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ABSTRACT

Companies in high-technology marketplaces are
confronted with social, market-specific, technological
and economical changes such as technology innovation,
changing customer requirements, globalization of
markets and competitions as well as market uncertainty.
Manufacturing companies cannot escape these trends.
For company’s success, it is fundamental to bring new
and high quality products quickly and with customer’s
individual settings to market. Product development is
one of the most complex tasks and uncertain processes
in the company. Complexity in product development
comes from a variety of internal and external sources, so
called complexity drivers. In literature, 108 complexity
drivers in product development are described by
several authors. To compare literature’s information
about complexity drivers in product development
and their effects with the practice, an empirical
study is needed. Currently, an empirical research
regarding complexity drivers in product development
in manufacturing companies and their effects does
not exist. Covering this research gap is this paper’s
purpose. For this empirical study, a six stage systematic
approach from Flynn et al. was applied, starting with
the determination of the theoretical foundation and
the research design as well as the selection of the data
collection method. The data was collected in different
fields of the German manufacturing industry through
standardized questionnaires, which were sent by e-mail
to 3,086 companies between 2015 and 2016. In total,
295 questionnaires were answered completely. The
data was analyzed by using statistical methods. The
empirical results regarding complexity drivers were
compared with literature to identify communalities
and differences. In literature, 108 complexity drivers
and 18 effects are described. In contrast, 30 complexity
drivers and 4 effects were mentioned by experts. Based
on a factor analysis, the complexity drivers were
aggregated to 7 factors, which reflect the complexity
drivers.
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1 INTRODUCTION

“[ think the next (21%) century will be the century
of complexity” [66]. This statement by Stephen W.
Hawking [66] from the year 2000 describes the current
situation in science and practice. Maguire, Allen
and McKelvey [92] describe that “complexity is one
of the fastest growing topics” in scientific research.
In practice, the same situation can be observed.
Complexity in manufacturing companies and especially
in product development has continuously increased
in many industries within the last years [44, 83, 89,
149, 132]. The reasons are social, market-specific,
technological and economical changes, such as more
and more demanding customers, market’s globalization,
dynamic market environment, technology innovation
and uncertainty. Manufacturing companies have to
face these trends and cannot escape [102, 103, 112,
144]. Increasing global competition and customer’s
individual needs force companies to offer a diversified
product portfolio in the market, by developing different
product variants [3, 32, 45, 65, 35]. A diversified
product portfolio with many different product variants
causes an increase in complexity [26], especially
in products and in processes [8]. Other reasons for
increasing complexity in product development are the
increasing number of product launches in the market,
shorter product lifecycles and customer’s demands
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for new and innovative products [32]. According to
Schaefer [119] and Chapman and Hyland [33], product
development and innovation is an important key factor
for business success. For company’s strategy, product
development became a central importance [36, 39, 63].
Increasing complexity is one of the biggest tasks that
manufacturing companies have to face and to handle
today [44]. According to Warnecke and Puhl [147],
company’s complexity can only be managed if it is
identified. Thus, complexity understanding becomes
more and more important in manufacturing companies
[69].

According to Warnecke [146], complexity can be
seen as a phenomenon and evolutionary process, which
is challenging especially for science and engineering.
Complexity is intensified through innovations in
products and processes [146]. In scientific research,
there is no general understanding as well as explicit,
universal and widely accepted definition of the term
complexity [26, 44, 118]. Complexity is “in the eye
of the beholder” [100] and depends on individual’s
experience and knowledge [41]. The origin of the term
complexity comes from the Latin words “complexus”
and “complecti”, which means “extensive, interrelated,
confusing, entwined or twisted together” [44, 54, 60,
113]. The term “complexity” is therefore often used
synonymously with the term “complicated” [44, 54],
but the terms have specific characteristics and different
meanings.

Within a company, product development is one of
the most complex tasks and uncertain processes [12,
39] and has the biggest influence on a company’s
complexity [83]. For a new global economy’s success,
product development is the core process according to
Ragatz et al. [116]. Product development’s objective is
“to translate an idea into a tangible physical asset”
[39]. The time for product development of industrial
goods has strongly reduced during the last years
due to increasing globalization, customer’s behavior
change and hardly predictable market fluctuations
[83]. Product development process is often the longest
part of bringing a product to market [57] and is
confronted with several factors such as demand variety,
uncertain objectives, dynamics, high time pressure
and restricted resources [151]. Generally, complexity
in product development comes from a variety of
internal and external sources [40], called complexity
drivers. Complexity drivers play a significant role for
complexity management. They describe the complexity
in a system and help to evaluate and handle it [142].
For managing a system’s complexity, an optimum fit
between internal and external complexity is needed
[130, 141]. The management of complexity is a strategic
issue for companies to be competitive [102]. For an
effective and target oriented complexity management,
information is needed [39].

Based on scientific research, information can be
gathered by conducting literature research or empirical
studies. To verify existing knowledge or theories and

to identify communalities and differences, the results
from literature and the real world are compared.
In literature, several empirical studies regarding
complexity management in various fields of industries
and regions/countries already exist. They are focused
on different fields in the company and along the value
chain and were conducted in the time period between
1999 and 2015 (see chapter 2.3). There are also
empirical studies regarding complexity management
in the field product development and have been done by
Li et al. [88], Kim and Wilemon [78], Newman [106],
Chronéer and Bergquist [34], Kim and Wilemon [79]
and Grussenmeyer and Blecker [62]. The data collection
was conducted in China, United States of America,
Sweden, Italy and Germany and in 14 different fields
of industries (e.g. engineering, electrical, medical
industry, chemical & pharmaceutical, clothing, etc.).
Based on these studies, the impact of environmental
complexity and the choice of management control
systems and their effects on product development
and their processes are investigated. Furthermore, the
sources, which cause complexity and the consequences
when complexity arises in new product development and
especially in development projects, are identified and
analyzed to increase transparency and understanding
for an effective complexity management. In addition,
the complexity level in new product development is
analyzed and the question of how complexity can be
reduced through standardization and modularization
is discussed.

For an effective complexity management, it is
necessary to identify the complexity sources, called
complexity drivers, and their effects first [142]. None
of the previous empirical studies regarding complexity
management in product development is concerned with
the identification and analysis of complexity drivers
and their effects. Furthermore, no comparison between
the empirical findings and literature has been done in
the previous empirical studies.

The purpose of this paper is to close this research
gap by an empirical research regarding complexity
drivers and their effects to verify scientific findings
and to compare the literature and the empirical results
to identify similarities and differences. The perception
between science and practice and their discrepancy is
described and processed. A further contribution of this
empirical study is to develop additional knowledge
(scientific based — practice driven) according to
complexity in product development for science and
practice within a systematical and target-oriented
data collection and the succeeding comparison of the
literature with the empirical results.

From scientific perspective, this empirical research
establishes a connection between scientific research
and the real world by answering the research questions
(see chapter 2) within the systematical gained empirical
data. It closes a currently existing gap in scientific
literature by comparing the literature and empirical
results to identify similarities and differences and to
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verify scientific findings. In addition to the comparison
between the theoretical and the empirical results, the
theoretical findings can also be confirmed, advanced
or progressed within this empirical research. This
study presents a theoretical overview about complexity
drivers in product development and the existing
empirical researches and gives the researcher an
overview about what is already known in practice
about these issues and practice’s tendencies (empirical
findings). Furthermore, the researcher gains some detail
information about the research and data collection
methodology, the objectives and the sample description
to increase transparency. This enables the researcher to
reproduce the findings. Based on this study, researchers
can build new ideas, theories and hypotheses for their
own research. Within this research, the gaps for future
research are pointed out.

From practical perspective, this empirical study
gives the practitioner an overview about complexity
perception in productdevelopment by other practitioners.
Furthermore, the practitioner receives a differentiated
overview of complexity in product development,
which is perceived in different fields of industries.
This study also answers the following manager’s
questions “What complexity sources (drivers) have a
high influence on product development’s complexity
and thus are relevant for the company?” and “What
effects do high complexity within the company have
on product development?”, by providing an overview
about the main and relevant complexity drivers, which
were assigned by the respondents with a strong or very
strong influence on product development’s complexity.
Beyond, the practitioner gets an overview about the
main topics and properties in product development with
high complexity, which have a strong or very strong
influence on product development’s performance as
said so by the respondents. This overview can increase
transparency for the practitioner.

As already mentioned, different complexity drivers,
focused on product development, are described in
literature by several authors. To compare literature’s
findings with the practice, this empirical research was
conducted. This research paper is structured as follows:
In section 2, the paper gives a literature overview about
the complexity drivers in product development and
their effects on company’s complexity. Furthermore,
an overview of existing empirical research in the field
of complexity management is described. The research
methodology and objectives, questionnaires” design as
well as the data collection methodology and sample
description are presented in section 3. The empirical
findings are described in section 4. Furthermore,
the results are compared with literature to identify
commonalities and differences. Section 5 concludes
the paper with implications for future research and
presents this research’s limitations.

2 LITERATURE REVIEW

2.1  Research methodology and boundary
definition

This paper’s purpose is to compare literature’s
findings regarding specific complexity drivers and
their effects on company’s complexity, especially in
product development, with the real world to increase
transparency and knowledge for science and practice by
identifying similarities and differences. Furthermore,
an overview about existing empirical studies in the field
complexity management is presented. The empirical
study was conducted in the manufacturing industry of
Germany.

Before starting an empirical research, the existing
literature regarding the complexity drivers and their
effects as well as the previous empirical studies must
be reviewed. The following chapter presents a literature
review in these 3 issues. For this literature review,
we used the methodology of Fink [48] and defined 2
research questions:

RQI: What complexity drivers currently occur in the
field product development in manufacturing
companies in scientific literature? What effects
do complexity drivers generally have on
company’s complexity?

What empirical studies in the field complexity
management currently exist in scientific
literature? What objectives do they have and
what research methodologies are applied?
What empirical studies concern with specific
complexity drivers and their effects?

RO2:

Next, we defined the search terms and databases by
following the methodology of Vogel and Lasch [142]
and Vogel [143]. The search terms are formulated
based on the research questions. For search terms’
formulation, we used a particular grammar and logic,
and combined the key words with specific Boolean
operators (AND, OR and NEAR) analogously. The
finalized search terms are created through an iterative
process in order to identify all important literature
sources. To extend the amount of relevant literature,
the literature search was performed in English- and
German-language literature and 8 different databases,
which are specialized in science and economics:
EBSCOhost, Emerald, GENIOS/WISO, Google
Scholar, IEEE Xplore, JSTOR, ScienceDirect and
SpringerLink. Most of the databases are connected with
other databases. For example, EBSCOhost and Google
Scholar are connected with the databases Emerald,
IEEE Xplore, ScienceDirect and SpringerLink. Since
we want to compare our empirical findings with the
existing literature in the same time period, the time
period of our literature research was restricted between
1900/01/01 and 2015/12/31, because our empirical
study was performed in the years 2015 and 2016.
The literature search resulted in a certain amount of
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literature sources (complexity drivers and their effects:
911 literature sources; previous empirical studies in
the field complexity management: 26,699 literature
sources) and comprises research papers from journals,
conference proceedings, books, essays and PhD theses.
Several literature sources were found more than once.

Answering the first and second research question,
the existing literature was analyzed, evaluated and
synthesized based on the research questions by using
qualitative data analysis techniques to identify the
relevant literature sources. Literature research always
accumulates many publications, but only a few are
relevant for scientific research [48]. Synthesizing the
results of the literature research is therefore necessary
to identify the relevant literature sources. For the
qualitative data analysis, we used the methodology of
Vogel and Lasch [142], which is described in detail in
their publication. In the following subchapters 2.2 and
2.3, the results of our literature research are described.

