Reviewers

Professor Katja Holttd-Otto

University of Massachusetts Dartmouth
Mechanical Engineering Department
College of Engineering

285 Old Westport Road

North Dartmouth, MA 02747-2300
USA

Dr. Qianli Xu

Nanyang Technological University

School of Mechanical & Aerospace Engineering
Division of Systems & Engineering Management
50 Nanyang Avenue

Singapore 639798



III

Julkaisija Julkaisuajankohta
Vaasan yliopisto Maaliskuu 2010
Tekiji(t) Julkaisun tyyppi
AHM Shamsuzzoha Artikkelikokoelma
Julkaisusarjan nimi, osan numero
Acta Wasaensia, 220
Yhteystiedot ISBN
Vaasan yliopisto 978-952476-297-7
Teknillinen tiedekunta ISSN
Tuotantotalous 03552667, 14563738
PL 700 Sivumaiira | Kieli
65101 Vaasa 193 Englanti

Julkaisun nimike
Modularisoitu tuotekehitys massardétéldinnissé

Tiivistelma

Tuotteiden asiakaskohtaiset ominaisuudet kasvavat jatkuvasti nykypéivin kilpai-
lussa toimintaympéristossd. Asiakaskohtaisten ominaisuuksien kehittiminen vaa-
tii tuotekehitysprosessin ja liiketoimintastrategioiden uudelleenjdrjestelyja vas-
taamaan yksittdisten asiakkaiden tarpeita ja dynaamisen tuotannon vaatimuksia.
Tuotteiden uudelleenkonfiguroinnissa vaaditaan tiiviimpédd informationvaihtoa
tuotekehitykseen osallistuvilta sekd yrityksen sisdlld ettd huomioiden yrityksen
ulkopuoliset tekijét.

Téssd tutkimuksessa kehitetdén tietojérjestelmien integraatiota asiakkaiden, suun-
nittelijoiden ja valmistajien kesken mahdollistaen néin asiakaskohtaisten tuottei-
den valmistaminen. Tutkimuksen péétavoitteet esitetdén seuraavien kolmen tut-
kimuskysymyksen avulla:

1. Miten informaation jakamisen ohjaaminen vaikuttaa tuotekehityksen kéytin-
toihin?

2. Miten konfiguraatioprosesseja voidaan soveltaa tuotekehityskéytintoihin ja
niiden kéyttokelpoisuuden selvittiminen asiakaskohtaisessa tuotannossa?

3. Miten eri tuotekehityksen mittarit integroidaan tukemaan markkinoilla oleva
ratkaisuja ja vastaamaan yrityksen sisdisid resursseja?

Tutkimuskysymyksid selvitetddn empiiriselld case-tutkimuksella ja tulokset on
esitetty kuudessa julkaistussa artikkelissa. Tutkimus tuottaa sekéd teoreettisesti
merkittivid ettd kaytdntod hyodyttivid tuloksia.

Tutkimuksen tuottama lisdarvo on suunnittelumallin luominen. Suunnittelumallil-
la johdetaan konfiguraatioprosessia, joka kytkee yrityksen tiedonkulun hallinta-
prosessin ja eri tuotekehitysstrategiat yhteen. Erityisesti yritykset, jotka kehittdvat
tuotteittensa asiakaskohtaista radtdlointid voivat hyodyntdd viitostutkimuksen
tuloksia.
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Abstract

Product customization is a growing concern in today’s competitive business en-
vironment. Success in the customization process is achieved by swiftly recon—
figuring the product development process and business strategies with respect to
individual customer’s needs and dynamic production requirements. Alongside
the product reconfiguration process, a new level of information integration
among product development participants is required, both within the firm and
with external environments.

In this research, the integration of information systems among potential custo-
mers, designers and manufacturers is developed with a view to fabricating modu-
lar custom-built products. The overall objectives of this research are explored
through three research questions as follows:

1. How does managing information exchange affect the use of product devel-
opment practices?

2. How could the configuration process be implemented for product develop-
ment practices and its usability in the customization principle?

3. How can different development measures be integrated to support market
solutions and the internal resources of a firm?

Research questions have been analyzed with empirical case studies and the re-
sults are described through six published articles. Research provides theoretically
significant results, which are also practically beneficial.

The contribution of this research is the development of a managerial framework
for managing the configuration process, which purposefully bonds the informati-
on management process and specific product development strategy of a firm.
Firms can use the results and findings of this thesis for the purposeful promotion
of their product customization process.
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1 INTRODUCTION

1.1 Background and motivation

The globalization of the business environment is exerting extra pressure on the
practice of product development (PD) across a wide range of firms. In this envi-
ronment, customers are more particular in obtaining individualized products or
services for their essential needs. This represents a major transformation in busi-
ness, where manufacturers are being forced to customize products to some degree
for increasingly selective customers, or to compete in niche markets (Pine & Gil-
more, 2007; Kumar, 2007; Piller, 2007). However, if products are not designed
well after consulting with potential customers, this could lead to a customization
process that is slow and costly (Dellaert & Stremersch, 2005; Piller et al., 2006).
This might trigger possible damage to the business, which consequently incurs a
revenue loss for firms.

In order to achieve a higher customization level, firms need to cooperate and co-
ordinate better interactions with their potential customers (Berger et al., 2005).
This coordination can be facilitated through managing valuable information ex-
changes between manufacturers and customers. With the appropriate tools or me-
thods to access, control and formulate interactions among product development
participants, this information exchange can be managed. Configuration process is
nowadays widely implemented in industrial sectors for coordinating the informa-
tion exchange between firms and their customers (Zhou et al., 2007; Lapouchnian
et al., 2007; Yang et al., 2008; Jiao et al., 2008). This approach can ensure the de-
sign and fabrication of custom-built products with a high level of customer satis-
faction (Duray et al., 2000; Salvador & Forza, 2004).

The integration of customers in the production process creates value during the
course of configuration, product specification and design strategy (Piller at al.,
2004). Customer involvement at an early stage of the PD cycle can be seen as a
fundamental principle of product customization, which supports and enables the
majority of individual customers” needs with near mass production efficiency
(Tseng & Piller, 2003; Lu et al., 2008; Buttle, 2008). Product customization is
characterized by a high intensity of information flow, which is produced by using
adequate configuration tools (Zipkin, 2001). Designers have to interact with cus-
tomers to obtain specific information in order to define and translate the custom-
ers’ needs and desires into a definite product specification.
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In the product customization system, the main part of customer integration hap-
pens during the configuration phase, or even in the design phase of a product.
Zipkin (2001) defines this customer involvement process as the ‘elicitation’ of a
customization system, which is more than information exchange - rather an act of
cooperation and co-creation. The co-creation between customer and manufacturer
during the elicitation process, demands for required information flow in order to
handle the intensity and complexity of product development process (Lee et al.
2000). For the majority of industrial firms, customizing products is among the
most critical means of delivering true customer value and achieving superior
competitive advantage (Gilmore and Pine, 200; Johnson & Weinstein, 2004; Singh
& Ranchhod, 2004).

Product customization is the driving force to potential growth and measures of
performance indices for firms. Different product development strategies such as
modularity, product platform, component commonality offer several benefits for
customized products such as the reduction of the lead-time and cost, increases in
product differentiation, etc (Jiao & Tseng, 2000a; Kamrani & Sa’ed, 2002; Theve-
not & Simpson, 2006; Fixson, 2007). Adoption of a suitable product development
strategy can ensure faster and qualified responses for the specification of custo-
mized products. A number of observers have suggested that specific PD strategies
such as modularity, product family, configuration process and component standar-
dization are the key to achieving low cost customization (Sanderson & Uzumeri,
1995; Pine et al., 1995; Perera et al., 1999; Huang et al., 2005a; Guo & Gershen-
son, 2007).

McCutcheon et al. (1994) suggest that modular product design is the best way to
provide product variety and production speed, which facilitate customization
through the fulfilling of customer demand for variety and reduced delivery times
simultaneously. Modular design also can reduce the number of interfaces and va-
riety of components, while offering a greater range of final products (Duray et al.,
2000). Other strategic options like component commonality (Thevenot & Simp-
son, 2007; Shamsuzzoha & Helo, 2009), product platform (Simpson, 2004; Huang
et al., 2005), product family (Meyer et al., 1997; Jiao & Tseng, 2000), product
postponement (Yang et al., 2004; Su et al., 2005) also contribute significantly to
customized product design and development with lower cost and reduced lead
time.
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Regulators

Customized
Product

Product information
Product configuration )
Customer requirement
Knowledge transfer
Production data

Figure 1.  Product customization framework.

The motivation of this research is to elaborate on how to design customized prod-
ucts within the scope of manufacturers’ competitive strategies. The suggestion is
to offer customers the latest and best tools and technologies in order to promote
co-design, which satisfies most of their needs and wishes. Up-to-date methodolo-
gies and tools support customers and manufacturers in tracking information flow
among the product development participants (S6derquist & Nellore, 2000; Kiritsis
et al., 2003; Finne, 2006). Figure 1 displays a customization framework, where
different regulators have influence in satisfying the end customers. Along with the
participatory design issue and tracking information exchange, appropriate design
architecture and strategy can contribute to a successful business environment.

1.2  Research scope and objectives

The focus of this thesis is in the integration of three essential perspectives on
product development, as presented in Figure 2: the informative perspective, con-
figuration perspective and strategic perspective. Each of these perspectives in-
cludes specific research challenges and problems, which have been identified as
the research outcomes from this thesis. Figure 2 displays the implementation
process of three perspectives and can be explained as follows:

Informative perspective: The generic strategy behind this perspective is based on
the understanding of the importance of information exchange among product de-
velopment participants such as customers, manufacturers, suppliers, distributors
and retailers. Information management can be viewed as a system involving input
as information and output as knowledge transfer. This view is regarded as the fun-
damental part of strategic business management from which basic influences of
innovations are evolved. Information management is considered as a complex
process, which is required for knowledge transfer inside firms and in inter-firm
interfaces (Macdonald, 1998; Nonaka and Teece, 2001). This thesis applies dif-
ferent approaches for managing valuable firm information, which is needed for
developing quality products or services.
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Configuration perspective: The configuration process is considered as a system-
atic approach of customer preferences that integrates those preferences with the
firms’ resources. One of the focuses of this dissertation is to articulate the con-
figuration process, which is one of the most challenging and important issues in
the customized product design and development arena. The management of the
configuration principle is often considered the critical early phase of key business
processes, where a firm’s business activities are formed from several interacting
key business participants. Critical business success very much depends on the
overall interactions between customers and manufacturers, which is the base of
any configuration process.

Strategic perspective: Different strategies and methodological support are needed
in order to carry out customized product development in practice. This research
perspective is defined and designed according to the market requirements and
business targets. The strategies and methods are implemented through the priori-
ties of design importance. For instance, the priorities might be to produce more
variants of products, reduction of lead-time, custom-tailored production or mass
production, etc. Individual needs are identified through unique or combined strate-
gies for implementation purposes. A firm realizes its strategies depending on re-
source availability and demand aptitudes.

The research relationship between the three perspectives as discussed above is
displayed in Figure 2 below. From Figure 2 it can be noticed that the informative
perspective deals with the concept of information management during the product
development process. The configuration perspective relates more to the interac-
tions between consumer community and manufacturing environment, whereas the
strategic perceptive integrates valuable production decisions such as mass cus-
tomization, commonality, standardization, etc.
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Informative

|
Information management
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|
Customer’s participation ﬁ Mass customization

Figure 2. The interrelationship between the research perspectives.

The aim of this research is to provide new insights into and enhance knowledge in
the area of product development as part of a better design approach. Valuable in-
formation flow, basic configuration principle and different design approaches are
presented in this research with a view to optimizing product variants for higher
customer satisfaction. Therefore, this research has three objectives:

1. To describe the importance and usability of information flow among the prod-
uct development participants

2. To investigate the configuration principles to develop custom-built products

3. To formulate a specific design approach to meet diverse market demands

The objectives are derived from the observations made in different research arti-
cles as presented in this thesis. This research tries to measure the level of informa-
tion dependencies and shows how this can be managed properly to develop prod-
uct customization. Several configuration approaches are also stated from both the
customer and manufacturer’s points of view. This interest leads to the requiring of
better product design and development. It can also lead to extensive management
efforts trying to measure the expectations from both the manufacturers and cus-
tomers.

