, to
management. One main difficulty with interdisciplinary research projects is that
of blending different theoretical areas, without omitting major and relevant
sources from any of the areas. To avoid these potential problems, it would have
been desirable for the research to have been performed in closer collaboration
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with researchers from other areas with a different theoretical background, i.e. a
management background. Such collaboration would have enabled a more
synergetic but also in-depth analysis of a research area that requires input from
both the engineering and management fields.
One theoretical area which has not been given a specific attention is research
related to project management. There is a substantial amount on research into
project management, in particular, into the management of product
development projects. As the current results have indicated, however, it is
important to consider this area in future research, to further understand how
complex product development can be improved.
There is an apparent dualism in the research area of engineering management,
the research area to which this thesis belongs. Work in this area aims at
interpreting product development activities both from the engineering and
management sides. This dualism gives rise to a delicate issue for the researcher:
To which research community should the contributions be directed? The risk is
that the engineering research community may consider the research too
management related, while the management research community may consider
it too related to engineering. Keeping this in mind when formulating the
research strategy can enable the researcher to contribute to both research
communities—something that should be striven for.
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6

Conclusions and future work

Working in complex product development organizations is a challenging task,
and individual engineers must receive adequate ongoing support to carry out
their jobs. As demonstrated here, support for an engineer can take various
forms, each of which must be evaluated with respect to the benefits that can be
gained but also with respect to the current situation.
The overall aim of this thesis was to investigate and understand how to increase
operational performance in engineering organizations that have experienced an
increasing number of embedded software systems in traditionally manufactured
goods. It has been possible both to develop the body of practices regarding the
management of complex, multidisciplinary product development, and also to
contribute to the rather substantial research area of organizational integration.
The discussion of cross-functional integration has been extended so as also to
include the context of integration between specific engineering disciplines
working in complex product development settings.
One of the main conclusions concerns an organization’s ability to successfully
match its body of practices to the products being developed. It is common, though
still devastating, for an organization to fail to observe that the body of product
development practices is getting out-dated with regards to the technology
content of its products.
To sustain product development performance given the changing technological
content of a company’s products, certain organizational factors and integration
mechanisms merit particular attention. Consequently, it is concluded that R&D
organizations should work towards increasing the integration between
engineering disciplines; simultaneously, they must reassess and sometimes
redefine the following factors: organizational structure, work procedures and methods,
training, social systems, and computer-aided engineering.
The relevance of these proposed factors is supported by the current findings,
since rigid structures and counterproductive traditions are found to be a prime
source of conflicts between disciplines. It is further concluded that the potential
advantages of new boundary-spanning innovations are likely to be hampered if
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minority disciplines in organizations feel alienated because the disciplinary
“monoliths” of an organization are too inflexible and resistant to change.
New technology in a product gives rise to new interfaces, both product-oriented
and organizational. Interfaces that deserve managerial attention and analysis vary
according to situational factors, such as technologies currently being employed
and products currently being developed. It is therefore concluded that
inadequate identification of the currently most important interfaces, or
managerial inabilities to establish these interfaces, is a key factor negatively
associated with product development performance.
Established organizational structures and traditions face a challenge when
having to change the technology content of a product, since this process often
results in the organizational powerbase being re-positioned. Consequently, it is
concluded that the loss of decisive power of a specific group of engineers can
result in a demoralizing ignorance of newly established disciplines and their
design practices.
The ability to choose appropriate trade-offs between different technologies is
essential in coping with the inherent dynamics of product development
complexity. The influences on, and implications of, decisions are very difficult
to follow and establish in dynamically complex environments. It is therefore
concluded that the ability to understand and perceive different technologies is
an indispensable managerial asset that makes it possible to avoid ill-considered
design changes that can propagate throughout organizations.
As the relationship between cause and effect is neither obvious nor direct in a
dynamically complex environment, it is clear that unexpected effects will appear
in the process of developing complex, multi-technological systems. To minimize
the negative impact of such effects, it is proposed that current organizational
responsibilities and mandates be questioned and reassessed. One hopes this
means that they will then be declared unambiguously; in many cases this will
stand in marked contrast to how they have been declared in the past, when
products consisted of only a few technologies.