2.2 Complexity drivers in product development
and their effects on company’s complexity
The result of our literature research is a systematic,
explicit and reproducible literature review about
complexity drivers in manufacturing companies and
along the value chain, published by Vogel and Lasch.
In their literature review, Vogel and Lasch identified
different definitions about complexity drivers and
generated a more general definition of complexity
drivers [142]. Further, they described a variety
of methods for complexity driver’s identification,
operationalization, and visualization and presented
several different complexity drivers, which occur in
manufacturing companies and along the value chain,
including the field product development. Based on
literature, complexity drivers have a direct influence
on the company and the total value chain [130]. The
knowledge about complexity drivers is necessary
to develop an effective complexity strategy [135].
As already mentioned, product development has the
biggest influence on a company’s complexity [83].
The first step in developing and implementing a
target oriented complexity management in a company
and finally in product development is to identify the
corresponding complexity drivers [49, 53, 112]. Keuper
[76] followed this argumentation and described that
the handling of company’s complexity depends on
the complexity drivers. In their literature review,
Vogel and Lasch [142] defined complexity drivers as
“factors, which influence a system’s complexity and
company's target achievement. They are responsible
for increasing system’s complexity level and help to
define the characteristics or the phenomenon of a
system's complexity. Complexity drivers are influenced
by one another that is by internal or external drivers,
and cannot be reduced completely to another one”.
According to their origin, complexity drivers can
be separated in internal and external drivers [13, 74,
154]. Furthermore, internal complexity drivers can be

differentiated in correlated and autonomous complexity
drivers [15]. Correlated complexity drivers have a direct
correlation to external complexity and are influenced by
it. Autonomous complexity drivers are not influenced
by external factors and the company itself determines
them. Internal and external complexity drivers are
connected directly and induce system’s complexity [9,
38, 56, 58, 59]. They cannot be separated selectively
and they cannot be operationalized [18, 56, 123, 129].

In the literature review from Vogel and Lasch [142],
17 publications regarding complexity drivers in product
development were found between 1998 and 2015. No
publications are found before 1998. Sixty-five percent
of the publications were published between 2010 and
2015. This trend shows an increased interest throughout
the last years and it can be derived that complexity
drivers in product development become more and more
important in scientific research.

Furthermore, 107 different complexity drivers in
product development were found in the literature
review from Vogel and Lasch [142]. The identified
complexity drivers were clustered in different
main complexity driver categories depending on
their origin, characteristics and influence on other
drivers. The classification system consists of 3 main
groups (external complexity, internal complexity
and general complexity), 4 subcategories (society
complexity, market complexity, internal correlated
complexity and internal autonomous complexity) and
22 main complexity driver categories (society, demand,
competitive, supply, technological external, target,
customer, product & product portfolio, technological
internal, product development, supply process, service,
remanufacturing, organizational, process, production,
planning, control & information, resource, logistics,
sales & distribution, general complexity). As a result
of complexity drivers’ clustering, 28 external (26%), 30
internal correlated (28%) and 49 internal autonomous
complexity drivers (46%) were found and identified in
literature. Most of the identified complexity drivers
were assigned to the main group internal complexity.
Thus, this group is mostly influenced by complexity
and must be handled first [142].

Table 1 presents the identified complexity drivers
in the field product development and their literature
occurrence. The most referred complexity drivers
are organizational complexity (N: 6), process
complexity (N: 5) and product structure/ design (N:
5). As also seen in Table 1, some authors appointed
more complexity drivers than other authors in the
field product development. The amount of complexity
drivers in a system, especially in product development,
reflects the level of difficulty in managing a system's
complexity, because complexity drivers have a high
influence on a system’s complexity. The number of
identified complexity drivers in product development
ranges from 2 up to 38 (see Table 1) and depends
on the situation and the eye of the beholder. In the
complexity driver categories supply complexity,
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supply process complexity, service complexity and
remanufacturing complexity, no specific complexity
drivers were appointed by the authors. It seems
that these categories are not so relevant for product
development from literature’s point of view. Based on
these results, in practice, the same or other complexity
drivers can occur from our point of view. For example,
the category remanufacturing complexity could
be relevant for product development’s complexity,
because in product development, product’s structure,
materials and functions are defined and these are
relevant for product’s remanufacturing. Thus, an
empirical research must be performed to identify new
complexity drivers or to confirm the existing drivers.

In the end, the empirical results are compared with the
results from literature to identify communalities and
differences. For designing the questionnaire of our
empirial research, only the literature sources, which
were published before 2015 were considered, because
the empirical research started already in 2014 with the
pretest. After the pretest, the final questionnaire started
at the beginning of the year 2015. The publications from
Bosch-Rekveldt et al. [19] and Oyama, Learmonth
and Chao [109] were not yet published at the time the
questionnaire started and thus their findings were not
implemented in questionnaire’s design.

Table 1: Overview of the main complexity drivers in the field product development
and their literature occurrence

[Explanation:

* Complexity drivers, which are out of focus according to
questionnaire’s design, because they were published after
the year 2014 (Focus for questionaire’s design: complexity
drivers, which were published between 1998 —2014)

Complexity driver category and its drivers

[Krause, Franke and Gausemeier [83]
Grussenmeyer and Blecker [61]
Eigner, Anderl and Stark [43]
Jensen, Bekdik and Thuesen [72]
Lucae, Rebentisch and Oehmen [90]
Thiebes and Plankert [139]

(Oyama, Learmonth and Chao [109]

ElMaraghy et al. [44]

Schomann [127]
[Budde and Golovatchev [28]

[Komorek [82]
[Wangenheim [145]
Kim and Wilemon [77]
Dehnen [40]
Giannopoulos [53]
Zhang and Yang [155]

o Social framework *

® [Bosch-Rekveldt ef al. [19]

Value change & value awareness

Environmental complexity (general)

Dynamic & change of company s environment *

Ecological conditions / factors

Legal factors

Society

f o Political framework conditions
complexity

o Country-specific requirements *

Change of populations structure

Standards and regulations

o Turbulences in company s environment

Uncertainty in company s environment *

Interdependencies between environmental factors

D | o o o o 09 o s | [0 | = = ] jterature occurrence (Total)

General market-related complexity

External
complexity

Market
complexity

o Market complexity (general) ° ° ° 3
e Market's change ° 1
e Market's globalization . 1
e Market’s dynamics . 1
o Market's protectionism . 1
Demand complexity
e Demand complexity (general) ° ° 2
o Individuality of customer demands °
Competi complexity
o Competitive complexity (general) ° . 2
e Number and strength of competitors ° ° 2
o Competitive pressure . 1

Supply complexity

Technological complexity (external)
e External technological complexity (general)

e Technological progress

e Technological innovations & availability

o New technologies and materials

°
°
o 0o [ =
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[Explanation:

* Complexity drivers, which are out of focus according to
questionnaire’s design, because they were published after
the year 2014 (Focus for questionaire’s design: complexity
drivers, which were published between 1998 —2014)

Origin

Complexity driver category and its drivers

Komorek [82]

(Wangenheim [145]

Kim and Wilemon [77]

Dehnen [40]

(Giannopoulos [53]

Krause, Franke and Gausemeier [83]

Lucae, Rebentisch and Ochmen [90]

Thiebes and Plankert [139]

Bosch-Rekveldt et al. [19]
Oyama, Learmonth and Chao [109]

Grussenmeyer and Blecker [61]
Eigner, Anderl and Stark [43]
Uensen, Bekdik and Thuesen [72]

ElMaraghy et al. [44]

Schomann [127]
Literature occurrence (Total)

Budde and Golovatchev [28]

Zhang and Yang [155]

Internal
complexity
(Part 1)

Internal
correlated
complexity

Target complexity

o Target complexity (general)

o Amount of different targets *

o Conflict between different targets *

o Ambiguity of targets *

L]
= =

(Customer complexity

o Customer structure

Product & product portfolio complexity

e Product complexity (general)

e Product portfolio complexity (general)

e Product variety

e Product range / portfolio

e Product structure / design

e Product technology

o Component type

e Variety and property of parts and modules

e Variety and property of the applied materials

o (Quality standards *

o Conflicts between different standards *

L]
L]
L]
L N PN LR ES

Technological complexity (internal)

e Technology complexity (general)

e Technology change / innovation

o New technologies *

o Number of different applied technologies

e Technological uncertainty *

o Hardware and software complexity (general)

e Type of data medium

o Size of data medium

o Type of interfaces

e Amount of interfaces

o Criteria of hardware and software tests

— === === ==&

Product development complexity

e Development complexity (general)

e Development program’s complexity

o Applied methods or instruments

Supply process complexity

Service complexity

Remanufacturing complexity
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[Explanation:

* Complexity drivers, which are out of focus according to
questionnaire’s design, because they were published after
the year 2014 (Focus for questionaire’s design: complexity
drivers, which were published between 1998 —2014)

angenheim [145]

Origin Complexity driver category and its drivers

o Organizational complexity (general)

iannopoulos [53]
Krause, Franke and Gausemeier [83]

IKim and Wilemon [77]

[Dehnen [40]

russenmeyer and Blecker [61]
[Eigner, Anderl and Stark [43]

IMaraghy et al. [44)
Schomann [127]

hang and Yang [155]
Budde and Golovatchev [28]

ensen, Bekdik and Thuesen [72]

Lucae, Rebentisch and Oehmen [90]

hiebes and Plankert [139]
[Bosch-Rekveldt et al. [19]

Oyama, Learmonth and Chao [109]

Literature occurrence (Total)

e Organization’s structure

o Deficits in organization structure *

e Organization’s / Company's size

e Company'’s location *

e Company’s management *

e Business segment / industrial sector

e Company's strategy (strategical complexity)

o Complexity between cooperation partners

e Force within the company *

e Handling of risks, uncertainty and incidence *

o Employee complexity (general)

o Employee experience *

e Employee qualification *

e Employee behavior *

e Number of tasks *

e Task's variety *

e Dependencies between different tasks *

e Number of different languages in the company *

e Number of different nationalities in the company *

e Number of different time zones *

o Number of joint-ventures *

o Number of contractual partner *

e Number of different financial sources *

e Confidence in contractual partners *

e Lack of transparency (general)

e Lack of cost transparency

e Lack in consistency of activities

e Process complexity (general)

m === === ]=]=]=]=]==]=]=]=]o]=]=]o|w]|=]=]|=]=]|=]|w]=

e Variety of processes

e Number of process interfaces *

e Production complexity (general)

—

e Production structure

e Number of production locations *

e Manufacturing technology

e Uncertainties in production methods *

e Maintenance complexity (general)

e Planning, control and information complexity (general)

b | | | = = | o

e Project time *

e Time pressure in project planning *

e Project team *

e Lack in strategic planning

e Organization’s information technology systems

[ o Resourcesshorage* | [ | | [ ] [ [ ] [ 1] ] fe] 1]
|+ Supply chaincomplexitygeners) | [ | | [ [ [ Je] [ [ [ [ ] [ [ ] ]1]

o | | | =

neral com

e Distribution complexity (general)

e Marketing complexity (general) . .

o Variety / Multiplicity . 1

e Dynamics o 1
Total amount of complexity drivers cited in literature source:| 6|8 |8 25|74 |4 |10fj13|2|2|7]|6]|38]2
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For a complexity management, it is necessary to
identify and analyze the effects of high complexity
and its origin within the company [73]. In literature,
the authors describe several effects of high complexity.
Furthermore, effects of high complexity are divided in
different categories, although the differentiation in 2
categories is preferred in literature.

For example, Meyer [101] divides the effects of
high complexity in 2 categories: general effects and
effects on company'’s cost level. Keuper [76] specifies
the effects into cost effects and divides them also
in 2 categories: direct costs (e.g. costs for product
development or prototype testing) and time-delayed
costs (e.g. cost for employees or data processing).
Schuh and Schwenk [129], Schuh [130] and Thiebes
and Plankert [139] divide the effects of high complexity
also in the 2 categories direct effects (e.g. costs for
product and product development process or quality
management) and indirect effects (e.g. product
cannibalization or distributions system'’s effectiveness).
However, the divisions made by the already mentioned
authors are fairly equal to Keuper's classification. In
contrast, GieBfmann [54] divides the effects of high
complexity into 4 main categories: time (e.g. time for
quality checks or process time), quality (e.g. process
balance or adherence to deadlines), costs (e.g. direct
costs or indirect costs), and flexibility (e.g. design
flexibility or process flexibility). Furthermore, Meyer
[101] divides the effects of high complexity into 11 main
categories: procurement (e.g. inventory or resource
planning), research and development (e.g. development
process of new products or product tests), costs (e.g.
development costs or coordination costs), logistic (e.g.
inventory or amount of required resources), marketing
(e.g. pricing or product reclamation), product (e.g.
product design), production (e.g. amount of required
tools or controlling effort), process (e.g. process
planning and controlling or coordination effort), fotal
company (e.g. quality or efficiency), management
and controlling (e.g. calculation effort or economy)
and other parts (e.g. delivery time or supplied goods
or resource variety). Wildemann [151], Benett [10],
Schuh and Schwenk [129] and Schuh [130] assign the
complexity effects based on variety to the specific parts
of the value chain and describe therefore 7 categories:
supplier (e.g. outsourcing complexity), research and

development (e.g. effort for product development or
product tests), procurement and logistics (e.g. stocks
or material staging), production (e.g. quality or
preproduction costs), distribution (e.g. marketing costs
or coordination effort), distribution channel (e.g. costs
for product handling or forecast’s accuracy) and after-
sales service (e.g. stockpiling of spare parts or training
for staff members).