Different developmental efforts such as modularity, platform-based product de-
velopment, component commonalities etc are offered at a certain value for the
design team. All these efforts follow the mass customization approach, which is
based on competitive products that fit the purposes of the consumer and add value.
The individual articles included in this dissertation (Papers 1-6) contribute to dif-
ferent aspects of the individual objectives as presented in Table 1 below.
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Table 1.  Presentation of research objectives in relation to the focus of each pa-
per.
Article | Objective 1 Objective 2 Objective 3
no.
Paper 1 Dynamics of mass custo-
mization
Integrated framework for
information flow
Single case study
Information flow manage- Implementation of modu-
Paper 2 .
ment lar design approach
Single case example for
matrix-based modeling
Paper 3 Con(_:eptua_l framework for
configuration process
Single embedded case
study from auto industry
Paper 4 Integration framewprk for
product customization
Implementation of interac-
tive configuration processes
for product customization
Paper 5 Mapping_ among design Literature review
information
Discussion of overall PD
strategies
Single case study from
manufacturing industry
Paper 6 F_ramevv_ork for collabora-
tive business strategy
Development of product
platform through matrix-
based approach
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1.3 Research questions

The basic approach that the research questions are formulated on is based on the
research objectives. The research questions have been chosen to gain insight into
and knowledge on how product information flow influences the adoption of a par-
ticular strategy in the product development process. Different types of infor-
mation flows can be modeled and analyzed in a successful product development
process. The success of new product development and competition has been ana-
lyzed through technical antecedents only and not by considering the actual infor-
mation analysis among development participants (Maunuksela, 2003). Thus, the
basic question addressed in this research is how we could organize better informa-
tion flow for the analysis of product development practices.

It is also recognized in the literature that product configuration process nowadays
plays an important role in meeting the competitive requirements. It is suggested
that this issue might be related to the ways in which consumers needs are inter-
preted and how such interpretations are organized in firms with their existing re-
sources. With the firms’ resources, also different strategic decisions are needed to
organize the customers’ requirements. Absolute product development measures
need to be integrated to offer distinct market solutions and enhance business
growth. All the basic requirements or objectives for product development proc-
esses are formulated within three research questions (RQ), as follows:

RQ 1: How to manage information exchange so as to enhance the product de-
velopment practices?

RQ 2:  How to implement the configuration processes for product development
practices and find out its usability in the customization principle?

RQ 3:  How can different development measures be integrated to support mar-
ket solutions and the internal resources of a firm?

The first research question recognizes the importance of information flow for suc-
cessful product development, whereas the second research question focuses on the
basic steps and requirements of the configuration principle for developing custo-
mized product. The third research question aims to find ways to integrate and im-
prove market demands from the firm’s internal resources and implement important
product development strategies.

The overall contributions to the research questions are discussed and presented in
the six publications. Individual question may be answered through a single publi-
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cation or a combination of publications. Each of the questions are assessed and
analyzed in terms of managerial contribution and implications.

1.4  Research contributions and implications

1.4.1 Managerial contribution with respect to research question 1

Information management practices were developed to support the complexity of
product development processes. Both Papers 1 and 2 tried to formulate this con-
cept with real life examples. The key trends in R & D in industrial practices influ-
ence the importance of keeping track of information variability. Some of the im-
portant parameters for information management can be summarized as follows:

* integration of knowledge transfer among developmental participants
» tracking of technology change within the business environment

* management of intellectual properties among organizations

»  keeping of information sources for alternative ideas

* management of linkages between internal and external business re-
sources

An accurate information flow is a source of competitive advantage as it initiates
the development of customized product economically. Paper 1 presents a frame-
work for customized product development, where integration among participants
is achieved by information flow. Design structure matrix (DSM - also known as
dependency structure matrix), which is a square matrix (i.e. it has an equal num-
ber of rows and columns), shows the relationships between elements of a system
that was used to integrate this customization process. This tool also presented to
keep track of design rules within the scope of Paper 1.

Paper 2 discusses the different tools or methodologies to keep track of inter-
organizational information. In this paper, the most valuable clustering operation
among organizational sources is presented with a case example. This clustering
process is essential to identify the potentials of interdependencies among business
participants. Clustering helps to restructure design process according to market
demands or customer preferences.
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1.4.2 Managerial contribution with respect to research question 2

Research question 2 is related mainly to the results presented in Papers 3 and 4. In
Paper 3, a generic configuration framework is presented, which explains the im-
plementation possibility of different configuration processes according to busi-
ness requirements. Another framework is articulated in Publication 4, where ma-
jor specifications of the customization process are proposed. Both the frameworks
are extensive in providing a platform for managing customization process effec-
tively.

The configuration process, which is applied from customers’ participation to the
product delivery process, integrates all the participants during the product cus-
tomization process. This process connects the internal and external business do-
mains of a firm. The configuration tool termed as ‘configurator’ provides a link-
age with critical design knowledge and information sources among manufactur-
ers, suppliers and customers for the purpose of customized products or services.

It needs to be noted that the traditional product design process is not always suit-
able for competing in today’s business environment. It has also been discovered
that the dynamic nature of a design process needs consumers’ involvement from
the very beginning of the product design and development process. This concep-
tion is outlined in both of the publications, where designers can narrow down their
design themes to achieve highly customized products.

The integration of different design rules with the respective configurator is highly
demanding in today’s business arena. This methodology ensures a cost effective
design process and enables collaboration with manufacturers, the supply chain
network, distributors and consumers. Integration of both front-end and back-end
product development process enables advanced planning and scheduling, avail-
able to promise, and visualizes the complete production scenario for potential
consumers.

1.4.3 Managerial contribution with respect to research question 3

Papers 5 and 6 answer this research question, where both developmental strategy
and integration between external market demands and internal resource contents
are formulated. Firms generally face certain common challenges such as how to
collaborate standard market demands with existing resources or capabilities and
what are the critical components needed to identify the majority of market de-
mands. These issues emerged when we analyzed the case company, as discussed
in the empirical research section. From the analytical perspective, we observed the
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lagging of information structure between two domains, which can be solved by
implementing an appropriate tool or methodology.

The use of the domain mapping matrix (DMM) tool contributes to the balance and
focus between firms’ capabilities and their offerings or solutions. The modeling
approach used in Paper 5 builds an idea of where to locate between a design ap-
proach and competitive solutions. The possibilities of design uncertainties and
developmental risks are minimized through proper communication pattern among
the respective domains. Different performance dimensions related to product de-
velopment practices need to be analyzed critically before their implementation.
This research reveals the dependencies among product structure, design process
and design goals.

Further research on internal design process could be initiated when different do-
mains are collaborated through information structure. This informative structure
guides firms in initializing certain product development strategies in order to sat-
isfy consumers. The strategic options of modular principle and platform-based
product designs are elaborated within the boundary of this research approach.
These approaches contribute to a basis for R & D in customization processes. A
framework is presented in Paper 6, where the concept of globalization is inte-
grated with a platform-based strategy. A distributed platform approach is adapted
with a case example, where base modular design is implemented for creating
product varieties.

The following general outcomes can be concluded:
» Information intensive architecture promotes product innovation
* Information exchange is poorly managed in companies

* The configuration paradigm is strategically important for product cus-
tomization

*  Production flexibility is supported by a collaborative design approach

» Formal processes are important to keep track between firms’ resources
and their offerings

* A customization process needs to be opened up between internal re-
sources and external demands

e A unique product development strategy may not be suitable for a com-
petitive business environment
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The research questions led to the selection of research methods with a view to cap-
turing the issues that are not observable just by reading documents. The methods
have been chosen based on the need to understand information flexibility, product
configuration and the integration of consumers” needs with the development stag-
es.

1.5 Selection of research methods for the research
question

For the purpose of the research themes, qualitative research methods were chosen
due to the practicality of their implementation. The collection of real-life data was
a valuable foundation for carrying out this research. To validate the fit between
theoretical models or frameworks and technical implications, research data was
collected from two case companies with a view to generalizing the research
themes.

The participatory technique was adopted to gather the research data. Valuable data
was gathered from two case companies, namely Wartsila Oy and Volvo Trucks
(from the CATER project) through this participatory approach. A major amount of
data was collected from Volvo Trucks (from the CATER project). This data was
used to justify and generalize research questions 1 and 2. The data from Wartsila
Oy was gathered through interviews, facilitated sessions and dialogues with a va-
riety of people, and was used to answer research question 3.

In the case of Volvo Trucks (from the CATER project) the data was based on em-
pirical findings. The data was mapped through the design structure matrix (DSM)
tool to study the dependencies among the design elements. The interdependencies
between design participants and technical systems were analyzed for different de-
sign goals in the case company. The research on Wartsila Oy was carried out with
a view to integrating the information dependencies between design architecture
and customer preferences. This integration was mapped by implementing the do-
main mapping matrix (DMM) tool. Both the case companies were studied with a
view to monitoring and analyzing the existing information delivery processes.

1.6  Structure of the thesis

The structure of this thesis is divided into five sections and can be presented as
follows: Section 1 contains an overall introduction to and motivation for this re-
search, where a general description of the work is presented. The research scope
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and objectives, along with the three research questions, research contributions and
implications and the research methods are also presented in this section.

Section 2 presents theoretical descriptions of the work, where three study perspec-
tives are presented theoretically. In this section, there are general explanations of
information exchange and the configuration phenomenon and basic product de-
velopment strategies are discussed.

Section 3 summarizes all six publications included in this thesis. It provides an
overall summary of each of the publications.

Section 4 is devoted to the empirical research, where a case study is presented and
analyzed critically. An approach for the rule of modular design is proposed in this
section. The generic experiences and research outcomes are also presented.

Section 5 presents a general discussion and conclusions of the findings. The theo-
retical implications, research limitations and recommendations for further re-
search are also presented in this section.

1.7  Definition of key terms used in the thesis

Information management (IM) — Information management can be considered as
organizing, retrieving, collecting and maintaining information. Information is
collected from one or more sources and that information is distributed to one or
more audiences. The basic goal of information management is to have the right
piece of information in the right place, in the right form and of sufficient com-
pleteness and quality to meet the specific need. IM is a field of wider scope, which
is also related to other fields such as information systems, computer science, in-
formation science, artificial intelligence, amongst others (Rao, 1999). IM requires
an understanding of the patterns of information flow within an organization and
then it demands a systematic means of mapping and monitoring of such flows
(Anand et al., 1998; Kekale, 1999).

Product development process — The product development process can be defined
as set of steps and tasks such as strategy, organization, concept generation, plan-
ning, evaluation and commercialization of a new product. It is therefore a set of
procedural steps, from which an innovative firm routinely converts ideas into
commercially viable goods or services (Belliveau et al., 2002). The steps include
analyzing the market, targeting potential buyers, understanding the productive
capacity of the organization, developing a product to fit market needs, distributing
it to the marketplace and analyzing customer feedback.
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Configuration process — Generally, this is a relative arrangement of parts or ele-
ments in a particular form, figure or combination. In computers and computer
networks, a configuration process often refers to the specific hardware and soft-
ware details in terms of devices attached. In networks, it often means the network

topology.

Configurator — A configurator is a software tool applied to the designing of prod-
ucts exactly matching customers’ individual needs. It is used to help the customer
or seller to carry out purchases and the user gets the opportunity to choose a prod-
uct based on the combined parts and their characteristics. The configurator ensures
that the parts that are chosen are compatible with each other. It is often used to
replace the need for human customer service or live intervention during the check-
out process.

Matrix-based information flow —This provides a useful information flow among
different design-related elements that are required for mangers to have control
over the entire product development activities. Matrix-based tools such as design
structure matrix (DSM), domain mapping matrix (DMM) and multi-domain ma-
trix (MDM) are used successfully to exchange information among product devel-
opment participants. DSM exchanges information within one domain, DMM ex-
changes information within two different domains, while MDM accepts more than
two domains for information flow.

Modularization — Modularization refers to a methodological principle that devel-
ops as a set of small modules and later composes them into a form to be used as
one modular strategy. Its application in industry has evolved architectural changes
in product, production and supplier systems, which emphasize different purposes
and aspects. Modularization offers many advantages such as the possibility of
producing product variations, limited proliferation of parts, reduction of through-
put times, greater productivity and quality from automation (Wilhelm, 1997).

Product customization — Product customization can be defined as a controllable
and strategic variable. Product customization is a critical component of manufac-
turing and product flexibility, which is significantly related to financial and mar-
keting performance (Gerwin, 1993; Krajewski & Ritzman, 1990; Vickery et al.
1997). It emphasizes the differences between products or their uniqueness. This
product differentiation naturally results in the continuous accretion of varieties and
thus may engender unfavorable design variations and process changeovers, which
attracts customer satisfaction through aesthetic principles and ergonomic criteria.

Design Structure Matrix (DSM) — This is a compact, matrix representation of a
project network tool (Steward, 1981). The matrix contains the information flow
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among product or project development participants. The DSM provides insights
into controlling a complex project and highlights issues of information needs and
requirements, task sequencing and iterations (Yassine, 2004).