6.1

Managerial implications

Some central proposals relevant to the management of multidisciplinary and
complex product development are also proposed. These proposals primarily
address practitioners and are not solely based on the research findings reported
in this thesis; they are also based on personal experiences and reflections on the
research process. Both operative and strategic implications are relevant to this
area, but since the material in this thesis treats the operative level of an
organization, the proposals do likewise.
 Cultivate software knowledge in all parts and levels of the product development
organization. By cultivating software knowledge in the organization, not
only the software engineers, but also managers and other disciplines will
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eventually feel more comfortable dealing with the increased complexity
and challenges that software brings. Engineers from different disciplines
bring with them discipline-specific traditions rooted in their university
educations. If the differences and strengths of each involved discipline
are considered, it is possible to constantly improve and adapt the
organization, its culture and work procedures, to the ever-changing needs
arising from changing technological content.
Reassess the recruitment strategy. A changed technological content in the
products implies a changed competence profile of the engineering
workforce. This should also affect management positions, since the
organization needs to reflect the products it develops. When assigning
organizational responsibilities, bear in mind that some disciplines may be
more suited to working in expert roles, others to more generic and
integrative roles; it may not only be the company tenure system that
should determine such positioning in the workforce.
Organize for interdisciplinary collaboration. Assign design teams to disciplinary
or multidisciplinary tasks in order to support both system- and
component-level design. It is important to be aware that both categories
of teams have distinct benefits and drawbacks. To be able to cope with
the changed organizational conditions, it is crucial to develop the ability
to identify how organizational practices should be adapted to suit the
current situation. This is especially important for organizations that rely
on the traditions of being primarily mechanical engineering companies.
The mechanistic approach to product development will eventually
become outdated when it comes to complying with system-level
requirements (but is still needed at a component level), meaning that the
organizational approach must evolve and be reformed.
Articulate and communicate the technology fusion strategy to all disciplines. It is
necessary for all engineers to feel motivation and that their work is
contributing to overall progress. A technology fusion strategy naturally
implies that the organizational powerbase is changing and that some
organizational communities will be relieved of their decisive power.
Therefore, it is a must to clarify roles and responsibilities to build
trusting relationships. These relationships are needed in order to deal
with technologically complicated problems that require input from
different groups of technical experts.
Realize and communicate that product launch is not only about manufacturability. A
common misconception is that many design glitches can be fixed by
simply adding more software content very late in the product realization
phase. This is negative behavior, since verifying and validating the
software functionality is at least as time-consuming as any preparatory
work addressing product manufacturability. Time for verifying and
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validating components, subsystems, and fully integrated systems must be
assigned early on in the product realization process.

6.2

Future research

To further increase our understanding of operational performance in complex
product development, it is argued that future research would benefit from: 1)
building on the theoretical concepts developed here; 2) broadening the
perspective to include inter-organizational relationships, i.e. between R&D
organizations in different companies; and 3) examining how a design practice
that changes in response to technology fusion has implications for the
operational, managerial, and strategic levels of an organization.
Regarding the theoretical concepts explored and developed within the scope of
this thesis, it is clear that more research is needed. The included work did not
simultaneously analyze all the proposed relationships in the operational model
depicted in Figure 6. As a result, it is impossible to comment on the overall fit of
the model, but only on the fit of some of its constituent relationships. To be
able to comment on the overall fit of the model, it is proposed (but also
required) that different data-analysis techniques be used. In such cases it is
desirable to strengthen the variables used by linking more items to each of them.
Areas of complementary should also be considered as explanatory factors in
future research. Project management and requirement management practices are
two areas that need to be addressed to further increase our understanding of
how to improve performance in complex product development.
It would also be rewarding to take situational factors and a contingency
perspective into account in the analysis. It naturally becomes important to take
account of the role software plays in the products of different industries, and
the levels of experience of the organizations. This proposition is strengthened
by the results presented in Papers D and E, and also by the discussion presented
by Larses and Adamsson (2004). The ability to adapt to apparent needs based
both on the role software plays and on current experience is naturally reflected
in the level of satisfaction with both work procedures and how computer-aided
engineering tools are used. The contingency framework presented by Karlsson
and Lovén (2005) should be further explored in light of the results presented in
this thesis. Their framework takes both the role software plays and the
experience of coping with embedded software systems into consideration. This
would extend the research framework by differentiating the challenges posed
and the appropriate solutions, based on organizational experience and the role
software plays in the product.
A different, but still highly productive approach would be to adopt a more
longitudinal and clinical research perspective, to further identify and derive
extended organizational strategies for managing complex product development
in the ever-changing and highly competitive global markets. This scope would
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examine inter-organizational relationships concurrently with intra-organizational
relationships. Since many product development activities are currently
performed in cooperation with numerous suppliers and partners, the
possibilities and challenges of technology fusion are also relevant in this regard.
The last research proposition concerns the shift of decisive power and
organizational powerbase in organizations subject to technology fusion. The
present research has demonstrated that the ability to identify and manage a
changed organizational powerbase is advantageous. Still, there is an apparent
need to enhance our understanding in order to approach this topic from a
management perspective. Current research discussions regarding core
capabilities and core rigidities have so far not fully covered this area. It would
thus be beneficial to further investigate how this change is related to activities at
different levels of an organization (i.e. operative, managerial, and strategic).
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