For effect’s classification, we analyzed the specific
effects from different authors and created intersections
between the mentioned complexity effects. In general,
we found out that most of the mentioned complexity
effects can be aggregated in 4 main categories. Keuper
[76], Schuh and Schwenk [129], Thiebes and Plankert
[139], GieBmann [54], Meyer [101], Wildemann [151],
Benett [10] and Schuh [130] assigned complexity
effects under the categories time, quality and costs.
GieBBmann [54] extended the main categories by adding
the category flexibility. In our general framework, we
defined 4 main categories for the complexity effects,
based on literature: time, quality, costs and flexibility.

Based on the already mentioned categories from
different parts of the value chain, which were found
in literature, we defined a more general framework
for identification, analyzing and evaluation of the
complexity effects along the value chain. In general, the
value chain is separated in 7 different fields, according
to Vogel and Lasch [142]: product development,
procurement/purchasing, logistics, production, order
processing/distribution/sale, internal supply chain and
remanufacturing (see Fig. 1).

This framework is the basis for identification,
analysis and evaluation of the complexity effects in
product development within our empirical study,
because the field product development is also a part of
the value chain.

2.3  Overview of existing empirical researches
For a researcher, it is important to review existing
empirical studies in the same or a similar scientific
area before starting an empirical research, because it
allows him to get an overview about their objectives,
research methodologies and findings [91]. Theories and
statements in literature and practice can change over
time, so it is important to determine and to review the
practical side by an empirical research [71].

Complexity effect’s main categories

Product Procurement / Logistics Production Order Processing / Internal Remanufacturin
Development Purchasing s Distribution / Sale Supply Chain s

Flexibility

Figure 1: General framework for identification, analysis and evaluation of the complexity effects
in the company and along the value chain
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Following Madu [91], another literature research was
performed analogously to the literature research about
complexity drivers and their effects (see chapter 2.2).
The objective was to identify all existing empirical
researches concerning complexity management
in manufacturing companies and focusing on
complexity drivers and their effects on company’s
complexity during the last years. The literature
research resulted in 72 different empirical studies in
the time period between 1999 and 2015, which are
focused on complexity management. These studies
were analyzed and synthesized regarding their content,
research objectives, focus, field of industry, region/
country, research period and applied data collection
methodology.

The conducted empirical researches analyzed
company’s complexity with different objectives, data
collection methodologies and focuses. Table 2 presents
the results of our literature analysis.

The empirical studies are focused on 8 different
fields: general in manufacturing companies (N: 32;
44%), product development (N: 6; 8%), production
(N: 3; 4%), logistics (N: 5; 7%), order processing /
distribution / sale (N: 4; 6%), internal supply chain (N:
16; 22%), remanufacturing (N: 2; 3%) and other fields
(N: 4; 6%) (see Table 2). Most of the empirical studies
are focused on the fields general in manufacturing
industries and internal supply chain. The most applied
data collection methodologies are questionnaires (N:
37) and expert interviews (N: 41).

During our literature analysis, we identified
13 different empirical studies, which are focused
on complexity drivers, in the fields general in
manufacturing companies (N: 3), production (N:
2), logistics (N: 2), order processing, distribution
and sale (N: 2), internal supply chain (N: 2) and
remanufacturing (N: 2). However, no empirical study
regarding complexity drivers and their effects in
product development exists in literature.

Table 2 shows that previous empirical studies
regarding product development have been done by the
following 6 authors: Li et al. [88], Kim and Wilemon
[78, 79], Newman [106], Chronéer and Bergquist [34]
and Grussenmeyer and Blecker [62]. The empirical
studies were conducted in different countries and fields
of industries between the time period 2005 and 2013.
In these studies, the authors pursued also different
objectives.

In their empirical study, Li et al. [88] analyzed the
impact of environmental complexity on the choice
of management control systems and their effects on
product development and process decisions. The study
was conducted in China in the year 2002 by using
questionnaires and comprises 9 different fields of
industries: Engineering, electrical, metal & materials,
chemical & pharmaceutical, food, clothing & textile,
telecommunication, commercial products and other
fields of industries.

Kim and Wilemon [78, 79] published 2 papers with
results from their empirical researches. In their first
study, they identified and analyzed the conditions,
which cause complexity in new product development
to increase the understanding of an effective
complexity management. Furthermore, they identified
and analyzed methods for complexity handling. The
second study was done with the objective to increase
the understanding of the consequences in new product
development projects when complexity arises and
the competitive advantages for companies, which
manage complexity effectively. The 2 studies were
conducted in the USA, especially in the states of
New York and Connecticut and comprised 5 different
fields of industries: Engineering, electrical, industrial
photographic paper, medical industry, heating and
ventilating as well as air conditioning industry. In their
empirical studies, the methodology expert interviews
was used for data collection. None information
regarding the research period was mentioned in the
publications and no complexity drivers were identified.

Newman [106] analyzed the complexity of a global
new product development process and discussed the
question how complexity can be reduced through
component’s standardization and modularization. The
study was done by using expert interviews. Regarding
research period, field of industries and region, no
information was given.

Chronéer and Bergquist [34] identified and analyzed
the complexity regarding research and development
projects. The study was conducted in Sweden and
comprised 6 different fields of industries: Metal, rubber
& plastics, chemical, papers, mining and food & dairy.
For data collection, they combined the 3 methodologies
expert interviews, case studies and observations.
None information regarding the research period was
mentioned in literature.

Another empirical study in the field of product
development was done by Grussenmeyer and Blecker
[62]. The study was conducted in Germany and Italy
in the year 2011. The objective of their study was the
analysis of project’s complexity level in new product
development and the evaluation of a specific complexity
management in product development. In their research,
Grussenmeyer and Blecker [62] used questionnaires for
data collection. Regarding the fields of industries, none
information was mentioned in literature.

Table 3 summarizes the results of our analysis
according to the previous empirical researches
regarding complexity management in the field product
development. The table shows a list of current existing
empirical studies and gives an overview of their
specific research period, region, field of industries and
applied data collection methodologies. Furthermore,
the existing empirical studies are analyzed and
evaluated in comparison with the objectives of our
empirical study regarding complexity management in
product development. The evaluation is based on the
following 3 criteria: fulfilled (+ +), partial fulfilled (+)
and not fulfilled (-).
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Table 2: Overview about empirical researches in the field of complexity management between 1999 and 2015

BOLIAUWY-3PPIN

“Kyrxa]dwod yaafo1d

81 o ‘e1sy ‘adoangg Gutioouidug $59003d ) 0 9JNQLNUOD YIIYM ‘SJUWA[D A} JO UOILIGIUIP] [02] 1232 3promioy-yosog
9¢ .- Kueuzd Surroauidu Apxaydwos [sz1] v 12 119yuR0YD
81 Uey) QIO 0 Hodutoug o SwysAs 9s11dIoIuo Jo SIsA[eur pue uoIeIIIUAP] STLL P12 Haque0as
el 0107/10 | (saupunos (9 ur) “wonngy :m—MMMMHMMMMWMMMMS_:=EE8 5 “BUI[pUEY QAIDAJJO PUE SLAIUL [011] ouesture
- 6007/60 APIMPIIOM .Ao:n,‘: d 101908 o .E mo_.bmst c sy ‘Kyrxa]dwioo uo paseq Surzipeydes jo sisAjeuy :
(9¢7 Yorq) - *SUONEZIULSIO 10 0OUBAJ]AI AL} JO UOT)LI)SUOWOP
96%°1 Auewion Funoauisug 9 pue Arxapdwos s Auedwoos jo siskjeuy [5¢] yoseT puv uuewIgaLD
( oq) “uawdojaaap jonpoid
L01Peq --- Aueuwon --- 0 |mau Suumnp suoIsIAIp Auedwod JuIdHIp Ul sadUN[JuIl [L] 10keg
st 1191 pue s10j0ej Axa[duwos Jo uoneaynuapy
L "ageuew 0 Xd]dwod 100(01d € saxew jeym
I (---p0eq) --- --- --- Is) pue Arxapdwoo reredeuew Surpresar suondoorad LOAIEA DUE USSDIA 10 \mw&
8cl ,s108euew 100(01d jo sisk[eue pue uoneIIUP] oP PIA ORI
- uor SE:EESWMHB_M snpu] 1oinduwo, “Axayduos otjojod jonpoid jo suotsuoup [L€] v 12 ss0)
9 9 €9 900 - S00T vsn / uoned! [o1 / Ansnpuy 1oy D D JuBaLIUSIS A JO SIS[RUR PUT UONLOIUAP] LE] TP 12 SSO1)
/ sondQ / Surrdauisuy / sAnowony T : T
X .- .- dAnowoNy D *Ansnpur sAnowoine oy ur Anxa[dwod jo siskjeuy [1€1] 7w 92 ynyog
81500 lie1l
XX ) AJear Arxapdwod yonwr mov| uorsanb oy jo sisA[euy | JUI[y pue [99ydS INNAYOS
o o *Kuedwod ayy ur uondaozad [Lz1 ur pana] (9007)
XX SPIMPHIOA o Ayxopdwioo s judwageuew jo uoneoynuapy|  s19doo)asnoyIlemaolld
0 . . . . .
ey IO D Auedwod oy ur Axa[dwod Jo siskjeuy [z¥] v 12 uayorg
2007/21 Ansnpuj [eLId)e]\ “pmoI3 Auedwod £q paonpur sa0In0sax
¢ 0c - 1007/21 Aupwan / ASojouyoayorg / A3ojouros ] uorBULIOJU] ) pue A)rxo[duwos uo saOUINJFUI A1) JO UOHROTIIUP] [pr1]omg
(- - - you eI[eNSnY pue )N "308}19)Ul JAWOISNO pue
0L 0L Peq) --- ‘spuepiayioN ‘Alei --- 0 | reor3ojouyod) ‘ssadod ‘yonpoid Jurpregor Ayxopdwoos| [¢¢] puelAy pue uewdey)
0L ‘puelal] ‘USPaMS 0 s10adse ay) Jo SISAJeuR pue UOHERILIUAP]
000°1 o ueder ‘uorjeI3auI [ean)1aA pue Ayixo[dwod
e} AION ‘odomng ‘ysn oAnowomy 2 10npoId ueM)aq U0 A JO SISATeuy [801] soBurddg pue yeroN
Gmorm_“me --- Kueuwon SuweauIduy / aAnowony 0 ‘Ansnpur danowone ) ur Axd[duwod jo sisk[euy [56] ounepy
yjlodsuel] / A1reng) 29 11 OIUEIO) .
o Kuewzd . . J1JOUdq S, JaUW0ISNO
:Mwmow,w Y m%%h _\\n%o VS :o SPID IOUIERT / [POILAA / SINSEId o uo douanfjur s Ayxajduiod S%E% jo =no:mom:=u2 1] unnog
wnd[oIdJ / [BIPIN / B0 / Suriosurdug e B
91 yoeq) vsn “Kpxa]dWo) [BJUAWUOIIAUD BIEERn
4 8 01L 0661 ‘Sexa] Jo ajelg Aysnput [rotpo ) 03 Sasu0dsal [eUONeZIUESI0 JO UOILIIUAP] pue uoyon( ‘sowysy
z =4 Q Q b 52 =) (ALK& urun)
e o = & b ] £ N
o e 2 2 z k] 8 pordd | £nuno) / uoiday Ansnpui Jo pp1y SN0 $3ADIA[q0 Y2ILISIY (s)1oyny
< 3 @ @ 3 =
g m m m z z g §, 21835y
g £ g < 2 g g (7 N) EEEEIIONETS)
B = - & e (T:N) SuLmjogynuewy N
m Z (91:N) [ewoyur utey) Ajddng DS
= N d[eg / uonNqLsi(Y / JuIssa001d 9p10 4O
Z (S:N) SonsIo] 1
paLIgJal az1s ofdwes pue poylow UONIROI BILPON X X (€:N) uononpoIy Ad
patgjar az1s opdwes ou nq ‘parjddy X (9:N) Juawdo[aad( 1onpoig ad
POLIOJoI UONRULIOJT QUON - - (z¢:N) sarueduwoo Surmorynuew u [e1ouan) 0

©)Ep PIAIdIAI Jo Junoure pue zis dfdures ‘poypawr uonddf[od eyep parddy

:az1s dpdwes
pue por1ad s,ydaeasaa ‘Anunod/uordas ‘Ansnpul Jo Ly 0 Surpaodde uoneuedxy

$3ANJBIII U UALINIIO pue sSndoj 0) M__:Zcoow :E«&:@—Q%H




International

The Global Supply Chain Network

BVL!