Product architecture — Product architecture is the description of a scheme which
arranges the functional elements of a product or system into physical chunks by
which they interact (Ulrich, 1995; Whitney, 2004). It can also be defined as the
specification of the interface between the components; in other words, how the
components are going to interact together in the product as a system. The specifi-
cation of the interface is critical to the design of flexible architectures that allow
product designers to substitute component variations within product boundary
without having to make adjustments in other components (Sosa et al., 2004). Ar-
chitecture has profound implications for how the product is designed, made, sold,
used and repaired.
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2 THEORETICAL FRAMEWORK

2.1 Management of information exchange in product
design and development

21.1 Theories of information exchange and strategic perspective

Global competition and a distributed business environment make product devel-
opment processes much more complex than ever (Salminen et al., 2000; Ming et
al., 2005; Eppinger & Chitkara, 2009). This complexity does not arise simply from
a technical point of view but also from the managerial perspective. Technical
complexity can be managed through deconstructing the designing process into
more manageable smaller engineering tasks and assigning these tasks to individu-
als or teams (Kusiak & Park 1990; Steward 1991). On the other hand, managerial
complexity, which has evolved from the information gap between organizations
and different engineering disciplines, can be managed through project manage-
ment tools, which interface the dependencies between design tasks and the de-
partments of an organization (Yassine, Falkenburg & Chelst 1999).

The proper execution of a design plan and the structuring of various information
dependencies normatively suppress design complexities. Information dependen-
cies are modeled according to the design plans, which shows the order in which
design tasks are performed (Yassine et al., 1999; Hung et al., 2008). This planned
execution order reduces the product design risk and magnitude of iteration be-
tween design tasks, which in turn explore opportunities for reducing the overall
project cycle time. The numbers of design iterations, which cause a lengthy cycle
time, occur due to the information gap between design elements (Eppinger et al.,
1994; Ha & Porteus, 1995; Yassine et al., 2003).The development of appropriate
information modeling approach bridges the gap between design processes. The
exchange of design information can be fragmented and released on a timely basis
during the development process.
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Figure 3.  Product development process from an information processing pers-
pective (Yassine et al., 2008).

Information processing among design elements eases the decision-making process
as the information is considered as input while the decisions are released as out-
put. Each design activity collects the required information as input, which is ana-
lyzed internally for specific decision-making before being released as output (Zhu
et al., 2004). Figure 3 outlines this analogy, where the available information ac-
celerates the development process when decisions are made. Before exchanging
information among design elements, it is worth studying how information is cre-
ated, communicated and implemented during the development process and what
might be the possible impacts on design activities. Through understanding the
possible impact and risk of information, better decisions can be made to develop
quality products with higher efficiency.

2.1.2 Information management tools and approaches

There are many tools or methodologies available to manage the information flow
among design elements. Lawler (1976) introduced the directed graph approach,
which is most popular for presenting the precedence relationships among design
tasks. In this approach, nodes present different tasks and their dependencies are
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displayed through directed lines connecting these nodes. Ross (1977) presented a
graph-based technique known as the Structured Analysis and Design Technique
(SADT), where design information is captured through intra-task complexity. The
information dependencies among tasks or components can also be presented by
using a matrix-based tool such as the Design Structure Matrix (DSM) introduced
by Steward (1981, 1991). This matrix-based information exchange approach uses
a binary form of dependency representation.

Spinner (1989) presented the Project Evaluation and Review Technique (PERT)
method, which is a digraph representation of a project information flow where the
tasks or nodes are arranged along a time line. In the PERT method, three prob-
abilistic times, namely optimistic, pessimistic and most likely are presented in
order to reflect the uncertainty in task duration. Another technique, critical path
method (CPM) which is a variation of the PERT method applies deterministic task
duration and minimal uncertainty in the project completion time.

The US Air Force developed the Integration DEFinition (IDEF) method, which
originated from SADT to perform information modeling activities to support
Computer Integrated Manufacturing (CIM) and Concurrent Engineering (CE)
(Mayer et al. 1992). The IDEF3 is a method that provides a mechanism for col-
lecting and documenting processes (Belhe & Kusiak 1995). IDEF3 descriptions
can determine the impact of an organization’s information resource on the major
operation scenarios of an enterprise. It captures all temporal information, includ-
ing precedence and casualty relationships associated with enterprise processes.
IDEF3 builds structured descriptions, which capture information about what a
system actually does or will do and provide an organization’s system views.

The DSM representation is used and proven by many researchers (Eppinger et al.,
1990; Steward, 1991; Kusiak & Wang, 1993) and can be implemented success-
fully for system architecture, engineering and design, project scheduling, organi-
zational design, etc. The dependency representation through matrix-based ap-
proach provides a concise and systematic mapping among components or tasks,
which is clear and easy to read whatever the sizes are. It details what pieces of
information are needed to start a particular activity and displays where the infor-
mation generated by that activity leads. This approach overcomes the problems of
size and visual complexity, which generally occur in graph-based techniques.
These matrices are amenable to computer manipulation and can be stored conven-
iently for further use.

The DSM approach has two main strengths. Firstly, it can accommodate a large
number of system elements and their interdependencies in a compact format,
which highlights iterations or feedback loops and clusters or modules. Secondly, it
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Is presented in matrix format, which can be used to improve the structure of the
system and to manage the effects of change. For instance, if the specification of a
component needs to be changed, it would be possible to identify all the processes
or activities, which are dependent on that specification. This phenomenon pro-
vides insights into how to manage complex systems or projects, highlighting in-
formation flows, task sequences and iteration together, which is not possible in
any other information driven tools or methodologies.

Although the DSM tool is considered to be powerful and versatile, it is not a rem-
edy for all design related problems. Firstly, the representation power and the de-
cision capacity of DSM are limited in various ways in comparison with other me-
thods, e.g., rule-based, graph-based, etc. Secondly, not all information related to
product development is suitable for DSM representation, e.g., product hierarchy
and commonality. The manipulation of this tool such as in partitioning, clus-
tering, and banding can provide some design advantage but is limited to an ade-
quate analytical ability for decision-making process.

The information structure among product architecture, development organization
and the required resources could provide a useful approach in the basic product
development process. This approach is intrinsically investigated through case ex-
amples as presented in Papers 1 and 2, where specific requirements, method-
ologies and tools are outlined to realize the importance of information flow among
product development participants. The research methodology presented in this
dissertation provides an information-processing network, which contributes to the
inter-functional and inter-organizational terms that answer the first research ques-
tion.

2.2  Configuring the business process information
system

2.2.1 Defining the configuration process

The complete configuration process can be described as the interactions between
the bundle of configurators such as product configurator, sales configurator, pro-
duction configurator, etc and the human and organizational resources that interact
with these (Forza & Salvador, 2002). According to Brown & Hellerstein (2004),
configuration is the process whereby components are assembled or adjusted to
produce a functional system that operates at a specific level of performance. It
guides sales people and users through a given set of rules to find a valid and de-
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sirable configuration of the product. It plays an important role in the support of the
mass customization paradigm (Pine et al., 1993).

The configuration process can be seen informally as a set of design activities,
where the configured products or processes are built from a predefined set of rules
and components or process types. Additionally, various constraints are used to
restrict the number of legal product or process constellations (Felfernig et al.,
2001). There are a variety of application areas in a configuration system such as in
the computer industry (PC configuration), automotive industry (sales configu-
ration), manufacturing industry (production configuration) etc. Based on the re-
quirements of a given application, a configurator, which is a tool for the configu-
ration process, chooses the required services from a component database by fol-
lowing a set of rules that govern the configurator.

Through the configuration process different goals of customizations are achieved.
In this process general sequences of actions are performed by human operators
which could be explained as deterministic sequences with no branches or decision
points. The configuration process can be divided into five domains, i.e. the cus-
tomer domain that relates to customer requests; the functional domain that inter-
acts with the solution-neutral design requirements versus the functional require-
ments (FRs); the design domain that relates to the set of design parameters de-
scribing all the product attributes; the physical component domain that interacts
with the set of physical components; and the appraisal domain that relates to the
set of overall index setups for appraising the configuration result (Lu et al. 2008).

2.2.2 Purposes of the configuration process

In today’s business environment, competition between engineering firms has be-
come much harder. In order to prevail over the competition firms need to deliver
highly customized products or services as fast as possible that meet customer re-
quirements and firms~ constraints. Along with reduced time-to-market, firms also
need to offer many product variants to customers to stay competitive in the mar-
kets. This challenge has lead to a scenario where firms are losing track of the ge-
neric functionalities of their products. Efficient tools or methodologies are needed
to tackle the increasing complexity of products or processes. Appropriate tools and
methods can ensure a higher level of customer integration with the complete prod-
uct development process.

The configuration processes are such classes of tools or methodologies that are
given a set of rules to define the set of valid configurations of the products or
processes. The increasing complexity of manufacturing processes requires the
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provision of advanced methods to support the configurator development process
as well as the actual configuration process. Different developed configurators
guide the customers, sales people or engineers to make it possible for firms to
shorten the product development time and sales-delivery process. The term sales-
delivery process represents all the stages necessary to sell, design, order, manu-
facture and finally deliver an individual product or service to a customer.

In large distributed systems where it may not be possible or economic to stop the
entire system, a dynamic configuration system can be implemented, which has the
ability to modify and extend a system while the system is running. It is also useful
during the production phase of the system to aid incremental integration of com-
ponent parts and during operation to aid system evolution (Kramer & Magee,
1985). Any configuration process should be designed in such a way that customer
preferences or selections do not affect the previous selections in order to achieve
design flexibility (Helo, 2006). The configuration process is generally imple-
mented as the source of a knowledge management platform, where important de-
sign process information is stored and retrieved as necessary.

2.2.3 Influence of the configuration principle on inter-firm coordination

The cooperative strategies among firms, both domestic and foreign, have become
an important component of the business environment. Different forms of inter-
firm alliances are transforming and redefining the general nature of the competi-
tive situation among business communities. There are different reasons for alli-
ances or partnerships such as geographical proximity, economic advantage or the
fact that governments have created an enabling environment. In such business en-
vironments, the configuration process can play an important role at the strategy
level of the firm, e.g. mission, resources, markets, etc (Kotter, 1996; Miller, 1996;
Mintzberg et al., 1998). This process addresses coordination among business part-
ners for production agility, operational efficiencies, troubleshooting, etc (Srai &
Gregory, 2008).

The configuration process clusters product development partners based on their
origins and links them according to operational dynamics (Adobor, 2006). Inter-
firm systems can be configured in multiple ways such as one-to-one as in a typi-
cal buyer-seller system, one-to-many as in a marketing or purchasing system, or
many-to-many as in electronic markets, based on the transactional patterns be-
tween the participants (Konsynski, 1993). Inter-firm coordination can also be con-
figured according to the type of interdependency existing between the firms join-
ing in a network (Kumar & van Diesel, 1996). Configuration issues are clearly
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related to aspects of location, which is a major issue in the multinational business
environment (Dunning, 1995).

Firms are being forced constantly to squeeze the time between different stages of
customization and increase responsiveness in product development. To cope with
this challenge, implementation of the configuration process needs to be extended
between firms rather than confined only to a firm’s specific boundaries. The con-
figuration process can therefore be seen as an instrument that not only just im-
proves internal working practices, but also improves inter-firm coordination by
aligning working practices between firms involved in the bidding-tendering proc-
ess. Finally, the configuration process presents to potential customers a design
dialogue that drives it as far as possible towards the specification of product or
process variants. This custom feature tends to improve a firm’s operational effi-
ciency (Forza & Salvador, 2002).

2.2.4 Developing configurable products

The term configurable product is one level forward from customized product,
which is very much related to customize marketing. Hart (1996) explains mass
customization as “using flexible processes and organizational structures to pro-
duce varied and often individually customized products and services at the price of
standardized mass-produced alternatives”. Whereas configurable product is gener-
ally one of a kind of product, which is formulated, designed and manufactured
directly from the customer’s experience and desire. Both customized and confi-
gurable products are IT-intensive, where, customization is IT-based on the produc-
tion side and configuration IT-based on the marketing side.

Configuration process enhances one-to-one marketing and personalization, the aim
of which is to serve individual customers’ unique needs. This is a buyer-centric
strategy, which is focused on helping customers’ identify their desires and wish-
es in a digital marketing environment. In the configuration process, a product or
service is sold before it is actually produced. In this approach, customers directly
interact with the firm’s existing design architecture, suggest or modify the archi-
tecture according to their requirements and obtain the costs of their products or
services. To accommodate such customer needs, more than customized products
and services are required; firms need also to customize their internal processes and
supply chain partnerships in order to more fully meet the differing needs of their
customers (Wind and Rangaswamy, 2001).

The applicability of the overall configuration process is implemented within the
scope of this dissertation. Papers 3 and 4 formulate the conceptual configuration
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framework, applicable for ascertaining the customers’ expectations through guided
questionnaires in which customers could express their desires and needs appro-
priately. The specific case examples are presented with a view to demonstrating
the applicability of different configuration tools known as ‘configurators’ for
enabling the connectivity and direct interaction possibilities among customers,
manufacturers and suppliers. This network relationship should iteratively generate
and refine customer-focused product variants according to specific customer needs
that answer research question 2.