11

I research

1rica

A comparison between literature and emp

duct development

1VErS 1n pro

Complexity dr

oeq) SIOUIQ) / UOIEIMUNUITIOIA[S ], / dINJONI)SLIJU] ‘saoeoidde
(17 ¥eq --- Auewion 2 oygel] / AS1oug / uonewoiny / [eorudy) | O | pue sarSajens juswageuew Axdjdwos jo uonesdde [zs1] Suiziom
i / SeD) % W01 / [BALN23]H / Sutieduiduy ayy pue A1xa[dwod Jo spury| JUIYIP Jo Sisk[euyy
Ansnpu] Surgexoeq / Spoon) 10WnNsuoy) / “Surppuey Ayxoduwod
(---y08q) | $107/01 o QIIAIAS / A30[0UYI3 ], UONRWLIOJU] / IOy Joj sayoeoldde pue sar3ajens parjdde juarmo ayy [9z1] 1suequioneg
61 - $107/L0 O / Sunurid / pooy / [eorway) / Sonse|q ) pue Auedwoo oty ur uondoorad Ajrxapduwos oy joasy|  pue 1eSe[ ‘Towruey|oyos
/180109 / SuLIdouISug / dAnoWoINY Arxapdwod s, Aueduwod Jo sisk[eue pue UoNBIYIUIP]
(- - - yoeq) SIYIO “Kuedwod oy ur Kyixojdwos Toz1] 108er
002 €10 Bunds Auwian /18o109[q / SuneouiSug / dAnowony ) SurpreSa1 uondaoiad s, JudwaSeuew Jo SISA[EUY [ PUB JOWWRY[[OYIS ‘ZIBYIS
. - . "SHI0MIU ANJeA o] 70 10 105
06t o6l o ur Ay1xd]dwos Surpredar sisAjeue pue uonEIYIUAP] 0L o
L L L *53ss0001d s, Auedwod ur Ayxa]duwod [g€1] 1owwog
8¢ 3 SurpreSor uondooiad s juoweSeuew jo sisAeuy PUE WIAYZI0I] Ynyog
JOPIAOI{ / 90UBUL] / UO)R}SIUTWIPY
(817 yo€q) o PUBIZIMS orjdng / uoyeoruNUIo9d[3 ], / A3ojouyoa ] ‘JuswoS eurw
X ‘ensny ‘AUBWLION | UOIBULIOJU] / [BONNAIBULIEYJ % [BIIAYD) o 109f01d ur s10ALIp A)xa]dwi0d JO UONEIIUSP] (9] prea pue yostuey
/1ea1noa[q / SurteowiSug / dAnowony
(- - - yoeq) . L SpooD) ‘KyatreA yonpoid £q paonpur
L1 Ie or SLI Jownsuoy) / JuLoWSug / dAnOWOoINY ) Kyxa1dwod s, Auedwod Jo uonen[eAd pue SisAjeuy [96] paryzi00
X wu z10/50 Auewiop - 3 Aueaos [zzutl (¢102) 10A
oy ur uorpdeored Ayrxardwos oy Jo sisAjeuy
--- --- dATJOWON "Ansnput aaowojne ay) ut [LZ1] uuewoyd
XX Howomy & uondaosad Arxordwoo Jo SisAJeue pue UonBILIUIP] Lel o8
. odom ) “Kuedwoo nayy ur Kyrxojdwos SurpreJar uondoorad 108500 DUE Aallo
XX d JOWNSUOY) / [BONNIIBULIBYJ % [BOIUAYD) ) S, JUQWFRURW JO SISK[BUR PUB UOIROLIUIP] [ee1] AP 108
00T 002 00T 00T 0102 - S00T OPIMPLIOM doueInsu[ / Sunjueg / [eXNNAIRULIEY ] D oUBLLOP 5 Rueduiod U0 saduanyut [8¢€] Ae( pue uosuo)
: : : 1oty pue SIALIP A)1xa[duod Jo uoneayuapy i
K1eSunyg
(09 32vq) | 900Z/60 ”wwcccoémz SIY)Q) / [OTINAILULIEY ] 2% [BOTWAYD) ‘suopjerado
A Smoquiaxn : 0 } ' [s7] J1opuaxarg
SOp 9002/90 PUETIAS /1eomoa[q / SureowiSug / dAnowony 00 u1 Ky1xo[dwog Jo sisA[eue pue UONEIYIUIP]
,\Q:E:mo
(8¢ orq) Ansnpuy [ea1pajy sanueduos Fupmog e [os1]
1T % 97 g 1102-010Z AuewIon : D ur JuowaSeuew A)xd)dwod 10§ sayoreoidde pue
{34 / sonse|d / [eRA / SuliduISug / sAnowomy N Lo ——— 1310\ pue UUBWAP[I A
*SuoIezIue310 i1l
87 8007 --- Ansnpuy 901A10§ Sureourduy 0 o3Ie] 109M)0q S)ORIUOD ONJeA YSTY UI OSLIE Jey) S[IIA pue sseyoing Aueg
S10)08} ) pue Axa[dwod Jo arnjeu Ay Jo siskjeuy :
W M % % % 54 m (ALKK urur)
a e m z z .m m pordd  |£nuno) / uoiday Ansnpui jo pp1g SN0 § $3ADIA[q0 YIIBISIY (s)1oyny
m. m m m,r m._ m m. §,[218asY
g g g = =2 g g N PREBPO 40
M ~ = e (T:N) Sunmoeynueway N
s S (91:N) Jeuoyur urey) Ajddng - Og
= N 9[es / uONNGLSI(T / BUISSA001d 1OPI) A0
& (§:N) sonsigo] 1
Pa110Ja1 9Z1s d]dwes pue POYIAW UONI[[0d BIEP ON X X (€:N) uonINPOIJ Ad
pa11ya1 3z1s ojduwres ou inq ‘parjddy X (9:N) Juawdo]aAa(] Jonpoid ad
POLIJOI UOIRWLIOJUT QUON - - - (Ze:N) sarueduwoo Surmjorynue ur [LIOUAN) 0

©JEP PIAIAIAI Jo Junowre pue dzis ddures ‘poyrawr uondIIN[0d ejep parjddy

:3z1s djdures

pue porL1dd s, ya.1easa. ‘A1punod/uordaa ‘Aaysnpul Jo ppy 03 Surpaodde uoneuedxy

121N)BI3)1] UI IUILINIIO PUE SNI0J 03 SuUIP.103de uoneuedxy




International

The Global Supply Chain Network

BVL!

12

©JEp PIAIIII Jo Junowre pue dzis djdures ‘poypaur uonddyod eyep paddy

:9z1s dydwes
pue poL1dd s, yaaeasa. ‘£1yunod/uordaa ‘Ansnput Jo ppy 03 Surpaodde uopeuedxy

(---yeq) | 9007/40 . Ansnpuj 991A108 "SOOUAN[JUI JIAY}) PUE SIAALIP AYxd[dtod [101] 10ko
st 8 w -6007/11 SonsSIS0T / Ansnpuy [eIIPAJN / AIOWOINY 1 Jo uoneaynuap! ‘A)xaduwod sonsiso[ Jo SisAfeuy 101 N
j INEES *SOIISISO[ U SPOYIAU JUSWST BB
s s Auewion / amyun, / Sueauiduy / dAnowony 1 pardde pue s1oaup A)rxa[dwod Jo uoneIIuApP] [96] okeIy
Goowwme L661 - S661 Auewron [e1RIN / SulIoauIsug 1 ‘sonsi3o] Surmorpnuew ur A)rxd]duwod Jo siskeuy [8#1] reydisop
"w)sAs uononpoid oy uryym
¢ X X .oo_wom\ No_ UopaMS [BOIIIIJ / dATIOWOINY Ad $9]01 10 SUONOUN JUSIJIP Jo aAndadsiad oty woiy [9%] ‘1v 12 S10qsse]
/60 Axapdwod uorjonpoid Jo sISA[eue pue uoredlyIuap|
- - yo0q) “Knsnpur
( wm 4 €002 OPIMPIO A [e0IA / sond(Q 29 [ea1199] / SutreaurSug Ad [BOL1)99[0 pue [ejou oy} ur uononpoid ur seounfyur [09] 10uqnin
8 1197 pue SIOALIP AJ1xo]duwoo Jo uoneoyuop]
. BTV O1J1oR]
(- -peq) 00T UBISY ‘BOLIOWY Suweauisug dd ‘uononpoid ur SI9ALP Axa[dwod Jo uoneoynuapy e 1ou %MW_AME_M_HE
8¢S ynos ‘adomng P! qID IO[geLD
e —you “JuswdSeuew Arxo[dwos
(=== yvq) ._ 102/90 ATy “‘Aueuizon --- ad o1y100ds e Jo uonen[eAd pue jusurdojoadp jonpoid 00 2 1oko owmmdmo_
£ 1102710 MU Y} Ul [9A3] Axd[dwod s,199(01d Jo sisAjeuy 3AE U HLoSSED
Ansnpuy “Krxa[dwod aFeuew A[9A1109JJ9 Jey)
VSN monduuo) : .
’ Suruonipuo)) 1y 2 Suneua ‘Suneoyq satuedwoo 10y sagejueApe dANIAAWOd Ay} pue sasLIe
[43 - PuB 3104 SnD ; dor . ad N - . [6L] vowayip pue wrsy
MON 10 Sar / Ansnpuj [ea1pajy / 1odeq srydeiSoloyq Axapdwod uaym syoafoxd judwdojorap jonpoid mou : '
NJO SIS Jemnsnpuy / [earnod)q / SureourSusg ur $00uaNbasuod Aty Jo Surpueisiopun ay) Sursearou]
Anieq 2 poo / Sulty / siodeq sjoaloxd 13 [rel
0s 0s IL o Hopams / TeAIWAYY) / SANSE[J 79 10qqNYy / [RRIN ad SurpreSar Lrxopdwoo jo sisAjeue pue uoneoynuapy|  sibsrog pue roguory)
“uonezirenpour Juouoduod pue
L L L UON)RZIPIEPUE)S YSNOIY) paonpar aq ued Ayxa[dwod
X 91 ad Moy uonsonb oty Jo uoIssnosIp pue Juswdo[aadp [901] urwmaN
jonpoid mau [qo[3 Jo Ayxa[dwod ay) jo sisAjeuy
T — Ansnpup “Surppuey A)rxa[dwod 10§ spoylow pue JudtuaFeuew
: Suruonipuo) 1y % Sunenua ‘Surnesy Krxapdwod 941109739 ue Jo Surpuejsiopun aty) AseaIour
[4% oo pue jI0A S ; do1 . ad ’ : N N [8,] uowopip pue wry
MON 10 SorE / Ansnpuj [earpajy / Jadeq arydersoloyd 0} Judwdofaaap jonpord mau ur Axd]duwod asnes : :
N0 S8 [eLISOpU] / [OLNOJ]H / SuLdduISuzg YOIyM ‘SUOIIPUOD 3Y) JO SISA[RUER PUB UOIROLIUAP]
SIAYIQ) / SINPOIJ [BIDISWIWOD) “SUOISIOAP
(L09 Yorq) / UOTIBOTUNWIWO99[A ], / XA, 2 Suryiop) ss2901d pue judtdoraaap jonpoid uo 103550 1Y) .
0S8 Q0011 P / P00, / [BOIINAOBULIEYJ 29 [BOIWAYY) / ad PUE SWAISAS [01)U0D JUSWATRULU JO 9I10YD ) UO [88] 13211
S[RLIOJRIA 29 [BIOI] / [2OLO9]H / Surroduisuyg Kyrxopduod [ejudwuoIAuL Jo joedur ay) jo siskjeuy
‘Ajoyenbape pajpuey oq ueo syonpoid xd]dwod
9¢ oL1 x,umpv .Eom\ 90 Kueurron - 0 | moy pue ‘Ayxajdwod ssaippe judwaeurw 309foid jo [ot1] yossar,
006 £102/60 SpIEpUL)S JUILIND MO Uonsanb oy Jo uonesnsoAu]
Z =] Q o} -] = =] (AKLK /mrur)
2 g z g S Z g
oy g 2 2 z 2 m pordd | £nuno) / uordoy Axysnput Jo pparg SN0 | $3A199[q0 Ya18IsaY (s)1oyny
,m. m W W M w m. S, Y218IsY
g £ g = 2 g g N PR PW0 4O
= g =~ = & TN SuLmjopjnuewey NI
g 3 (91:N) rewsout urey) Lddng - 58
=3 (r:N) 3[es / uoynquusi( / uIssa001d 19PI0 4O
& (S:N) sonsIo] 1
PaLIdJa1 ZIS o[dures pue poyaw U0 BEP ON X X (¢:N) uonINPoIJ Ad
pawajar oz1s ajdures ou Jnq ‘parddy X (9:N) juawdojara( onpoig ad
POLIOJOI UOHRWLIOJUT QUON - - - (76 'N) soruedwod SuLIorINUEW U [2IAUAD) 0

$3NJRIAI] UI IIUILINIIO PUE SN0y 0) Surp.aodde uoneuedxy




International

The Global Supply Chain Network

BVL!

13

I research

1rica

A comparison between literature and emp

duct development

1VErS 1n pro

Complexity dr

e)ep PIAIdIAI Jo Junowe pue zis A dures ‘poypaw uonddN[0d eiep parddy

:9z1s ddwres
pue poL1dd s, ya.aeasa.d ‘A1yunod/uorda ‘Ansnpui Jo ppy 03 Suipaodde uoyeuejdxy

Ansnpuj “Kxodwood
. ‘ [zel
X 0z X X N [eaIpAA] / Yedoary / seouerddy proyasnoy | DS  |ureyd Ajddns pue suorsioap judwageuew ureyd Ajddns .
: : : : o : ISOUEBIS PUE 019 ‘IpLIE)
/10)oe1], / ANSnpuy 2InjIuIn,y / SAOWOoINY 100JJ& SUOTIEAOUUT MOY UONSAnb o) Jo sisAjeuy
. "sanjedy ureyd K[ddns jo jos & [1¢] oxesoouuerny
X 4 X X Ao AXOL R BUIOL) / AnsSnpup dmuing o8 Suumseaw £q Axe[dwod ureyo Ajddns jo uonenjeay pue BIeuoqIe)
83103 [IN0S
(- - - >yorq) R VS ‘uspamg . .
L08% L00Z - S00Z | . fuemon ‘wedef uodsuel] /[eo109]q / Suraduidug oS Kyrxardwos ureyos Addns jo uoneneas pue siskjeuy [12] v 12 Yrrezog
‘puejuiq ‘eLysny
o "SI[qBLIBA SUIOUSN[JUI UTBWI 3Y) JO UOIBILUIPI
X ! X Aurwion Ansnpur [eAIpIN o8 pue Ayrxardwos ureyd Kddns jo sisAjeuy (1] yeiopay
. *soorpur Apxadwos ureyd Ajddns pue $)s00 usamIaq [est]
X ¢ X An ooy / upeouidug s diysuoneja1 o) Jo sisA[eue pue UOIEOLIUSP] | NOIYIBISJH PUB [[9ZLL] NA\
(- - - youq) SPOOL) JSWNSUO)) / SIIUAIOS
St oeq .voom\ 01 adoing QJIT / UOIBOTUNIIWIOII[ ], / [BITWIAYD) oS “Kyrxardwood ureyo Ajddns jo sisAjeuy [15] 1ounen
sy 002/90 / Teo1noa[q / SurreourSug / dAnowony
“ureyd Kddns sy
i X X - Are Ansnpuj oduerjddy pjoyasnop oS pue saduruLiofrad s Auedwos JuLnoeynuew J99)je fert)
: ¢ : eOISRIIA pue BUOId]
ued A1xajdwod moy uonsanb ayy o uorednsaauy e
. “Knsnpur oduerjdde pjoyasnoy| [z(1] 1oyoepnel§-1jorod
€l X Ao Ansnpuf aouerddy poyosnoy o8 uere)] oy ur Ayrxapdwoo ureyd Ajddns jo sisAjeuy PUB BUOId] ‘BNONSRIIN
Ansnpuy swpLe odsuer uauiaA0Iwy
1102/01 ISTIPUT QWP / 4 L Kyrxapdwod 105 sayoeoxdde jo juatudojodp
8 ¢ 8 Kueurion) / Ansnpuj 291A19G / d[esajoy A / Juewdinbg | ado . [s8] s1owe]
- 0102/90 A101eS / KnSnpu] [2o1pJY / [EOIISYH pue SIOALIP A)1xd]duwod Jo uoredyIuIPI ‘UONNQLISIP
s/ PUL[EAIPOIN / [Eortag Jo proy oy ur uondaazed Ayrxadwoo jo sisAjeuy
“JudwaAodur
g ¢ g 1102/01 fuewon . Qo Kyrxordwos 0y sayoeordde jo :quQB?o@ [s w._ pIS
-0102/90 pue s10ALIP A)1x9]dwoo JO UoNBIYNUSPI ‘UONNqLYSIP puB SIoWWET ‘UAISIOY
Jo pray oy ur uondaozed Arxapdwoo jo sisAjeuy
(1€ dyoeq) . “Kyxorduwiod
L1 089°C PUEHRZIMS souemsty ado Su1ss3501d 19pI0 JO UONEN[RAD PUE SISA[RUY l62] qong
--- --- BN / SurodurSu Burssaooid [£11] uastoyne
X € X [BION / sttesutstd ado 10p10 P[ayy Yy ul A)xa]duwos jo uonenjeay LI e
(- - - yoeq) ¥10T A1ysnpuy 001AI0S *so1ISI30] JO P[ALy Y} Ul Sul[puey S} Pue JUSWIFTeUBW
01 Jowung Auewion sons1307 / Sutpei] / Ansnpu] Surmnjoenue 1 Kyxapdwos urpeSar snjejs JuaLmnd ) Jo siskjeuy [oe] TAg
SIYI0
/JeIOIY / ANX3 % SUIGIO[) / dMpIuIng
(9€Z orq) 2 s1aded ‘roqun / pooy / Arend) *sonsI30] JudwaInvoId
96¥°1 8002 Auewion 2 1 OIWERID)) ‘Se[D) / [BONNIOBULIEYJ 1 ur uondaoad su pue Ayrxajdwos Jo siskjeuy [ps] wuewgaro
% [eorwayy / sonseld / [ERN
/ [8o1n09]q / Sureauidug / dAnowony
Z =] Q Q z o =] (AKKK/mur)
g 5 T ] S ] £
Iy 2 2 @ S 2 m pordd  |[Anuno) / uoisay Ansnput jo pp1g SN0 $9AD3[qo Yoaeasay (s)zoyny
.m. m W W W W g §, 421835y
N m m. -« .m g m. N PP YO 40
= < = s e (T:N) SuumyoenuewaY NI
® [
S Z O1:N) [eusdyur urey) Addng N
B3 N 9[es / uonnquusi(y / SuIsse001q 10p1)  AdO
@ (S:N) sonsISo] 1
pai1ojar azis a[dwes pue poyjaw uono[od Blep ON X X (€:N) uononpoId dd
paLidjar oz1s ofdwres ou inq ‘parjddy X (9:N) juowdojoaa( 1onpoig ad
PALISJAI UOIBULIOJUI SUON --- (Z€:N) saruedwod FuLINIoRINUBW Ul [RIJUAD) )

:24NJRIA)I] U IIUILINIIO PUE SNI0Y 03 SuIp.a0dde uoneuedxy




International

The Global Supply Chain Network

BVL!

14

QDIAIRG [IALD
2 uoneNsIUIWpY / sonsiSoT 2 yodsuely /
SPOOD) IOWNSU0)) / AF0[0UY0d , UOIBULIOJU]

“Ayrxa1dwod A3070ut0a) UoIRULIOJUT

XX ST | o | gt 0N BG40 | s ondoid s e o sy bl e
/P00y / Q.o_%ooaz:a:n_ 29 [OTWAYD) .
/1ea1109[q / SutteourSuyg / oAnowony
(01L Yo€q) ¥107 fuewon L 10 “Arxa]duwod AIAIS -
9h6 Iouung [BUIDIUT UO PASq [9POUT ATIIJO UL JO UONRUIIEXT
. o . 's10308) Ao [Lo] 0120
X X 40 oy Suikynuapr £q Ayrxapdwoo 10afod Jo uopenjeay L91'IP 12 °H
9 17 --- puR[IOZIMG UOIBOIUNWIIO099[3 ], / dduemsu] / Suyueq | 40O *Ansnpur 991A13s Ay ur A)1xa[dwod Jo SIsAjeuy [91] snyjoorg
- - - “SuLINJORJNUEBWAI PJaIJ ) UT SAIUAN[FUI 1AL} pue .
X X X X 4 SI0ALIP AJ1x9]dwo0 JO UOTIEN[BAD PUB UOHRITIUOP] [pet] 112134108
L . L “3ULINORINUBWIAL JO PJALJ Y} UL SROUAN[JUI 1Y) pue ]
X q SIOALIP A)1xo[dwoo Jo uonen[eAd pue uoredudp| [59] 11 72 uuewmey
*SJUQWIA SO} A[PUEY
(101 3°%9) | Z102/50 — AU, / stadeg s Apuawmo satuedwod ay []am moy uonsanb oy [8¢1] uewyeINpqy
009 - 110201 i / sonse|d / [eIRIAL / [BOLNOAT / SAOWOINY Jo uonednsaaur pue Ayrxojduwios uroinos Surpredar| pue uewryey ‘velvewRIGNS
s10)9e] d[qISueIul pue 9[qISUL) JO UONEIYUIP]
(97 oeq) L “JuowaSeueW S)I pue $}00Jd oty Kyxo]duwiod [£7] S10quassoy
00Z°1 AN dutiaauiBug o8 aseq Ajddns Surpsegar suorsuawip dy jo sisk[euy | pue a1nbg ‘souof-uopuelg
“sdiysuorne|a1 [enjoeUOd PUB MO [ELISJRW UO PIseq il
1 --- QPIMP[IO A\ QA OWoINY S sa13orens ureyo Ajddns eridordde jo juswdojorap S ENENEEZM
pue Aixajdwoo ureyd Ajddns jo siskjeuy P : ans
S X X - SPUBLISLN Q[eSA[OYM N e Fm_ 1099
Ajddns oy ur s10ALIp A)xa[dwod Jo UONeIYIUIP] PUE SINYUQIOID) ‘MNIYT
‘uoneziuegio pue Jonpoid ‘ssaooid e —
1 1 ¥ .- eLIsSny Surouiduyg S 9oy1ewr saandadsiad § oy unpim Ayrxopdwos £5] HsuRto
: A : e pue 10319qUoSIon
ureyo A7ddns jo juswdoraaap ay) Jo SIsAeuy
"PAINSLA 9q ULd
(€61 Yorq) L KUSIDUT 901AI0Q | SuLsouEy Ayxa1dwod ureyds Addns moy pue saonoeid yiomjou (7] yoice
00S‘T vsn ISUPU[ SIMOS /D ULSSULOUH o8 9A19319 y3nomy saSudyreyd s, Arxa[dwoo sFeuew I IeARELIV
ueo saruedwos moy uonsanb oy Jo uoneSnsoAu]
. o - “Kyrxordwrod Sunyew-uoisioap [c6] unyes pue fue
1 S ureyd Ajddns oy pue ureyds Ajddns oy jo siskjeuy £6] tHeS pur nueN
o "s19ALIp Kyrxo[dwod ay) Jo uonesy1udpt
or 1oz Auewion 8 pue Kyrxordwoo ureyo Ajddns jo siskeuy 18] uerg pue 33ery
W m m m % .m xnu (AKKK/urur)
z < m 2 S g m pordd [ £nuno) / uordoy Axysnput Jo pparg SnJ0| $3A193[q0 Ya.1eIsaY (s)royny
z m m mn.. W m m. S, [0183saY
g g g < 2 g £ &N PR PIO 0
< ~ =S e (T:N) Suumpoeynueway N
z Z (91:N) [ewroyur urey) Addng - Og
=z (7:N) 9[eg / UONNQLSK(T / BUISSA001J 1OPIO A0
& (§:N) sonsigo] 1
Pa110ja1 9z1s d]dwes pue POYIAW UOHII[0d LIep ON X X (€:N) uonINPoOIJ Ad
pa11djar 9z1s dpdwes ou jnq ‘parjddy X (9:N) juowdojaaa( 1onpoig ad
PALIQJOI UOHBWLIOJUI QUON - - - (ZeN) satuedwod FuLmor UL Ul [2IAUID) n

BJEP PIAIIII Jo Junoure pue azis dures ‘poyidw uondd0d eyep paddy

:az1s dpdwres
pue poL1dd s, ya.1easa. ‘£1unod/uordda ‘Ansnput Jo ppy 03 Surpaodde uopeuedxy

$3.INJBIII UT DUILINII0 PUe SNI0J 0) Mﬁm—zcouﬂ :oﬁ&:«—&%@




BVL!