2.3 Product development strategies in the business
environment

2.3.1 General perspectives on strategy

Shorter product life cycles and increasing global competition have made firms to
select an appropriate strategy for their business environment. The success of in-
dustrial firms depends on the price of their products, differentiation, competitive
positioning, and quality (Lee & Zhou, 2000; Jiao et al., 2007a; Calantone & Bene-
detto, 2007). In this business environment, a firm that possesses a higher clock
speed can enhance its existing product development strategies to hedge against
market competition. Adopting particular strategies such as customization, gaining
market share, technology enhancement, risk management, etc are the key options
for business success (Broekhuizen & Alsem, 2002; Slater & Mohr, 2006; Amoa-
ko-Gyampah & Acquaah, 2008). Negotiable strategies could support firms in deal-
ing with uncertainty and business risk in such a competitive market.

In today’s customization era, firms cannot focus on mass production strategy, but
rather provide products, which are better adapted to individual customers’ aes-
thetic and functional preferences (Piller, 2007; Franke & Schreier, 2008). To ful-
fill the requirements of mass customization, firms need to consider several devel-
opment strategies such as modularity, product family, platform, standardization,
etc (Karandikar & Nidamarthi, 2007; Antonio et al., 2007; Zacharias & Yassine,
2008). All these strategies need to be implemented according to the objectives and
goals of individual firms based on their customer requirements, production com-
plexities and volumes. Individual firms might adopt and implement a single strat-
egy or multiple strategies according to their market requirements.
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2.3.2 Modularization and module drivers

Modularization can be defined as the opportunity for mixing and matching of
components in a modular product design in which the standard interfaces between
components are specified to allow for a range of variation in components to be
substituted in the product architecture (Mikkola, 2000). In this process, the mod-
ule, which is a structurally independent building block of a larger system with
well-defined interfaces, provides flexibility without changes to the overall design
(Eicsson & Erixon, 1999; Baldwin & Clark, 2000). Through product modulariza-
tion, firms can create many product variants by assembling different modules
within a short product development lead-time (Simon, 1962; Sanchez & Ma-
honey, 1996; Baldwin & Clark, 1997; Salvador et al., 2002).

A modular system boosts the rate of innovation, as it reduces the time to respond
to competitors and can spur innovation in design as firms can independently ex-
periment with new products and ideas (Baldwin & Clark, 1994). The modulariza-
tion process reduces the cost of developing product variety through combining the
old and new versions of modules or sub-assemblies within a firm. This process of
mixing and matching can be a source of learning for firms and allows firms to
specify the required rules for inter-module interfacing. Modular architecture al-
lows the customers to take advantage of interchangeable components or modules
rather than accepting a complete package that is preselected by the manufacturer.

There are several drivers to convince manufacturers to adopt modular phenomena
in their respective firms. These drivers may vary according to the requirements of
individual firms. Generic module drivers can be identified as technology evalua-
tion, planned product changes, styling, after-sales service, separate testing, etc
(Ericsson & Erixon, 1999). For instance, if a firm offers after-sales service for its
customers, it will then be encouraged to adopt modular architecture, which facili-
tates its smooth operation. Another example of the module driver is separate test-
ing. If a firm wants to test some of its important subassemblies separately, it could
then proceed towards the modular principle.

2.3.3 Platform-based product family

Product platform, which evolved from product architecture, encompasses the de-
sign information and components shared by a set of products. It offers general
interfacing between modules that share specific features and functionality (Meyer
& Lehnerd, 1997). Platform development offers candidate design for the product
family, where modules are shared across multiple product variants. The benefits of
product platforms are similar to modular products, as the developed modules are
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usually used for creating modular platform. This modular platform acts as the base
architecture for developing different product variants (Ulrich & Eppinger, 1999;
Holtta-Otto, 2005). This method, if properly executed, can result in economies of
scale through producing larger volumes of the same modules, reduced design cost
and many other advantages evolving from the sharing of modules (Gonzalez-
Zugasti & Otto, 2000; Pekkarinen & Ulkuniemi, 2008).

Using platforms allows important family design savings, distributed manufactur-
ing and easy maintenance (Marion et al., 2007). It offers manufacturing firms the
opportunity to reduce overall production costs and development time, while satis-
fying diverse customer demands (Meyer & Lehnard, 1997; de Weck & Chang,
2003). The main contribution to a successful product family is the product plat-
form from which it is derived by either adding, removing or substituting one or
more modules to the platform or by scaling the platform in one or more dimen-
sions to target specific market niches (Simpson, 2004). Many products are devel-
oped based on platforms; include airplanes, computers, power tools and automo-
biles. Although we have discussed the many advantages of a platform approach,
however it has some limitations, too. For instance, if the degree of commonality is
too high, each variant evolved from the product platform might not be competi-
tive in its specific market segment due to inferior performance caused by sharing
components (de Weck & Chang, 2003).

There are two distinct approaches to create product family from platform-based
architecture. Firstly, an integral platform, where individually designed portions are
add-ons: a single, monolithic part of the product to create variant design. This type
of platform is very much restricted in use as it resists product differentiations in
certain limits (Meyer & Lehnerd, 2000; Simpson, 2004; Mikkola & Skjott-Larsen,
2006). The second most commonly implemented platform is the modular plat-
form, where the product is divided into modules that can be interchanged to create
variants based on different size and functionality (Gonzalez-Zugasti & Otto, 2000;
Muffatto & Roveda, 2002; Sosa et al., 2003; Jose & Tollenaere, 2005; Slevinsky
& Gu, 2005). This type of platform constitutes a set of modules that are reused
repeatedly across the product family.

There are many model-based approaches to formulate platform-oriented product
development. Steward (1981) presented the DSM approach to the formation of
platform from which product family could be created. Different approaches have
been designed by Martin and Ishii (1997), Wheelwright and Clark (1992), and
Robertson and Ulrich (1998) to plan for commonality and to execute the man-
agement of platforms and varieties. Krishnan et al. (1998) presented a network
model to obtain an optimal platform-based family. Dai & Scott (2007) used sensi-
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tivity analysis and cluster analysis to improve the effectiveness of a scale-based
product family through multiple-platform product family design. Chen & Wang
(2008) proposed a quantitative method for scale-based multiple-platform design
using clustering analysis and Shannon’s Entropy theory. Baldwin & Woodard
(2008) describe three ways of representing platform architectures, namely net-
work graphs, design structure matrix and layer maps.

One of the focuses of this research is to present an effective way for developing
modular product from which it is quite easy to develop customized products. In
order to reduce product development complexities, this modular approach is very
much essential to cope with changing customer perceptions, customizing product
and developing product variants. In Paper 5, the idea of modular design approach,
justification of commonality among modules and platform-based product devel-
opment process are presented. This article also demonstrates the mapping be-
tween external varieties (e.g. customer requirement) and internal varieties (e.g.
component/module) that answer research question 3. Various prospects for plat-
form-based product development and their limitations are outlined in Paper 6. This
research also contributes to formulating aspects of module development and the
formation of product platform from those developed modules.
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3 SUMMARY OF ORIGINAL MANUSCRIPTS

This section summarizes all the six publications. The interconnectivity and infor-
mation flow among all six publications are displayed in Figure 4 below. In this
section, all the six papers are summarized according to their contributions in the
respective fields of product design and development. Specific relationships among
these papers are also outlined accordingly.

Information exchange in
product development process

Information
flow framework

R& D decision making

<&
<

Paper 3

> Paper 4

. Product configuration
Effort to gain for mass customization
market segment Product development

strategy
Design environment for

customer satisfaction

Figure 4.  Overall dependency and information flow among the publications.

Paper 1: Applying design structure matrix (DSM) method in mass customizations
(Shamsuzzoha, A., Helo, P. and Kekale, T. 2008).

The paper introduces an integrated framework and design structure matrix (DSM)
tool that could be applied for customized product development process. The
framework displays the applicability and appropriateness of various product de-
velopment participants such as CAD model, product database, DSM tool, part
family, etc. Each of the participants are illustrated and discussed in detail. General
mass customization features such as configuration, modular design, relationship
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mapping among customers, product architecture and departments are emphasized
in terms of gaining competitive market share and reducing production costs.

The second part of the paper highlights the influence of the DSM tool on the cus-
tomization process. In this part, the applicability of the tool is tested on Volvo de-
sign rules, and the rules were collected from the Volvo Company Truck Division.
The goal was to display different design restrictions appropriately. Along with
design rules, information dependencies among Volvo’s design elements are also
presented through DSM methodology, which helps to develop modules in the as-
sembly process. This module formation is nowadays an attractive business strate-
gy to achieve success.

There is also a proposal for mapping customer requirements, product architecture
and various departments within an organization. This methodological approach
allows managers to coordinate their tasks among departments and design teams to
prioritize their customers’ choices and desires. This philosophy also reflects the
dynamic of product customization and enables the transformation and traceability
of information from one domain to another.

Paper 2: Restructuring design processes for better information exchange
(Shamsuzzoha, A. 2009a).

This paper introduces the importance of information exchange among generic
product development participants. Successful firms always prioritize the speed of
transfer of their information from one place to another. Increasing the response
rate allows the firms to reduce product development lead-time while maintaining
higher quality and reduced cost. Firms always look for suitable tools or method-
ologies to speed up information exchange among its product development partici-
pants such as designers, engineers, supply chain network, managers, etc. This
coordination of information transfer therefore becomes a crucial responsibility for
management personnel.

It is emphasized how efficient information exchange can reduce complexity and
uncertainty in the product development process. The matrix-based tools DSM,
domain mapping matrix (DMM) and multi domain matrix (MDM) are used to vi-
sualize and interpret the information exchange of the same or different domains.
These tools have been applied with their unique features and functionalities. These
matrix methods are applied extensively to identify and develop modular product
design. A comparison among different matrix-based approaches is also presented
according to specifications within the scope of this paper. An example is formu-
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lated to explain three matrix-based approaches used for maintaining information
exchange.

Through information exchange, valuable knowledge among resources is trans-
ferred in the early development phases, which helps to fabricate quality product or
services. A clear and concise flow of information among different design actors
enables the improvement of design projects. This information management reduc-
es non-important dependencies and, where possible, clusters the valued de-
pendencies together according to their closeness and/or tightness to each other.
Although the usefulness of a matrix-based approach is described in this research
article, nevertheless various limitations of their implementation are also dis-
cussed. The aim of this paper is to identify the factors influencing the communi-
cation pattern of a product development project and to clarify such factors for bet-
ter information exchange.

Paper 3: Reconfiguring product development process in auto industries for mass
customization (Shamsuzzoha, A. and Helo, P. 2009b).

This paper outlines the basic configuration process framework applicable to bridge
the gap between customers and product development processes. There is focus
especially on how the citarasa, product and production configuration system can
be applied in global manufacturing industries for placing an order for custom-ized
products efficiently and economically. This design philosophy starts from obtain-
ing the customers’ expectations, which are guided through pre-developed ques-
tionnaires collected by potential companies.

The presented framework helps to ease the order-making process from customers
and to transfer these orders to the internal operations of the company through three
configurators, namely the product configurator, production configurator and sales
configurator. Through the framework, customers have to answer some basic ques-
tions as to where they can choose their products of choice. The guided principles
of the framework established require BOM, sales price and controlling logistics
network to manufacture a product.

The configuration framework is verified through an example extracted from the
Volvo Company’s truck configuration system. Here, different design rules were
integrated with the configurator. The basic principle of the configuration process
as explained in the paper is to formalize customer requirements with interactive
guidance for designers and engineers to fulfill those requirements. Without de-
tailed knowledge and expertise in terms of specifications of the planned product,
it is not possible to apply this configuration process successfully.
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The goal of the paper is to find a way to faster order development process through
proper utilization of IT tools and methodologies, which could be helpful in devel-
oping a strong relationship with customers, and the business process. Another goal
is to integrate the DSM tool with the production configuration process with a view
to optimize operational sequences of the firm’s design tasks. This tool also guides
the dependency pattern within the production configurator and restructures them
for possible improvement.

Paper 4: Collaborative customized product development framework
(Shamsuzzoha, A., Kyllénen, S. and Helo, P. 2009c).

This paper is a continuation of Paper 3, where collaboration among three configu-
rators and DSM tool are elaborated and discussed. Different configurators and
software tools are used to connect the back-end and front-end module of custom-
ized product development process. The DIYD (do-it-your-design) configurator is
introduced where customers can directly participate in the design process, view
their products through 3D view and quote them for the final order. The informa-
tion required for the DIYD configurator is fed by the citarasa configurator, which
is passed towards the production stages for the required BOM, supply network and
scheduling.

The presented collaborative framework communicates between citarasa, DIYD
configurator and BOM at the front-end, and ATP, ASDN and APS system in the
back-end to visualize the complete production scenarios of custom-tailored prod-
uct development. This idea was not only to develop customized product but also to
ensure the availability, planning, scheduling and control of the complete supply
chain network. Usually, very few firms use such a sophisticated configuration
process and other tools to develop customized products.