The Global Supply Chain Network

Complexity drivers in product development: A comparison between literature and empirical research 15

Table 3: List of existing empirical researches focused on product development and their content

Author(s) Li et al. Kim and Newman Chronéer and Kim and Grussenmeyer
[88] Wilemon [106] Bergquist Wilemon and Blecker
[34] [79] [62]
Research period 2002 --- --- --- 2011
Region / Country China USA --- Sweden USA Germany, Italy
Automotive
Engineering ° °
Electrical & Optics ° o
Metal ° °
Petroleum & Plastics o
Field of Chemical & Pharmaceutical ° °
Industries .
Glas, Ceramic, Pit & Quarry °
Food, Forage & Tobacco ° °
Lumber, Papers, Printing &
. ° °
Furniture
Clothing & Textile °
Others ° °
Questionnaire ° °
Expert interviews ° ° °
Data Workshop(s)
collection
methodology Case study .
Observation °
Documentary analysis °
. Complexity driver’s
Main identification and analysis ] ] ] ] ]
research - - -
PN Identification and analysis of
objectives . . - - - - -
complexity driver’s effects
Evaluation criteria:
fulfilled ++) Specific complexity drivers and their effects are described in detail.
partial fulfilled (+) Complexity drivers and their effects are only mentioned but not described in detail.
not fulfilled ) No information regarding complexity drivers and their effects is referred to.

Analyzing the existing empirical studies regarding
complexity in product development (see Table 3) as
well as other fields (e.g. general in manufacturing
companies, production, logistics, etc.), we come to
the conclusion that no empirical research focusing on
complexity management in product development in
manufacturing companies in Germany, including the

identification and analysis of complexity drivers and
their effects exists yet. By presenting a systematic,
explicit and reproducible empirical research regarding
product development in manufacturing companies
in Germany, we want to close the aforementioned
literature gap.
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Figure 2: Six stage systematic approach for empirical research

3 EMPIRICAL RESEARCH

3.1 Research methodology and objectives

In this empirical research, we followed the methodology

of Flynn et al. [50]. Based on social sciences, Flynn et

al. [50] developed a 6 stage systematic approach for
conducting an empirical research (see Fig. 2). This
helps the researcher describing what happens in the real
world [105]. The approach starts with the determination
of the theoretical foundation (stage I) and the research
design, which is applied to the research problem and
the theoretical foundation (stage II). In stage III, the
data collection method is selected. Data collection

is an important part of an empirical research [71].

Several methods are described in literature and can be

combined for better results [50, 71]. The data collection

method, which is mostly used, is the questionnaire. It is

a useful technique for single and multiple case studies

as well as panel studies and focus groups. Next, the

data collection methods and sample description for

research’s implementation are selected in stage IV.

Before preparing the research report for publication

(stage VI), the collected data is processed and analyzed

in stage V [50].

The first step in performing an empirical research
is to define the research questions and objectives.
Empirical research can be used to document the
state-of-the-art in different fields of research [50].
In this paper, we use an empirical research to
document the current state in practice regarding the
complexity drivers and their effects in the field of
product development in the manufacturing industry of
Germany. A further objective is to compare literature
findings with the results from our empirical research to
identify commonalities and differences. Based on our
introduction, the literature review and the identified
research gap, we determined 4 further research
questions, focused on our empiricism (called empirical
research question) to close the research gap:

RQ 3: How is the product development of the
participating companies characterized regarding
product and variant range; length of product life
cycle and product development process; amount
of applied components, materials, technologies
and processes; the height of the own value

adding percentage as well as organization’s

influence on product development’s complexity?

What are the main complexity drivers in product

development and what interdependencies exist

between them? Can the complexity drivers be
aggregated to factors?

What influences have high complexity and

especially the complexity drivers on product

development’s complexity?

RQ 6: What are the significant differences and
commonalities between the literature and
practical (empirical) results?

Regarding the limitations of our research approach,
we decided to limit the scope of our empirical research
by analyzing only the German manufacturing industry,
because the German manufacturing industry and
its product development is one of the most leading
industries in the world compared to other countries and/
or field of industries. Furthermore, by our limitation
we want to ensure that this research is manageable.
In addition, we had only data from the German
manufacturing industry available for our empirical
research. Data from other countries and/or field of
industries was not available at the time our research
was conducted.

RO 4:

RO 5:

3.2 Questionnaire’s design, data collection
methodology, sample description and
statistical analysis

The implementation of an empirical research starts

with the selection of the data collection method and

the sample description [50]. For data collection, a

standardized questionnaire with 15 questions and a

fixed response possibility was applied in this research,

because the questionnaire is the most used data
collection method in scientific research and provides
the best results regarding reliability, validity and

generalization [50].

The data was collected from a stratified random
sample. The sample was taken out of a given population
of 17,862 manufacturing companies, located in
Germany with more than 50 employees. The research
was conducted in 2015 and 2016. At the beginning
of our empirical study in 2015, the population of
17,862 manufacturing companies was determined
based on the Amadeus database. In the Amadeus
database, all manufacturing companies of Germany
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are documented. In our research, we selected only
companies with more than 50 employees, because the
complexity phenomenon primarily occurs in bigger
companies rather than in smaller.

As already mentioned, we used a standardized
questionnaire for data collection. The questionnaire
was sent in 2 stages by e-mail to 3,086 companies,
exclusive of service and printing companies. According
to Mayer [97], we use a 2 stage empirical research
to increase the amount of responded questionnaires
and thus the research’s quality. To increase answer’s
significance, the companies were asked in the cover
letter to send the questionnaire to an experienced
employee from the product development department.
However, this is no guarantee that the questionnaire
is send to the right person within the company and/
or product development department. In this research,
we assume that the responded questionnaires were
answered by the right persons. All participants were
assured that only aggregated data would be presented.
The stratified random sample size (n = 1,565) is
calculated based on the methodology of Mayer [97] and
Raab, Poost and Eichhorn [115]. The input parameters
are the population (N = 17,862); a safety factor (t =
2); the proportion of the elements within the random
sample, which fulfills the feature characteristic (p =
0.5); and the sampling error (d = 0.05). The population
comprises the amount of documented companies in the
Amadeus database and the safety factor depends on
respondents” level of significance.

For questionnaire’s design, the questions with
the same focus are clustered in main categories to
increase understanding and transparency [84]. The
questionnaire in this study was structured in 3 main
parts: general information regarding the respondents
(company size, field of industry and respondent’s
position in the company); general information about
product developments characteristics (dimension of
product and variant range; length of product life cycle
and product development process; amount of applied
components, materials, technologies and processes; as
well as the height of the own value adding percentage)
and information about the complexity drivers and their
effects.

The questions were formulated based on the research
questions. To ensure representative results, the
questions must be formulated explicit and easily [84].
In the questionnaire, the scale items were designed
as statements and the interviewees were asked about
their assessment. For measurement, we used nominal
scales (yes / no) and ordinal scales (1 — no influence;
2 —small influence; ...; 5 — strong influence; 6 — very
strong influence) to increase reliability, validity and
comparability. Other scale items such as interval or
rational are not used in this research, because these
scales have another focus and are not applicable in this
research.

Before starting the empirical research, a first version
of the questionnaire was pretested to identify and

remove systematic gaps and inconsistencies [68]. In
2014, our questionnaire was pretested by 40 experts
from the potential target group. The objective was
to check and refine the wording, understanding,
relevance as well as the measurement instrument.
Furthermore, the questionnaire length and the time
for questionnaire’s responding was checked. Based
on pretest’s results and comments from the experts,
the questionnaire was revised and checked again by a
smaller group of experts.

According to Flynn et al. [S0] and Moody [105], a
questionnaire has to be analyzed by using statistical
methods. Several data analysis techniques or statistical
tests for statistical analysis exist in scientific literature
and can be used by a researcher, although there is
no general rule to select a particular approach [91].
Montoya-Weiss and Calantone [104] classified the
data analysis techniques into 4 groups: descriptive
statistics (e.g. means, frequencies and proportions);
tests of differences or similarities (¢.g. t-test); measures
of dimensionalities (e.g. factor analysis) and statistical
interpretation of parametes (e.g. correlation analysis).
For answering the empirical research questions, we
analyzed the empirical findings by using several
different data analysis techniques without a limitation.
However, some of the results were not significant.
In summary, we used the data analysis techniques
from the groups descriptive statistics, measures
of dimensionalities and statistical interpretation
of parameters. The group ftests of differences or
similarities was not applied in this research, because
the data analysis techniques from these group are
used for testing hypotheses. Since we did not propose
hypotheses or did an experiment in our research, we
did not use these data analysis techniques.

4 ANALYSIS OF EMPIRICAL RESEARCH
AND FINDINGS

4.1 Sample results and data validation

For data collection, 3,086 manufacturing companies
with more than 50 employees, located in Germany,
were questioned. The questionnaire was sent by e-mail
to them. The Amadeus-Database lists mostly general
email-addresses of companies. Therefore, the inquiry
emails sent to those addresses, included the request to
forward the email to an experienced employee in the
department of product development.

Next, the net sample size was calculated by reducing
the total sample size based on the amount of e-mails that
were undeliverable or rejected by the companies. The
net sample size is needed for response rate’s counting
[54]. In our research, the final sample size consisted
of 2,817 companies. In total, 295 questionnaires were
answered completely and resulted in a response rate
of 10.5 percent, which is an acceptable response rate
according to Meffert [99]. Industry’s range contained
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%
N=295 Amadeus
(100%) Database
Automotive 24 8.1% 16.9% ]
Technical Engineering 90 30.5% 20.6%
Industry . . 63.5%
N = 174 (59.0%) Electrical & Optics 29 9.8% 12.0%
Metal 31 10.5% 14.1% |
Petroleum & Plastics |14 4.7% 6.7%
Resource
Industry Chemical & Pharmaceutical 24" 8.1% 7.9% 17.3%
— 0,
N=51(17.3%) Glas, Ceramic, Pit & Quarry [W137 4.4% 2.7% |
Food, Forage & Tabacco |17 5.8% 8.8%
Consumer goods
Industry Lumber, Papers, Printing & Furniture 26 8.8% 6.4% 16.9%
— 0
N=56(19.0%) Clothing & Textile [W137 4.4% 1.8% |
Others | 14 4.7% 2.2%

Figure 3: Frequency of received questionnaires according to industry and comparison
of results and database’s percentage

11 different fields of industry. According to their
characteristics, the identified industry branches were
clustered in 4 industry clusters: Technical industries,
resource industries, consumer goods industry and
others. The technical industry is the largest industry
cluster and comprises about 60 percent of the
respondents: engineering (30.5%), metal (10.5%),
electrical and optics (9.8%), automotive (8.1%) (see
Fig. 3). Based on the Amadeus database, the technical
industry is traditionally Germany’s major field of
industry with a percentage of 63.5 percent. For result’s
validation, the percentage of the empirical research
was compared with the percentage of the database
to identify differences and communalities. In our
research, the percentage of empirical research and
database are very close in all industry clusters. The
empirical findings are therefore representative and can
be generalized.