The goal of this research was to show firms how to practice and control the prod-
uct customization process with a higher level of agility and flexibility and to offer
integration possibilities with all the product development participants. The inte-
gration process is applied in Volvo Trucks, Sweden in its truck customization
process, where basic design features such as cabin size; cabin and other equip-
ment, the sales configuration process and the supply chain network were inte-
grated successfully in developing customized trucks. It is observed that the dis-
cussed collaborative framework needs greater cooperation between customers and
suppliers in order to improve the overall consumer value within product devel-
opment arena.



30 Acta Wasaensia

Paper 5: Aligning external varieties to internal varieties for market solutions
(Shamsuzzoha, A., Kekéle, T. and Helo, P. 2011).

This paper is additional to the previous paper (Paper 4), where influential factors
of the product development process, both external and internal, are explained with
a view to better market solutions. External varieties or features such as custom-
ers’ requirements and internal varieties like the task or component list are mapped
with a view to developing better solutions or offerings for potential customers.
The mapping was done with the help of DMM software for the betterment of in-
formation exchange among external and internal varieties.

The mapping between the internal and external varieties shows the possibility of a
modular approach to communicate between customer requirements and the com-
ponent/module list. This interaction exposes the possibility of finding any errors
that could be improved through simultaneous iterations. The mapping offers sev-
eral guidelines for the designers to go for a modular, integral or platform based
problem-solving approach.

The basic goal of this research is to control the customers’ requirements through
available internal resources. The research shows that in order to control the cus-
tomers’ requirements, it is necessary to accommodate all the available resources;
for instance, the component or module list, to fulfill as many requirements as pos-
sible. Appropriate tools can help to display this mapping visually to show where
firms could take any necessary initiation like the proper utilization of available
resources or to subtract or add new resources to fulfill the requirements.

The paper also briefly discusses general product development strategies such as
modular design concept, prospects of commonality among modules and the appli-
cability of product platform within the area of product design and development.
Two distinct types of modular design approaches, namely bottom-up and top-
down are explained, together with their specific advantages and limitations. A
conceptual framework for customized product development process is presented,
where the effects of both external and internal varieties are illustrated.

Paper 6: Platform-oriented product development: prospects and limitations
(Shamsuzzoha, A. and Kekale, T. 2010).

This paper is an addition to the previous paper (Paper 5) that outlines the basic
principle of platform-based product development process. A general review of
recent works on platform approach comprising prospects, risks, and limitations are
discussed and analyzed critically. The goal of this approach is to elaborate differ-
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ent perspectives of platform development in order to enhance customer satisfac-
tion through producing many variants of products quickly and economically.

Within the scope of the paper, a framework is presented where generic issues be-
tween globalization and a platform-based approach are discussed with a view to
developing collaborative business strategy. Here the objective is to interpret the
business issues involved in a distributed product development strategy. This ap-
proach places greater demands on collaboration, especially geographically dis-
tributed collaborators and organizational groups for sharing and reusing knowl-
edge and information about developing product platforms.

Along with the prospects and implementation issues, the formation of product
platform is also presented with the help of the DSM tool. The specific focus is on
how this tool can be applied and contributes to platform development. Systematic
guidance and support for developing the expected platform of a case example is
explained and displayed by using the DSM tool. This developed platform brings
flexibility among design elements, which can be used for creating variety. Suc-
cessful platform development initiates an overall reduction in product develop-
ment lead-time.

The key objective of this research article is to identify the pros and cons of prod-
uct platform and formulate the operational procedure to develop it. The balance
between collaborative business strategy and a distributed platform approach is
investigated and discussed with a view to achieve gain in market segment. The
suitability and influence of platform on product differentiation and product family
approach is also presented in order to achieve a higher customization level.
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4 EMPIRICAL RESEARCH

This section describes the empirical research that has been carried out in a case
company named Wartsila Oy, Vaasa, Finland. Wértsila is a global leader in com-
plete lifecycle power solutions for the marine and energy markets. By emphasiz-
ing technological innovation and total efficiency, Wartsild& maximizes the envi-
ronmental and economic performance of the vessels and power plants of its cus-
tomers. In 2009, Wartsila’s net sales totaled EUR 5.3 billion, with 18,000 em-
ployees. The company has operations in 160 locations in 70 countries around the
world (Wartsilg, 2010).

This case study research conducted in Wartsila Oy, Vaasa delivery centre, Fin-
land, was formulated with a view to justify the research questions and to display
how these could be implemented for the benefit of the case company. This re-
search was justified through intrinsic investigation and implementation of the re-
search issues, namely information perspectives, the configuration principle and
design strategies applicable for developing customer specific product.

Various research perspectives were tested and verified through real data taken
from the case company. Due to the issue of confidentiality, mostly sample data or
data sets were implemented for this study purpose. The empirical research was
conducted through an ongoing ‘Modulmetrics’ project at Wartsila. The brief back-
ground of the case company, methods for the research aspects, with examples,
experiences and research outcomes are discussed in the following sub-sections.

4.1 Background

The basic principle of this empirical research is to address the research questions
of the study. All three research questions and the related underlying theoretical
aspects of the study are addressed within the scope of this case study. Both theo-
retical and practical analysis and interpretation have been developed in an itera-
tive manner within the empirical research process.

In the case company Wartsild, several technology meetings, mainly weekly/bi-
weekly, were arranged to discuss the existing technology strategy within the case
company. The goal of these meetings was to discuss and decide on the strategic
initiatives into which the business unit should be directed from the technology
point of view. The very first review meeting was mostly used to brief the status of
the production floor, problems, challenges and trends in the competitive environ-
ment.
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The generic target of the technology review meetings was much more ambitious:
the discussions between managers could lead to fruitful innovative decisions. The
benefits from these review meetings were observed to be worthwhile in revealing
various problems and weaknesses to the case company. Therefore, specific im-
provements in engine architecture and the necessity of interface between custom-
ers’ needs and design architecture were suggested in order to cope with existing
problems or bottlenecks.

4.2  Wartsila modulmetrics project

The Wartsila Modulmetrics Project was initiated in March 2009 and is still run-
ning. The specific objectives were to develop and implement appropriate methods
and tools, which could support scanning of the competitive environment. Wartsil&
Oy, Vaasa, Finland and the University of Vaasa organized the Modulmetrics Pro-
ject through their corporate research programs. The project started up with a tech-
nology-oriented pre-study, in which the existing product development technolo-
gies were reviewed and analyzed for possible bottlenecks and further improve-
ments.

In the beginning, the overall requirements of this study were discussed and target
goals agreed with the case company. The potential methodology and tools to be
implemented for this study were selected. The objectives of the research study
were to investigate the possibility of integration among information flow perspec-
tives, customers’ preferences and design strategies within the company. All these
research issues were investigated within the case company with a view to possible
customized product development. The basic objectives of this research study can
be summarized as follows:

* To investigate existing design architecture and display component de-
pendency or information flows

*  To examine the possibility for suitable clusters/modules and recommend
potential design improvements

e To display and balance dependencies between internal resources (e.g.
components) and external offerings (e.g. customer requirements)

e To identify clusters between resources and offerings and investigate
critical components
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All the objectives mentioned above are formulated within the scope of the Waért-
sila 32 engine family, designated as W32. This engine family is a comparatively
large group with a high level of customer demands.

4.3  Technical details of the studied engine

The research mainly concentrated on the Wartsila W32 engine family. Here W32
represents W for Wartsila as a brand name and 32 the diameter of the cylinder
bore, which is 32 cm or 320 mm. The W32 engine, is used both for marine and
power plant engines. The main technical data for the W32 engine used for both
marine and power plant engines can be seen in Table 2 below.

Table 2. Main technical data of W32 engine family [adapted from
Wiértsila, 2009].
Wartsila 32 Main Technical Data
Specification Marine engines Power Plant engines
Cylinder bore 320 mm 320 mm
Piston stroke 400 mm 400 mm
Engine speed 720-750 rpm 720-750 rpm
Piston speed 9.6-10 m/s 9.6-10 m/s
Mean effective pressure 24.9 bar 22.9-23.3 bar
Output per cylinder 480/500 kW 450/460 kW
Available cylinder confi- 6L, 7L, 8L, 9L, 12V, 6L, 7L, 8L, 9L, 12V,
gurations 16V, 18V 16V, 18V, 20V

The W32 engine family has many types, with different rated power as displayed in
Table 3 below. From Table 3, we can observe different engine types with revo-
lutions per minute (rpm), output power per cylinder (kW/cyl), engine output (kW)
and generated output (kW). Here, the engine type ‘6L32’ represents the six cylin-
der line (parallel) engine with 32 cm cylinder bore; ‘1232’ represents the twelve
cylinder V-engine with 32cm cylinder bore, and so on.
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Table 3. Rated power of W32 engine family [adapted from Wartsila,
2009].
Rated Power Wartsila 32 Engine Family
Engine Type 480 kW/cyl, 720 rpm 500 kW/cyl, 750 rpm
Engine kW Gen. kW Engine KW Gen. kW
6L32 2880 2760 3000 2880
7032 3360 3230 3500 3360
8L32 3840 3690 4000 3840
9L32 4320 4150 4500 4320
12V32 5760 5530 6000 5760
16V32 7680 7370 8000 7680
18V32 8640 8290 9000 8640

4.4  Methodological aspects of the research

The empirical research was conducted through active participation in the daily
assembly operation of the Wartsila Pilot Plant at VVaasa, Finland. The objectives of
this study were to investigate the suitability of the current engine architecture and
to suggest or guide designers or managers in adopting appropriate design strategy.
In order to fulfill these objectives, existing interfaces between components to
components, modules to modules or components to modules were studied and
mapped. These interfaces or dependencies can be transformed to accommodate
and enable the clustering process within the existing engine architecture and ex-
ternal environments.

With a view to carrying out the research objectives, the existing dependency pat-
tern and required information flow of the W32 engine family was collected
through face-to-face interviews with engineers, designers, workers and managers,
and from the Wartsil4d 32 standard register. Several review meetings were also
conducted with managers in Wartsila in order to discuss the existing engine archi-
tecture, customers’ preferences, the company’s business strategy and current bot-
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tlenecks or problems. These discussions led to the making of recommendations for
possible improvements for the existing design architecture and configurations is-
sues within the company.

Several issues were identified within the scope of the modulmetrics project.
Among them, the suitability of modular architecture, rules for modularity, product
configurations and information flow between potential customers and the com-
pany’s internal resources were formulated and analyzed. All these study issues
were examined and iterated through matrix-based tools, namely design structure
matrix (DSM) and domain mapping matrix (DMM). These tools were used to
model the required information flow among design elements and customer prefe-
rences.

In this study, two software tools, namely ‘PSM32’ and *Multiplan’ for DSM and
DMM, respectively were used to codify, visualize and analyzing the information
dependencies. The DSM tool ‘PSM 32’ is provided by a company named Prob-
lematics, USA, and the DMM tool ‘Multiplan’ by RedTeam, Sweden. Both tools
were implemented due to their simplicity in use. Brief explanations of the matrix-
based tools DSM and DMM are outlined in next sub-section.

4.5 Matrix-based tools: DSM and DMM

45.1 Design structure matrix (DSM)

The design structure matrix (DSM) tool can be outlined as a tool or methodology
to display compact, matrix representation of design architecture or a project net-
work (Steward, 1981). Four types of DSM are commonly available, namely activ-
ity-based, parameter-based, team-based and product architecture or component-
based DSM (Browning, 2001). This tool is implemented for tracking the informa-
tion flow dependencies among design elements or project tasks. The DSM pro-
vides insights of a complex design structure and formulates clustering for devel-
oping modules. Figure 5 displays a simple graph of component interdependencies
and its equivalent DSM representation.
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Figure 5. (a) Component interdependencies graph; (b) DSM representations of
component interdependencies graph (unclustered).

Figure 5 (a) displays nine components of a product namely A, B, C, D, E, F, G, H,
| and their interdependencies. For instance, component C needs information from
component B, while components A and H need information from component C to
be completed. This is presented in a matrix format (shaded area) in Figure 5 (b).
All other information exchanges or interdependencies among components are also
displayed in Figure 5 (b). In order to reduce the iteration time, the upper diagonal
marks need to be brought as close to the diagonal line as possible. This is done by
clustering, where the rows and corresponding columns are rearranged to get clus-
ters or modules. Figure 6 shows two overlapping clusters or modules.
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Figure 6. DSM representations of component interdependencies (clustered).
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In DSM analysis, both partitioning and clustering operations are done with differ-
ent perspectives. Partitioning is the sequencing (i.e. reordering) of the DSM rows
and columns in such a way that they do not contain any feedback marks, thus
transforming the DSM into a lower triangular form (Steward, 1981; Yassine &
Falkenburg, 1999). The reason behind this transformation is the significance of the
upper-diagonal marks, which represent feedback information flows. Partitioning is
used for activity-based or time-based DSM and parameter-based DSM. On the
other hand, when the DSM elements represent design components or teams, the
goal of the matrix manipulation changes significantly from that of partitioning
algorithms. The new goal becomes finding the subsets of DSM elements (i.e. clus-
ters or modules) that are mutually exclusive or minimally interacting. This process
is termed clustering (Yassine, 2004). Clustering is done for team-based DSM and
component-based DSM (Browning, 2001).