Number of employees

N =295
Cumulative
51-100 97 32.9% .
Empirical
Research
101 - 250 28.99
85 28.9% 61.8%
251 -500 51 17.3%
501 - 1,000 26 8.8%
1,001 - 5,000 24 8.1%
5,001 - 10,000 16 2.0%
>10,000 |6 2.0%

In the next step, the number of employees and the
position profile of the respondents were analyzed
(see Fig. 4). With 61.8 percent, the small and middle-
sized companies formed the biggest group in our
empirical research. Larger companies with more than
250 employees represent 38.2 percent. Based on these
results, it can be concluded that small and middle-sized
companies are highly interested in empirical studies
regarding complexity management and especially in
product development.

The analysis of the respondent’s position profile
shows that 80 percent of the respondents can be
assigned to the category upper management (see Fig.
4). This category comprises the following 3 groups:
Presidents, CEOs and COOs (18.0%); directors and
division managers (26.1%); senior managers and
department managers (35.9%). This result shows that
complexity in product development is an important
issue for company’s management.

Position profile

N =295
President / CEO / COO 53 18.0%
Director / Division Manager 77 26.1%
Senior Manager / Department 1067 35.9%
Manager
Manager / Team Leader | 22 7.5%
Assistant |6 2.0%
Clerk | 21 7.1%
Other 10 3.4%

Figure 4: Overview about the number of employees and the position profile of the respondents
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To answer RQ3 and for analyzing the product
development characteristic in general of the
participating companies, we requested the following
properties in 10 different questions (Q4 — QI13):
Dimensions of product range and variant range;
length of product life cycle and product development
process; amount of applied components, materials,
technologies and process; height of the own value
adding percentage and organization’s influence on
product development’s complexity. The results are
described in Figure 5. Approximately 75 percent of
the companies are characterized by a medium and
big product (Q4) and variant range (Q5). Based on the
analysis of questions 6 and 7, more than 50 percent of
the developed products have a life cycle length of more
than 72 months (Q6), but approximately 70 percent of
the respondents specified that the length of product
development process is less than 25 months (Q7).
Furthermore, the majority of companies indicate that
their products consist of many different components
(Q8), materials (Q9) as well as technologies (Q10) and
the product development process consists of many
different processes (Q11). Furthermore, the percentage
of the own value adding activity in product development
was analyzed. However, there was no explicit tendency
recognizable (Q12). In literature, organizational
complexity and value added complexity are general
complexity drivers in the company [142]. To analyze
organization’s influence on product development’s
complexity, the respondents were questioned about their
evaluation. More than 75 percent of the respondents
specified that the organization has no negative
influence on product development’s complexity
(Q13). Comparing this result with literature, there is
a discrepancy, especially regarding the complexity
drivers in product development, which are described
in chapter 2.2. In literature, 9 authors described 28
different organizational complexity drivers, which
are responsible for increasing complexity in the
company and especially in product development. It
would be interesting to investigate the reasons for this
discrepancy wihin a further empirical research (e.g.
investigation through expert interviews).

4.2  Complexity drivers and their effects on
company’s complexity

We started our pretest by using the complexity
drivers in product development which are already
mentioned in literature and published before 2015
(N: 72) (see chapter 2.2). Furthermore, we added
additional complexity drivers from other fields along
the value chain to extend the amount of complexity
drivers in total, because product development has an
influence on all parts of the value chain (N: 44). The
complexity drivers originate in the following fields:
General in manufacturing companies [14, 15, 124],
procurement and purchasing [55], logistics [54, 86],
production [44, 128), order processing, distribution
and sales [29] as well as internal supply chain [135]

and remanufacturing [65]. In total, the collection of
the complexity drivers used in our pretest comprises
116 different complexity drivers. One of the objectives
of doing the pretest was to ask the experts about the
relevance of the different complexity drivers, because
we wanted to reduce the number of drivers for the
final questionnaire to the truly relevant drivers. As
a result of our pretest, from the expert’s view, only
59 complexity drivers of the total amount of 116 are
relevant and should be used in the final questionnaire
and empirical research. Furthermore, they mentioned
additional important and relevant complexity drivers
that we added to our questionnaire (N: 5). The final
questionnaire comprises 64 complexity drivers in
total. Another surprising result is that the internal
complexity drivers product complexity (general),
product portfolio complexity (general), technological
complexity (general) and development complexity
(general) are not relevant from expert’s view, although
these drivers are fundamentally connected to the
product development process (see Table 4). One reason
is that these drivers are general drivers and are already
known and handled by the experts. Another reason is
that the experts want to have some further information
about specific complexity drivers, which are important
for complexity management in product development.
Thus, these general drivers do not need further analysis.
Table 4 presents an overview about the different
complexity drivers, which are mentioned in literature
in product development and the other fields along the
value chain as well as the results of expert’s evaluation
regarding the relevance of the different drivers.

Answering the forth research question, we used
different statistical methods for analyzing the
questionnaire results. The main complexity drivers
in product development in each driver category
were identified by using the descriptive statistics. In
this research, 64 different complexity drivers were
evaluated by the respondents within an ordinal scale (1-
no influence; 2-small influences...; 5-strong influence;
6-very strong influence) according to their influence
on product development’s complexity. The complexity
drivers, which are evaluated by more than 50 percent of
the respondents with a strong or very strong influence
on product development’s complexity are identified as
the main complexity drivers. As already mentioned, 64
complexity drivers were included in the questionnaire,
but only 30 drivers were regarded by the respondents
in different fields of industry as drivers that have a
strong or very strong influence in principle (see Table
4, reference No. 4 in the field explanation). Table 4
presents the identified main complexity drivers in
product development in the different fields of industry,
which are identified in our empirical research. As a
result of our research, some industries are influenced
by more complexity drivers than other industries.
For example, the following fields of industries are
influenced by 12 main complexity drivers: Automotive,
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petroleum & plastics as well as food, forage & tobacco.
In contrast, the electrical & optics industry or the
chemical & pharmaceutical industry are influenced by
only 6 drivers.

A further result of our empirical research is that
some complexity drivers are more important than other
drivers, because these drivers occur in most fields of
industries. These include the following complexity
drivers: Market’s economic factors, individuality
of customer demands, number and strength of
competitors, product range/portfolio and amount of
simultaneous projects. The driver variety of customer
requirements influence every field of industry
(see Table 4). Furthermore, product development’s
complexity is influenced to the same extend by
external as well as internal complexity drivers (14
external drivers vs. 16 internal drivers). Comparing
this result with literature (see chapter 2.2), most of
the described complexity drivers in literature belong
to the main category internal complexity drivers (28
external drivers vs. 79 internal drivers). Thus, there
is also a discrepancy between literature and practice.
These results draw to the conclusion that internal
complexity drivers can be handled by the company
itself so they are not considered as problems whereas
external complexity drivers cannot be handled easily
and are therefore regarded more as problems. Thus,
less internal complexity drivers are described by the
respondents in our research as drivers with a high
influence than it would be expected when looking at
the findings in literature.

Asalso seenin Table 4, the different fields of industries
are influenced by individual main complexity drivers.
The technical industries are characterized by 6 main
complexity drivers: Market's economic factors, variety
of customer requirements, individuality of customer
demands, number and strength of competitors, product
range/portfolio and amount of simultaneous projects.

The resource industries and the consumer goods
industry are also characterized by variety of customer
requirement and individuality of customer demands.
Furthermore, the resource industries are influenced by
the 3 complexity drivers political framework conditions,
demand’s dynamics as well as technological progress
and the consumer goods industry is characterized by
market's economic factors, number and strength of
competitors as well as product range/portfolio.

In summary, the external complexity driver categories
general market-related complexity, demand complexity
and competitive complexity and their specific drivers are
most important for complexity management in product
development. In contrast, the complexity drivers
from the categories society complexity, technological
complexity (external and internal), supply complexity,
target complexity, customer complexity, product and
product portfolio complexity, product development
complexity, organizational complexity, production
complexity, process complexity, planning, control and
information complexity as well as logistics complexity,

sales and distribution complexity and the general
complexity drivers have mostly no strong or very
strong influence on product development’s complexity
and do not seem to be so important for complexity
management in product development.

It was surprising that the complexity driver
categories technological complexity (external and
internal), product and product portfolio complexity
as well as product development complexity and their
specific drivers did not have a strong or very strong
influence on product development’s complexity in
total, although product development is characterized
by these categories.

The comparison between literature’s complexity
drivers and the complexity drivers identified in this
empirical research is shown in chapter 4.3.

Next, a correlations analysis was conducted to
test the bivariate relationships and interdependences
between the 64 different complexity drivers. The
results are documented in the appendix (Table 9 Part
A — C). Based on the correlations analysis, 29 strong
(correlation coefficient 0.6 < x < 0.8) and 3 very
strong correlations (correlation coefficient 0.8 < x <
1.0) were identified and clustered according to their
origin and the literature’s main complexity driver
categories (see Table 5). Strong correlations between
different complexity drivers occur in the following
categories: Society complexity, demand complexity,
general market-related complexity, technological
complexity (external and internal), supply complexity,
target complexity, customer complexity, product and
product portfolio complexity, product development
complexity, production complexity, process complexity
as well as planning, control and information
complexity and organizational complexity. Beyond,
in the 2 categories process complexity and planning,
control and information complexity, very strong
correlations occur between the different complexity
drivers process degree of cross-linking and amount of
process interfaces, information flow’s dynamics and
variety as well as company’s control level of detail
and requirements of company’s control. Overall, the
correlations analysis provides 2,080 correlations,
however 88.9 percent are weak correlations (correlation
coefficient 0.2 < x < 0.4). Only 6.5 percent are about
medium correlations (correlation coefficient 0.4 < x <
0.6) and 1.4 percent strong correlations.

Based on the correlation analysis, a factor analysis
with varimax rotation was applied for complexity
driver’s aggregation. We used the statistic software
SPSS 21 to perform the factor analysis and to list the
eigenvalues associated with each linear component
(factor) before extraction, after extraction and after
rotation (see Table 10 appendix). Before extraction, 64
linear components (factors) are identified within the
data set. In this case, the amount of eigenvectors are the
same as variables and so there will be as many factors
as variables. The eigenvalues are associated with each
factor and represent the variance, which is explained
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by that particular linear component [47]. In our study,
factor 1 explains 25,276 percent of total variance. To
identify the relevant amount of factors, which explains
cumulative more than 50 percent, we extract only
factors with eigenvalues greater than 2. All factors with
eigenvalues of 2 and less are ignored. For optimizing
the factor structure, we used the varimax rotation. As
a result of our factor analysis, we identified 7 factors,
reflecting the complexity drivers. The identified factors
clarify 51 percent of the 64 complexity drivers, thus

Q4: Dimension of product range

14.2% 11.2%
B Small 42
mMedium
Big 34.6% . 102 40.0%
Huge N =295
Q6: Length of product life cycle in months
<12 5.8% 6.1%_
mi2-24 6113
m25-36 o
37-48 23 T8%
49 - 60 54.6% 161 25 8.5%
61-72 22
>72 7.5% N =295
Not specified
Q8: Products consist of many different components
0.0%
HYes
32.5%
mNo
67.5%
Not specified
N=295
Q10: Products consist of many different technologies
0.3%
BmYes
36.3%
mNo
63.4%
Not specified
N =295

Q12: Own value adding percentage in product development

12.5%

22.7%

<25
m26-50
m51-75

76 - 100

Not specified

3

20.3%

21.7%
N=295

22.7%

these factors are important for a company’s complexity
management. The first factor describes a company's
complexity. Product and technology complexity load
onto the second factor. The third and fourth factor
reflects the customer complexity and the market
complexity. Supply complexity loads onto the fifth
factor. The sixth factor describes environmental and
society and the seventh factor describes company's
target complexity. Table 6 presents an overview about
the identified factors und their factor load’s ranges.