45.2 Domain mapping matrix (DMM)

The domain mapping matrix (DMM) is similar to the DSM which was introduced
by Danilovic (2001). It is a rectangular two-dimensional matrix tool used to rep-
resent and analyze dependencies and relationships between two different domains
and not a single domain as in DSM (Danilovic and Borjesson, 2001). This tool
provides a clear representation of complex systems and visualizes the interactions
across two different domains, where the rows represent the nodes of one domain
and the columns represent those of another domain. For instance, rows might
represent product architecture or component lists, and columns different depart-
ments in order to fabricate the complete product.
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Figure 7. DMM representations of components versus departments (clustered)
[Fig. 4 in Paper 2].

Figure 7 displays an example DMM where the rows represent the components of a
truck and the columns represent the supporting departments in order to assemble
the complete truck. The interactions between these two domains are clustered in
order to get suitable clusters or modules. There are four clusters or modules
formed which could be collocated and worked together to save costly time.

4.6  Deployment examples

46.1 Example 1: modular phenomenon

From the dependency pattern as collected through the interviews and from
Wartsilé standard register, the definitions of the required information flows are ex-
tracted for analytical purposes. For the sake of simplicity in explanation, only
higher-level components and modules were considered to display within a net-
work analysis, as shown in Figure 8. Different dependencies or interactions among
the components or modules are presented through a generic network diagram.
From Figure 8 we can observe the overall complexity of the W32 engine architec-
ture.
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Figure 8.  Generic network of component architecture in W32 engine.

The network representation in Figure 8 may be manageable at the higher level of
interdependencies, but what happens if we consider these dependencies in the
lower level of component architecture? It is therefore of prime concern to repre-
sent these interactions in a more formal way before moving towards any study or
investigation for updating or improvement. To examine these information de-
pendencies, we have implemented a component-based DSM tool ‘PSM32’ for
presenting the interdependencies among different components.

This DSM tool can accommodate a large number of design elements and their
interdependencies in a comfortable way. It can be used quite easily to display the
iterations or feedback loops within the design architecture. It manages the design
architecture through clustering, which results in optimum clusters or modules that
are required for smoother assembly process. These clusters provide insights into
how to manage complex architecture through increasing interactions within mod-
ules and reducing interactions between modules. Figure 9 displays the matrix rep-
resentation of the W32 engine component architecture, which was presented in
Figure 8.
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Figure 9.

DSM representation of W32 component architecture (unclustered).

This way of presentation extracts the valuable feedback or iteration that is respon-
sible for higher developmental lead-time. The iteration number and/or dependency
pattern can be minimized through the clustering operation, which is done as dis-
played in Figure 10. Figure 10 also outlines the different modules required for
updating of existing modules or developing newer modules according to the de-
pendency level. The formation of modules guides designers towards improving the
existing design architecture and initiates the possibility of different strategic op-
tions such as, component commonality, standardizing components or platform-
based product architecture.
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Figure 10. Proposal for modules with optimal interaction (clustered).

For analytical purposes, we have modeled all the 218 components of the Wértsila
W32 engine, and the DSM tool in Figure 11 displays their interactions. All the
component interactions are modeled according to the dependency strengths, where
‘1’ represents the highest, ‘2’ is medium and ‘3’ is the lowest dependency level. In
Figure 11, red, green and yellow colors denote the highest (1), medium (2) and
lowest (3) dependency level respectively. In order to investigate the modular prin-
ciple, we have clustered all the components in Figure 11 and the resulted matrix is
shown in Figure 12.
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Figure 11. Wartsila W32 engine component dependency (unclustered).

From Figure 12, we can observe four clusters/modules, with the biggest consist-
ing of 75 components, the second biggest of 7 components and the last two mod-
ules of 2 components each. It is noticed that the biggest module, known as the
‘Basic module’, displays highly integrated design architecture, which needs to be
broken down into smaller manageable modules. This integrated architecture
evolves due to the specific feature of the engine. Some specific components such
as engine block, sump, crankshaft, etc are responsible for this highly integrated
architecture. An effort is needed to sort out these specific components and where
possible de-compose or split them into manageable sizes, modify or redesign and
replace some of the components with a view to breaking down this highly inte-
grated de-sign architecture.
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Figure 12. Wartsilda W32 engine component dependency (clustered).

The second largest module, known as the ‘Driving unit module’, appears consis-
tent with the existing W32 engine architecture, where the components are fully
matched with the existing driving unit module at Wartsila. The DSM tool there-
fore shows its implementation reliability in the area of design engineering. Figure
13 and 14 display the matrix-based information flow between the components of
the driving unit module and its equivalent physical module at Wartsila.
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Figure 13. DSM representations of driving unit module in Wartsila W32 engine.
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Figure 14. Driving unit module in Wartsil4 W32 engine.

4.6.2 Example 2: clustering between resources and offerings

This example analyses the dependency pattern or information exchange between
Wartsild’s customer requirements (offerings/solutions) and existing component
architecture. In this example, we have used the domain mapping matrix (DMM)
software “‘Multiplan’ with a view to presenting the required dependency pattern
between solutions/offerings and components list. This is partially displayed in
Figure 15 below. There were 70 solutions/offerings or customers’ requirements
and 218 component lists as displayed partially in Figure 15. In Figure 15, all the
dependencies are marked as number ‘3’ (highest); however, it might be graded as
‘1’ for lowest and ‘2’ for medium dependency, too. The objective of this ap-
proach is to screen out the most critical component(s) among others, which covers
the most important solutions/offerings by the firm.
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Figure 15. Screen shot of W32 engine dependency matrix between components
and solutions (unclustered).

In order to find out the critical component (s), the DMM software ‘Multiplan’
clusters the interdependencies between solutions/offerings (customers’ require-
ments) and components list. The clustered DMM is displayed partially in Figure
16 below. In this example, two clusters were formed after clustering operation.
These clusters were developed based on the closeness or interdependencies be-
tween components list and solutions/offerings (customers’ requirements). Figure
16 displays one cluster partially. This cluster displays the list of most important
components that satisfies the top order solutions/offerings by the firm.
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Figure 16. Screen shot of W32 engine dependency matrix between components
and solutions (clustered).

It is therefore, a valuable guideline for the designer to identify the critical compo-
nent(s) before offering any solutions/offerings for potential customers. From this
approach, designers would be able to sorting their components list based on the
level of importance and planned the product architecture in a way that will satisfy
most of their customers’ desires or needs. This methodological approach will con-
tribute to industrial firms for achieving a balance between their existing resources
and their market offerings (customer needs).

4.7  Rule for modular design: an approach

Modularity, which is an expanding design strategy in the industrial community,
requires specific rules or methodology to form the required modules. The DSM
(Steward, 1981), as discussed, is one such tool to formulate the module, based on
compo-nent dependencies or interaction with each other. Stone et al. (2000)
introduce a heuristic method for identifying modules. Ericsson and Erixon (1999)
imple-mented QFD-based methodology to formulate a module, while Hoéltta and
Sa-lonen (2003) assess three methods of module formation, namely DSM-based
physical interaction, the heuristic method and QFD-based methods. Gershenson et
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al. (2003, 2004) offer an overview of modularity metrics and methods. An exten-
sion of the classic DSM by adding flow interactions between components to form
a module is proposed by Alizon et al. (2006).

In this study, we propose a rule for the formation of modules that can be ex-
plained through a network diagram consisting of six components of a turbo-
charger (TC) installation bracket, as shown in Figure 17. This bracket is used as a
support to install the TC on the engine block. Figure 17 displays six higher-level
components, namely TC support, bracket, distance sleeve, hexagonal screw, blind
flange and the O-ring of the TC installation bracket. The numbers from 1 to 9
display the dependency strength within the components. Number “1” represents the
highest dependency strength, while number ‘9’ is the lowest.

ependency .
Strength .

Component

Name

Figure 17. Display of component interactions and dependency strength of a TC
bracket.

In order to form a module, let us start with the component ‘“TC Support’, from
which the components “bracket’, “distance sleeve’, ‘hexagonal screw’ and ‘blind
flange’ have dependency strength of 1, 8, 5 and 7, respectively. According to the
dependency strength, the interdependencies between the components ‘TC sup-
port’ and ‘bracket’ are considered the highest, and we proceed towards the first
module as displayed in Figure 18.
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Figure 18. Formation of a module according to the dependency strength of the
components of a TC bracket.

With a view to extending the first developed module, we could check the depend-
ency strength again from the components “TC support’ and “bracket’. It is noticed
from Figure 18 that from the component ‘TC support’ the remaining dependency
strengths are 8, 5 and 7 with the components “distance sleeve’, “hexagonal screw’
and ‘blind flange’, respectively. Whereas, from the component “bracket’ the de-
pendency strengths are 3, 6 and 4 with the components of ‘distance sleeve’, ‘hex-
agonal screw’ and “blind flange’, respectively.

Bracket
1
‘-i’
’
H
— Hexagonal
5 Screw

Distance

Figure 19. Formation of an extended module (three components) according to
the dependency strength of the components of a TC bracket.

It is therefore clear that the component ‘bracket’ should be connected with the
component “distance sleeve’ according to dependency strength in order to extend
the previous module. The new extended module therefore consists of three com-
ponents, namely ‘TC support’, ‘bracket’ and “distance sleeve’, as depicted in Fig-
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ure 19. In the following fashion, other extended modules can be formulated ac-
cording to the method as explained. Another extended module consisting of four
components can be seen in Figure 20 below. The other remaining component(s)
within a product can be connected as a separate module or part during the assem-
bly process according to specific functionalities or requirements.

‘ onal

Figure 20. Formation of an extended module (four components) according to the
dependency strength of the components of a TC bracket.

The methodology as proposed above can be applied successfully in manufactur-
ing firms for developing the required modules. This approach is comparatively
simpler than other existing methods such as DSM, clustering algorithm, etc for
module formation. It differs from conventional approaches in a way that this
methodology depends on the level of interdependency strength between compo-
nents to components or components to modules. Another difference is that in this
proposed approach the module size is not fixed and can be extended or shortened
according to the functionalities or requirements. It offers higher flexibility since
the dependency strength can be tracked from each component and the highest one
is chosen according to the functionalities and requirements.

This method has many limitations, too. For instance, the levels of dependency or
interface among components or modules are measured by interviewing designers,
engineers or workers, which could be biased from person to person. Particular
dependency strength can vary between designers and engineers or engineers and
workers, and so on. This approach is lagging behind the selection criteria for in-
cluding or excluding a component in a module. There is also no appropriate tech-
nique to choose one when there are several dependencies with the same level of
strength from a component or module. This approach cannot limit the size and
number of the modules required within a product if it is not predefined.
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The size and number of the modules are generally formulated based on the spe-
cific requirements or functionality of the developed modules or products (Zami-
rowski and Otto, 1999a, b; Gonzalez-Zugasti et al., 2000; Kimura et al., 2001,
Asan et al., 2004). The formation of modules is also dependent on various strate-
gies such as assembly line design (He & Kusiak, 1998), decomposition of manu-
facturing systems (Kusiak, 1990; Kim et al., 1993), mass customization (Jiao &
Tseng, 1999), product platform and family design (Erens & Verhlust, 1997; Gon-
zalez-Zugasti & Otto, 2000; Muffatto & Roveda, 2000). Each of the strategies
needs to be investigated before finalizing the suitability of a modular approach for
a specific firm.

4.8 Experiences and research outcomes

The study conducted within the case company Wartsila Oy was very fruitful in
terms of research perspectives. The main target of this study was to investigate the
information flow within the company with respect to design architecture, cus-
tomers’ preferences and business strategies. In order to model this information
flow, we implemented DSM and DMM tools to measure the level of information
dependency and to investigate how this issue affects the overall company’s objec-
tives. In terms of design architecture, we studied the existing product architecture
within the company and the overall information dependencies among components
and modules. These dependencies were modeled to formulate the current practice
and to look for possible bottlenecks.

After analyzing the company’s present engine architecture, it was observed that
the architecture is mostly an integral one with limited forms of modular architec-
ture, too. This is due to the main part of the engine being ‘engine block’. Almost
all components or modules being tightly fitted to the engine block results in a
highly integrated structure. This is also displayed in our analysis (Figure 12),
where the major portion of the components is tightly clustered due to strong in-
terdependencies. This is one of the major bottlenecks in the case company. In
order to overcome this bottleneck, splitting the engine block into several pieces or
modules and joining them together based on power demands (number of cylin-
ders) is suggested. This might mean needing to rearrange or redesign some of the
components or modules to improve design flexibility in the engine assembly
process.

Another bottleneck found during this study was that Wartsila is using different
turbocharger (TC) brackets to support different TCs, which creates problems for
them. This is happening due to having different suppliers and turbocharger de-
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signs. Most often, this creates interface problems with the engine block during
assembly. We investigated different architectural designs of different TC brackets
and proposed that Wartsila should consider the possibility for developing a
universal supporting bracket. This structure as suggested would be fabricated in a
modular structure, which would be suitable for interfacing with the engine block
easily and accommodating most of the supplied TCs comfortably. The informa-
tion dependency of the components for designing this modular universal TC
bracket needs to be modeled by the DSM tool in order to develop this proposed
structure.

With respect to customer preferences, we studied the interactions or dependencies
between Wartsild’s design architecture and its offerings for potential customers.
All the interactions between these two domains were modeled by the DMM tool
(MULTIPLAN) with a view to grouping the dependencies in terms of closeness of
relationships. The objective of this approach was to cluster the dependency pattern
in order to find the critical components or modules responsible for most of the
important offerings or customer preferences. In this study, two clusters were
identified where most of the customers’ requirements were accommodated. The
advantage of this approach is that designers can concentrate more on these spe-
cific modules, which cover most satisfied customers. This study was conducted
within the marine engine division of Wartsild, where the company offers more
varieties for customers.

In conducting this case study, we faced some limitations. For instance, the infor-
mation dependencies between offerings/solutions (customers’ requirements) and
component lists (engine architecture) are considered the highest level, which may
not be true in real applications. This happened due to the confusion of depend-
ency strength among the design staff. This might skew the study output from the
actual figures. Another limitation can be the lack of a complete list of components
within the case company. We considered only higher-level components and their
interactions in order to investigate the design architecture. This might not reflect
the true clustering process within the case company, which may then confuse the
actual results from this study.
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5 DISCUSSION AND CONCLUSIONS

This section comprises a discussion and conclusion of the work carried out in the
study. The research gap and the overall findings in relation to the original re-
search questions are identified. This section also includes the basic contribution of
the research, its limitations, and finally further research ideas and directions are
suggested.

5.1 Research gap and findings from this study

This research provides new insights and enhances knowledge in the field of man-
aging product design for customization. The main objective has been to under-
stand the management of information flow by combining the configuration prin-
ciple and product design strategies such as modularity, product platform and cus-
tomization for developing customized products. The objectives of this study were
transformed into three research questions:

1. How does managing information exchange affect the use of product de-
velopment practices?

2. How could configuration processes be implemented for product devel-
opment practices and used in the customization principle?

3. How can different development measures be integrated to support mar-
ket solutions and the internal resources of a firm?

It is observed in the literature that the information management process in firms is
not properly managed or stored (Vickers, 1983; Vickers, 1984; Entsua-Mensah,
1996). Firms mostly look for expert knowledge to stay competitive in the market;
however, this knowledge or information is not properly stored for future use.
There is a lack of proper tools or methodologies to store valued information and to
exchange information among product development participants (Browning et al.,
2002; Eppinger & Salminen, 2001). The first research question tries to answer this
dilemma within the boundary of product design and development. Practical
problems for information exchange are considered and expected solution ap-
proaches are formulated within the scope of this research. Papers 1 and 2 discuss
this information flow aimed at the improvement of the product development
process.

In the present study, we have attempted to answer the second research question,
which addresses a major concern in manufacturing organizations. To cope with
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today’s customization or individualization trends, the configuration process func-
tions as a dynamic way to build relationships among customers, designers and
manufacturers. Researchers also validate its suitability and applicability in busi-
ness success (Tseng & Du, 1998; Myung & Han, 2001; Forza & Salvador, 2002).
However, the implementation of a configuration process is very much confined to
certain types of industries such as automobiles, the shipbuilding industry, textiles,
etc. Through answering the second research question in this study, the implemen-
tation issues of the configuration principle and its competitive market values are
evaluated. Papers 3 and 4 examine the concept of configuration process with
practical examples.

From this research, we have noticed that along with the information and configu-
ration perspectives, firms are also lagging behind in terms of appropriate product
design and development measures, which are the base requirements for enhancing
productivity and customer satisfaction. Available measures such as modularity,
product platform and postponement are widely used by firms, although there are
limited rules or methodologies to justify its usability. Specific measures such as
modularity and product platform are discussed and evaluated in this thesis, which
addresses the third research question. A trade-off between these development
measures and firms” internal capacity are also highlighted in this study. Papers 5
and 6 elaborate the modular design concept and platform-based approach for de-
veloping customized products.

In the literature there are few specific rules or methods available to formulate
modular product development strategy. Firms are facing common challenges such
as; Which component needs to standardize? Which section of a product is needed
to modularize? In addition to, what are the ways to modularize? These questions
emerged during the study of the case company. An approach has been proposed to
formulate modules from certain numbers of components according to their level of
dependency on each other. The formulated approach is also explained with an
example, which might be a new strategic option for modular design architecture.

5.2  Theoretical implications

This thesis contributes to the growing field of research on product customization
and its impact on industrial establishments. The issue of information transfer dur-
ing product development process is considered as an asset for firms, where pro-
gressive information is exchanged between the participants. The generic informa-
tion perspective is discussed within the periphery of this study. This line of re-
search is followed up through information management as a source of firms’ re-
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sources. This thesis contributes to developing a pathway of information exchange
between internal resources and external markets.

A large number of industrial organizations are lagging behind in terms of their
communication pattern with their customers, an issue which is also elaborated
within this research through the configuration process. There are several formula-
tions and interconnectivity, which require integrating this process with the generic
business environment. In order to implement the configuration process success-
fully, a generic platform is required, which is also discussed in this thesis. This
approach establishes a balance between external pressures, such as  customers’
demands, product costs and quality issues with internal resources, such as  ca-
pacity constraints, resource availability and production timing.

Along with information exchange and configuration perspective, the general out-
lines of different product development strategies are discussed and presented in
this thesis. The presented lists of different strategies, such as modularity, compo-
nent commonality and product family are commonly applied in the mass customi-
zation process. Through the implementation examples in the six articles, different
types of strategies and ideas are captured and modeled for the product customiza-
tion process. The issue of which specific strategy might be suitable among these
alternative strategies is also presented and discussed in this study.

5.3 Research limitations

The research work presented in this thesis was limited due to the level of confi-
dentially. This work could not be presented in detail due to the terms of confiden-
tially in the case organizations. In such a perspective, a broad coverage of the
thesis has clearly been a challenge. The thesis has mainly focused on the organi-
zational level and does not consider networks between firms. This constraint lim-
its the interpretation of the results and may not be applicable in a generic format.

The information drive as depicted in this study is not well managed when organi-
zations are dealing with customers’ demands. In the empirical part of the study,
the information dependencies are not analyzed financially, but rather on a theo-
retical basis only. Any strategic decision always needs to be financially validated
before considering its applicability. This limitation can be overcome by taking
firms’ financial capability as a strategic point of view. The empirical part of the
research considers information dependencies among product components, i.e. the
physical components domain only. This research could contribute more signifi-
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cant and comprehensive results if we considered information exchange also among
other domains such as design teams, resources, functions etc.

The research has been a qualitative study, which has several limitations. The re-
search outcomes are based on two case studies, which contribute several theoreti-
cal illustrations. Due to this, the results should be interpreted cautiously and too
much generalization needs to be avoided. More case studies might be useful to
validate the methodologies presented here. In the empirical part of the thesis, it is
mainly focused on the possibility of modular design strategy rather than consider-
ing also the importance and feasibilities of platform-based engine development,
component commonality, product family, etc. The implementation of DSM and
DMM tools were limited due to their inadequate analytical ability.

In this thesis, six publications are presented, which all have their own objectives
and methods independently. All the publications had their own data and methods
as described within the summary of the article section. It can be concluded that all
the publications have their own identity and it is quite difficult to consolidate them
into one dimension. Each of the publications is considered as a sub-project of the
research.

There are some limitations and misconceptions in the published papers, which
need to be updated for further research. For instance, in Paper 1 the concept of the
terms partitioning or sequencing and clustering was mixed up, which was a
typological error and needs to be corrected for further research. Paper 2 is based
on both component-based and team-based DSM, which needs to be clustered to
make them into clusters or modules, not partitioning as stated in the article, which
was a typological error. Paper 3 appears to be the average development loss,
which would be better if the loss is proven somehow. The suitability of the pro-
posed configuration framework also needs to be compared with available ones in
the market.

In Paper 4, the authors proposed an integration framework for both front-end and
back-end modules of the customization process, which needs to be compared with
the available frameworks in the existing production process. This configuration
framework also needs to be generalized after implementing in real life. Paper 5
lacks essential resources (references) in the field that could be updated in future
research. The application of DMM could be elaborated for more readability. There
are also limited resources in Article 6 and the implementation issue of the product
platform was a bit complicated. The overall limitations of the published papers
need to be considered carefully for further research in this specific area.
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There are also limitations to the presentation of this thesis. This is an article-based
thesis, which enables the use of several research sub-processes for the purposes of
different publications. This makes the research process more flexible in respect to
dependability, but it requires careful coordination of the whole research process.
In comparison to a monograph thesis, the consistency level between the publica-
tions is not as high. This is common in an article-based thesis, where the process is
more adaptable, and changes in the research plan can be made more flexible
during the research process.

5.4 Recommendations for further research

There are several important issues that could be continued in further research
based on the findings of this study. First, would be tracking knowledge transfer at
the organization level, which is considered an important step towards achieving
business success. This knowledge transfer needs to be organized and stored in an
appropriate structure so that it can be used further. Few firms maintain their own
individual methodology to store valuable knowledge or information, and there is
no generic tool or methodology for it. Further research could be carried out to
develop a generic tool to store and retrieve information structure. The possibility
of intra-net and/or internet-based information management systems may also be
investigated with security options.

In order to achieve customization, firms need to examine several strategic options
but there is a lack of methodology to select the optimal one. There are potential
research areas, where researchers could find tools or methods for selecting the best
strategic option suitable for a firm. The dynamic of the product customization
process is required based on product design and development strategies. In this
study, most of the customization strategies are dependent on assumptions, which
could be formulated or modeled with real case studies in order to develop the
empirical research. The scope of R&D in the strategic context of the firm’s effort
can also be investigated with respect to fulfilling customer satisfaction.

Another issue for further research might be to integrate the configuration process
not only with product design and development but also with a larger area of this
field. This collaboration might be with marketing or advertizing, logistics and
distribution systems, etc. It would be good business practice to evaluate firms’
production strategies based on the configuration process. The development of a
multi-purpose configuration process could be a good solution for enhancing a
firm’s success.
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In today’s business, modularity is widely used by many leading firms globally.
There are many ways to formulate specific module functionalities, but none of
them is obviously appropriate for business success. To date there have been no
specific rules or metrics to form optimum numbers of modules for a certain prod-
uct or product family. There is potential scope to extend this research in this par-
ticular area and especially to focus on the issue of modular rules. Finding specific
metrics appropriate for modular product or process development also needs to be
investigated.
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Abstract

Growing demand on product individualization forces manufacturing organizations to react quickly and reducing
the cost at the same time. To meet individual customers’need, competitive enterprises have to adopt both strategies
of customer-driven and cost efficient product development. This can only be achieved by raising designers’
awareness of market information, which includes both customer, and competitors” information. Sharing market
situation among concurrent design teams is critical to provide customized products. This paper discusses mass
customization approach using Design Structure Matrix (DSM) methodology, which is a valuable tool for producing
different product variety quickly and economically. Our focus in this paper is to demonstrate how product-
customization could be done efficiently by using DSM. A case example taken from Volvo Company trucks is also
included with this paper in order to show how different design rules could be implemented successfully by using
DSM, which may be helpful for customization process too.

Keywords: product customization, Design Structure Matrix (DSM), integrated manufacturing, product variety

1. Introduction

Today’s intense competitive market place, mass
production of identical products is not sufficient to
survive rather producing products for specific
customer need is essential. The only way to gain in
businessis to adopt customers driven strategy, which
delivers products and services to meet customer
expectations (Wallac, 1992). Mass customization
recognizes each customer as an individual and
provides each of them with “tailor-made” product.
The role of customer demand information is therefore
extremely critical to the success or failure of new

product introduction (Ottum & Moore, 1997). Yet,
customers requirements are seldom gathered and it
is even rarer that this valuable information is shared
between marketing and R&D or made available to
design engineers (Omar et al. 1999). The prime goal
of any enterprise is to make profits and this can be
achieved through producing the right products and
services in right time, which in turn reduce cost,
design and implementation times.

Adoption of mass customization principle helps
companies to reduce the costly inventory and gain
market segment. However, to really deliver products

Re-printed with permission of Operations and Supply Chain Management Forum.
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that the customer wants in an appropriate way
requires design engineers to focus on market
demand throughout the design process. This
includes consideration of what customers want and
how design parameters satisfy customer needs.
Besides the customized design, the product has to be
cost effective because modern mass production
ensures low cost product (Mitchell et at. 1998). If it is
cost effective, mass customization strategy then
gaining over competitors through new customers
and achieving higher market revenues.

Product design and development is directly
connected with customization. Product customization
has recently attracted interest due to the growing
demand of “mass customization’. In industrial
organization, however customization is not new and
has always been predominant. In customizable
products, customers select products from various
alternatives that meet most of their needs at one time.
Customization of product is an attempt to summarize
many recently developments strategies in flexible
manufacturing system such as commonality,
modularity, standardization and so on. These features
accumulates emerging manufacturing paradigm with
the aims of satisfying individual customers needs
(Pine, 1993).

This paper presents an approach of mass
customization using DSM. Section 2 discusses mass
customization features those are commonly adopted
by the companies. In Section 3 a framework for mass
customization approach using DSM are presented
with brief explanation of its features while Section
4 illustrates an example and explains how DSM can
be implemented to represent different design rules
of Volvo Company trucks for customization. Section
5 outlines the importance of relationship mapping
among customer requirements, organizational
implications and design elements whereas Section
6 explains the influence of DSM methodology in
terms of mass customization. Finally, Section 7
outlines some managerial implications while Section
8 concludes the key points, and discussed how DSM
can be implemented successfully further for mass
customization.

2. Mass-customization Features

Nowadays, market environments are shifting
rapidly from identical products concepts to

individualized products. Mass customization is now
becoming the challenge for the manufacturing
organization to stay competitive. To survive in this
competitive environment, enterprises must be shifted
from producing mass identical products to mass
customized products as much as possible without
compromising with cost and quality. Product
individualization or variety brings enterprises to face
the competition and offers more choices to customers
(Sanderson & Uzumeri, 1997). This concept helps
companies to deliver customized products with
reduce costing and higher quality (Jiao, Zhang and
Pokharel, 2005). The principle of mass customization
lies in maximizing the correlations among
manufacturer’s technical capabilities to target market
niches and in a timely manner to meet diverse
customers’ needs. To capture the target market niches,
manufacturers need to concentrate on appropriate
development of production capabilities to keep
production costs low, quality high and quick
response. Three criterions are therefore essential for
mass customization such as; time to market, product
variety and economics of scale (Tseng and Jiao, 1998).

To fulfill individual customer needs,
manufacturing companies have to adopt several
strategies in their business goal such as; common
product platform or proliferation, product
configuration, production configuration, part
commonality/reusability, modularization in design
etc. Resulting from these approaches, the main
challenge is to develop a customer-focused and
product-driven business portfolio for managing
varieties. The product cost must be designed out of
the production processes as it is very difficult to
reduce the cost through ‘cost-reduction” measures
after the product has been designed. The product
design cost accounts for 80% of the lifetime
cumulative cost of a product and is difficult to remove
later (Anderson, 1997). Any change in design in order
to reduce cost may cause other changes too. Tools
like “design for manufacturability’ (DFM) can be
applied for easier products design and less costly to
manufacture. This approach is known as concurrent
engineering where the processes are concurrently
designed with the product to ensure lower processing
cost. The cost of quality also can be reduced in mass
customization through adopting robust product
design techniques (Taguchi methods, design of
experiments) and then built into the product with
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process controls instead of the more expensive
inspection paradigm.

Product platform or configuring the products,
which denotes the collection of elements shared by
several related products are the base of making
product varieties. Meyer and Lehnerd’s (1997) defined
product platform as “a set of subsystems and
interfaces developed to form a common structure
from which a stream of derivative products can be
efficiently developed and produced”. The success of
producing product varieties depends on maintaining
and selecting of product platform from which the
associated product family is derived (Simpson, 2004).
The product family may be considered as a
differentiation process of a base product or in an
aggregation process of distinct products. It has
substantial influences on a firm’s ability to deliver
large product variety efficiently and has important
implications for subsequent product development
activities. An effective platform design can allow a
variety of derivative products to be produced more
rapidly and easily that saving costs and times (Zha
and Sriram, 2006).

In mass customization strategy, product and
production configuration process plays crucial role
to fabricate sales and order processing of products
(Hyam, 2006). Configuration software known as
‘configurator’ contains all of the features and
information such as dependencies, rules, constraints
and resources necessary to develop a product.
Advanced product configurator consists of solid
model and graphics of the products that the
customers have chosen from different alternatives.
The customers are able to request multiple “what if”
scenarios during their choices. The use of
configurator reduces technical tasks required in sales
phase of any product and helps to develop platform
based products with rapid pace of time (Franke, 1998).
The use of product configurator enhances developing
substantial varieties without significant reductions
in productivity of any firm (Helo, 2006). Production
configurator also acts like product configurator,
where manufacturers could choose different
operational scenarios to manufacture products
according to customers’ choice and need.

Competitive market pressures forcing
manufacturing firms to reduce cost, which could be
possible through reducing the cost of components/
parts and making components/parts as common as

possible. Parts commonalities also defined in literature
as to reflect the extent of similar products elements
(Farrell & Simpson, 2003). The part commonality
approach determines the minimum numbers of parts
required for new product design and developments
and is not focused to remove parts used on existing
products unless the common parts are functionally
equivalent in all respects (Anderson 1997). It is a very
effective technique to minimize the number of
different parts by standardizing on certain preferred
parts. This technique generally applies to purchase
parts but could also be applied to manufactured parts
too. Manufacturing organization realized today that
the use of common parts could greatly facilitate the
custom product design and production process in a
way that provides competitive advantage. Parts
commonality actually shortens the product design
and production process. Fewer types of parts
simplifies assembly, part procurement and
distribution logistics. Greater commonalities also
reduce the complexity of production system, lower
costs of assembly, quality and material overhead
(Sheu & Wacker, 1997).

Globalization and market segmentation forcing
manufacturing firms to diversify their product
development processes. Firms are generally not
designed for variety management, thus the challenge
is to create the desired product variety economically
while maintaining the cost and quality.
Modularization has been proposed as a tool to split
the product structure into smaller, more manageable
segments, which makes mass customization easier.
Product modularization defines the commonality
among products or in other wards it brings
standardization among functional independence. It
could be a single part or a combination of many parts
with certain functionality. Modular products which are
the combination of separable modules can be
manufactured, assembled and serviced separately and
may be recycle, reuse or remanufacture after product
retirement (Slevinsky et al. 2005). Modularization
enhanced product variety management through
creating commonality among components/parts,
which can be reused for different products (Baldwin,
1997). Traditionally, modularization has been
determined by several factors such as cost, ease of
manufacturing, ease of maintenance etc. All the
product parameters discussed above can accommodate
and geared towards the efficient production of
individualized items.
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3. Integration of DSM Tool for
Mass Customization

The design and development of customized product
is very important phase in an organization. In order
to response quickly to the customer needs, product
development process needs to be integrated with
automated interactive framework, which enhances
product development (PD) activities. The concept
of integrated framework is shown in Figure 1.

From Figure 1 we can observe that individual
customer needs mobilize customer’s choice process,
which has a direct link with CAD model and part
family. Part family that needs required information
for different parts specifications is connected to
product data base (PDB), which is also inter-woven
with DSM tool. CAD model gets the required
information about a custom-designed product from
customer’s choice and communicate with Bill-of-
materials (BOM) to produce that. Production
configuration allocates different resources
efficiently for manufacturing the specified product
after getting the required tasks sequence from the
DSM tool.

From the above framework, it is seen that to
order or design for a product, a customer has to try
for the required parts/components from existing part
family; otherwise to configure it from CAD model.
Part family takes the required information/
specifications from PDB which is populated with
product data information. If the customer
configured his/her product of choice from CAD
model, it has to communicate with BOM for the
available parts or necessary tasks information
required to produce those parts. When the parts are
required for manufacturing, all necessary tasks will
have to be delivered to DSM tools via CAD model

Figure 1.  Integrated framework for customized product
‘ Part family Customer’s choice r_ Individual
customer needs
c el Bill-Of-
AD Mode Materials
Product Production
Data base Configuration

for obtaining optimum tasks ordering. The DSM tool
tries to schedule the required sequence for the parts
to be manufactured. This tool also helps to minimize
the iteration or feed back loop as minimal as possible,
which reduces the costly parts lead time essentially.
When the sequencing completed through DSM tool,
itis then passed over to the production configuration
for required resources allocation. In this way
customized product/parts can be manufactured more
quickly, economically and efficiently. The different
components of the integrated framework are
explained in brief below:

Product Database: Customization principle
emphasizes the uniqueness and variety of the
products, which requires design variations and
manufacturing changeover (Tseng, Jiao & Su, 1997).
To maximize productivity, it is important to reuse
previous design data as much as possible in order to
keep customization in mind. This will also maintain
the integrity of the product families and the
economy of the manufacturing investments. It is
therefore, important to maintain a product database
for the development of customized articles. This data
base system is employed to manage manufacturing
resources effectively and efficiently so that an
appropriate resource can be found out to reuse when
needed. In this system, the manufacturing resources
are classified according to their content and usage.

CAD Model: To develop custom-built parts/
products, Computer Aided Design (CAD) model is
necessary. CAD model contains different software’s
which are essential for the customers and
manufacturers to configure a product or service. It
produces the required geometry to design a part.
Initially customers are designed in 2D geometric
format, which is later converted to 3D solid parts and
then applying physical properties such as color,
texture etc.

Bill-Of-Materials (BOM): A Bill-Of-Materials
consists of list of the parts, materials and tools
required to manufacture products. It is an essential
part to design and manufacture of a product, as
without the basic knowledge and understanding of
how many parts a product requires, there are no way
to know how many units of those parts we need to
buy or manufacture. When customers select the
design through CAD model, it needs to communicate
with BOM for the required parts/components
necessary to make the products. These parts may be
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order to purchase from outsource or fabricate in-
source.

DSM Tool: The DSM is a powerful tool for
representing and analyzing task dependencies of a
design project (Steward, 1981). It is a compact
representation of the information flow structure of
any design project. This method differs from
conventional project-management tools such as
PERT, Gantt chart, CPM method etc. in that it focuses
on representing information flows of a design project
rather than work flows (Eppinger, 2001). These tools
permits modeling of sequential and parallel tasks or
processes but fail to interpret interdependency or
feedback processes, which are common in complex
PD projects. To tackle this consequence, a matrix
based method known as DSM has evolved. This
method provides the representation of complex tasks
(or teams, components etc.) interrelationships in the
view to obtain a sensible sequence (or grouping) for
the tasks (or teams, components etc.) being modeled.

A DSM is a square matrix with identical rows
and columns. The rows and columns are named and
ordered identically, although generally the rows
contain the complete names list of the tasks while
columns follow the corresponding tasks numbers.
All the tasks of a project are assigned along rows
and corresponding columns by using DSM. A task’s
dependencies on other tasks are represented by
placing marks in the corresponding tasks columns
on which it depends upon to complete. Reading
across a row reveals all of the tasks whose outputs

Figure 2.

are required to perform the task while reading down
a column reveals which tasks receive information
from the task corresponding to that column. The
diagonal cells within DSM are usually filled in with
dots or the task number, which are meaningless but
are included to distinguish between diagonal, upper
diagonal and lower diagonal marks of the matrix.

For the demonstration of DSM principle, we have
considered an example given in Figure 2 (a), (b) and
(c). From Figure 2(b), it can be seen that task B passes
input information to tasks C, F, G, ], and K, while task
D requires output information from tasks E, F, and L
in order to be completed. All marks above the diagonal
are considered to be feedback marks while the marks
below the diagonal are feed forward marks. Feedback
marks correspond to required inputs that are not
available at the time of executing a task. In this case,
the execution of the dependent task will be based on
assumptions regarding the status of the input tasks.
As the project unfolds, these assumptions are revised
in light of new information and the dependent task
is re-executed if needed (Yassine, 2004). It can be now
be observed here how easy it is to represent the
feedback relationships using DSM compared to the
graph as shown in Figure 2(a).

In order to eliminate or reduce the feedback
marks from Figure 2(b), we can manipulate the rows
and columns to bring back upper diagonal marks to
lower diagonal one as much as possible, which is
known as partitioning (Steward, 1981; Yassine et al.
1999). After partitioning, a transparent tasks

(a) Tasks representation & their interactions using Spaghetti Graph (b) A binary DSM before partitioned [Figures adopted from (Eppinger,

Whitney, Smith & Gebala, 1994)] c). A binary DSM after partitioned [Figures adopted from (Eppinger, Whitney, Smith & Gebala, 1994)]
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