Q5: Dimension of variant range

17.3% 8.1%

W Small 51
B Medium
Big 38.0% ' 112 36.6%
Huge N =295

Q7: Length of product development process in months

n<12
mi2-24
m25-36
37-48
49 - 60
61-72
>72
Not specified

N =295

Q9: Products consist of many different materials

HmYes
mNo

Not specified

Q11: Products development consist of many different processes
1.7%

WmYes

39.0%

®No 59.3%

Not specified

N=295

Q13: Organization’s negative influence on development’s complexity

3.7%

8.3%

11—

EmYes
mNo

Not specitied
N =295

78.0%

Figure 5: Analysis results regarding the product development characteristic of the participating companies
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Table 4: Overview about the complexity drivers, which are evaluated by the respondents
with a strong and very strong influence on product development

Explanation: Field of Industries

! Complexity drivers, which are documented in the literature Technical Resource Consumer goods

review, focused on product development (see chapter 2.2) (N: 72) Industries Indust: Industr

Complexity drivers, which are documented in literature in other

fields along the value chain and general in manufacturing

companies (N: 44)

Additional complexity drivers, mentioned by the practice during

expert interviews (N: 5)

Complexity drivers, which were regarded by the respondents as

drivers that have a strong or very strong influence (N: 30)

RfQ Relevant (R) for questionnaire based on the results of our pretest
and several expert interviews (N: 64)

Automotive

Engineering

Electrical & Optics

Petroleum & Plastics

Chemical & Pharmaceutical

Glas, Ceramic, Pit & Quarry

Food, Forage & Tobacco

Lumber, Papers, Printing & Furniture
Clothing & Textile

Others

Metal
Total

Specific complexity drivers in each category RfQ
Society complexity
Environmental complexity (general) '
Value change & value awareness "*
Environmental awareness in population *
Ecological conditions / factors '
Political framework conditions "*
Legal factors "*
Change of populations structure '
Standards and regulations '
Turbulences in company’s environment '
Interdependencies between environmental factors '
General market-related complexity
Market complexity (general) '
Market's infrastructure *
Market’s economic factors > *
Variety of customer requirements > *
Market’s change *
Market's globalization *
Market's dynamics |

|03 e3 s T Ml Market s protectionism '
complexity Demand complexity
Demand complexity (general) '
Individuality of customer demands * R ° ° ° ° ° ° ° ° ° 9
Demand’s dynamics >*
Competitive complexity
Competitive complexity (general) '
Number and strength of competitors "* R|e | e | o | e o | o o | o | 8
Competitor’s dynamics ** R . ° e | 3
Competitive pressure '
Technological complexity (external)
External technological complexity (general) !
Technological progress "** R | e o | o | o °
Technological innovations & availability "*
New technologies and materials '

R |ARA

~|=|=| ==
[ B BN BN ]
[ B BN BN ]

~
[ ]
—

Supply complexity
Variety of supplied goods *
Amount of suppliers >
Supply strategy or concept >*

Quality uncertainty of delivered goods *
Uncertainty of delivery date *

R R ==
°
—

Total:| 7 5 4 4 8 4 6 6 3 7 10
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Explanation: Field of Industries
! Complexity drivers, which are documented in the literature Technical Resource Consumer goods

review, focused on product development (see chapter 2.2) (N: 72) Industries Indust; Industr

)

Complexity drivers, which are documented in literature in other
fields along the value chain and general in manufacturing
companies (N: 44)

Additional complexity drivers, mentioned by the practice during
expert interviews (N: 5)

Complexity drivers, which were regarded by the respondents as
drivers that have a strong or very strong influence (N: 30)

RfQ Relevant (R) for questionnaire based on the results of our pretest
and several expert interviews (N: 64)

Automotive

Engineering

Electrical & Optics

Petroleum & Plastics

Chemical & Pharmaceutical

Glas, Ceramic, Pit & Quarry

Food, Forage & Tobacco

Lumber, Papers, Printing & Furniture
Clothing & Textile

Others

Metal
Total

Origin Specific complexity drivers in each category | RfQ
Target complexity

Target complexity (general) '
Amount of different targets ' R
Business objective’s change frequency > R
Business objective’s time pattern > R
Customer complexity
Customer’s amount >* R °

Customer structure "* R

Customer’s participation »* R | e ° 2
Product & product portfolio complexity
Product complexity (general) '

Product portfolio complexity (general) '
Product variety " **

Product range / portfolio "*

Product portfolio change frequency *

New product launchs frequency *

Product life cycle length 2

Product structure / design '

Product technology "2

Component type '

Variety of parts and modules '

Variety of the applied materials '
Variance in product design *

Availability of materials or components *

== | == ||

Internal
correlated
complexity

Properties of modules or materials *
Product’s degree of innovation >*
Product life cycle length »*
Technological complexity (internal)
Technology complexity (general) '
Technology change / innovation '
Number of different applied technologies ' R
Hardware and software complexity (general) '
Type of data medium '

Size of data medium '

== || = ||| =

=

Type of interfaces '
Amount of interfaces '
Criteria of hardware and software tests '
Technology's complicacy *
Technology's combination >
Technology life cycle length * R
Product development complexity
Development complexity (general) '
Development program’s complexity '
Applied methods or instruments '
Product software ** R ° 1
Data processing system > R
Total:| 4 2 1 1 3 1 1 3 1 0 3

| =
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Explanation:
1

Complexity drivers, which are documented in the literature
review, focused on product development (see chapter 2.2) (N: 72)
Complexity drivers, which are documented in literature in other
fields along the value chain and general in manufacturing
companies (N: 44)

Additional complexity drivers, mentioned by the practice during
expert interviews (N: 5)

Complexity drivers, which were regarded by the respondents as
drivers that have a strong or very strong influence (N: 30)

RfQ Relevant (R) for questionnaire based on the results of our pretest

and several expert interviews (N: 64)

Field of Industries

Technical
Industries

Resource
Indust

Indust

Consumer goods

complexity [JRIETCH

Specific complexity drivers in each category RfQ

Organizational complexity (general) '

Automotive

Engineering

Electrical & Optics

Metal

Petroleum & Plastics

Chemical & Pharmaceutical

Glas, Ceramic, Pit & Quarry

Food, Forage & Tobacco

Lumber, Papers, Printing & Furniture

Clothing & Textile

Others

Total

Organization’s structure '

Organization’s / Company'’s size ' R

Amount of hierarchical levels > R

Degree of centralization > R

Business segment / industrial sector '

Company’s strategy (strategical complexity)

Complexity between cooperation partners '

Employee complexity (general) '

Amount of employees R

Lack of transparency (general) '

Lack of cost transparency '

Lack in consistency of activities '

Amount of simultaneous projects ** R

Amount of simultaneous processes * R

Production complexity (general) '

Vertical range of manufacture R

Production system ** R

Production structure !

Manufacturing technology '

Maintenance complexity (general) '

Process complexity (general) '

Variety of processes "> *

Amount of process interfaces >

Process degree of cross-linking **

||| =

Process standardization **

Planning, control & information complexity "2

Lack in strategic planning '

Organization s information technology systems '

Information flow’s variety **

Information flow’s dynamic >*

Requirements of company s control 2

Company’s control level of detail >

===

Company’s communication system >
Supply chain complexity (general) "2

Distribution complexity (general) '

Marketing complexity (general) '

(eSS Bl Variety / Multiplicity !

Total:
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Factor loadings are required for factor’s interpretation.
The factor loadings are described in detail in the
appendix (Table 11).

For a target oriented complexity management, the
complexity drivers and their influences have to be
identified. In literature, complexity drivers have a
direct influence on the company and the total value
chain [130] and are responsible for high complexity
in the company. Furthermore, they have an influence
on a company’s performance, especially on product
development. To respond to RQS5, we developed a
framework for identification, analysis and evaluation
of the complexity effects in product development in our
empirical research. The framework is developed based
on the general framework, presented in Fig. 1, and the
different examples, which are described in literature
(see chapter 2.2). In this research, 18 different effects
on product development, which are clustered in the
4 categories time, quality, costs and flexibility, were
evaluated by the respondents with an ordinal scale

(I-no effect; 2-small effect;...; 5-strong effect; 6-very
strong effect). The effects, which are evaluated by more
than 50 percent of the respondents with a strong or very
strong impact on product development’s performance,
were identified as the main effects.

Table 7 presents the identified main effects in
product development, the amount of respondents in
the different fields of industry (N..,) and the amount
of respondents of our survey that evaluated these
effects as strong or very strong in the different fields of
industry (N). As a result of our empirical research and
based on the evaluation results in the different fields
of industries, high complexity has mostly a strong or
very strong effect on the following 4 attributes (see
Table 7): product development time (N: 155; 53%)),
adherence to deadlines in product development (N:
128; 43%), product quality (N: 95; 32%) and product
development’s costs in general (N: 123; 42%). High
complexity has a strong effect on the development
time in nearly all industry branches. Furthermore,

Table 5: Overview about the strong and very strong correlations between different complexity drivers

Correlations between the specific complexity drivers Correlation Main complexity driver categories
Ecological conditions / factors < Environmental awareness in population strong Society complexity
Individuality of customer demands — Variety of customer requirements strong Demand complexity & General market-related complexity
Technological innovations & availability <« Technological progress strong Technological complexity (external)
Amount of suppliers > Variety of supplied goods strong Supply complexity
Supply strategy or concept > Amount of suppliers strong Supply complexity
Uncertainty of delivery date <> Quality uncertainty of delivered goods strong Supply complexity
Business objective’s change frequency < Amount of different targets strong Target complexity
Customer structure > Customer’s amount strong Customer complexity
Product variety “ Product range / Portfolio strong Product & product portfolio complexity
New product launch’s frequency < Product portfolio change frequency strong Product & product portfolio complexity
Variety of parts and modules — Product structure / design strong Product & product portfolio complexity
Variety of the applied materials — Variety of parts and modules strong Product & product portfolio complexity
Properties of modules and materials <> Availability of materials or components strong Product & product portfolio complexity
Technology’s complicacy < Number of different applied technologies strong Technological complexity (internal)
Technology’s combination <« Number of different applied technologies strong Technological complexity (internal)
Technology’s combination - Technology’s complicacy strong Technological complexity (internal)
Technology life cycle length - Technology’s combination strong Technological complexity (internal)
Data processing system — Product software strong Product development complexity
Production system e Vertical range of manufacture strong Production complexity
Amount of process interfaces — Variety of processes strong Process complexity
Process degree of cross-linking R Variety of processes strong Process complexity
Process standardization — Process degree of cross-linking strong Process complexity
Information flow’s variety — Process degree of cross-linking strong Planning, control, information complexity & Process complexity
Information flow’s variety > Process’ standardization strong Planning, control, information complexity & Process complexity
Information flow’s dynamics Process degree of cross-linking strong Planning, control, information complexity & Process complexity
Organization’s / Company’s size — Amount of hierarchical levels strong Organizational complexity
Amount of simultaneous processes — Amount of simultaneous projects strong Organizational complexity

Process degree of cross-linking - Amount of process interfaces
Information flow’s dynamics > Information flow’s variety
Company’s control level of detail < Requirements of company’s control

very strong
very strong

very strong

Process complexity
Planning, control and information complexity

Planning, control and information complexity
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Table 6: Overview about the identified factors, factor load’s range and the amount
of aggregated complexity drivers

Factor Reflecting complexity driver % of Variance

(Initial Eigenvalues)

Factor load’s range  Amount of aggregated complexity drivers

#1  Company’s complexity 25.276 0.76 — 0.54 15
#2  Product and technology complexity 6.021 0.67-0.42 16
#3  Customer’s complexity 4.809 0.71-0.44 8
#4  Market complexity 4375 0.69-0.35 9
#5  Supply complexity 3.718 0.75-0.66 5
#6  Environmental and society complexity 3.438 0.84-0.37 6
#7  Target complexity 3.397 0.69 —0.45 5
Total: 51.034 64

high complexity has more effects in technical
industries than in other fields of industry. The most
important attributes in technical industries are product
development time, adherence to deadlines in product
development, product quality, product development’s
direct costs and product development’s costs in
general. In the resource industries, high complexity
has a strong or very strong effect on the attributes
product development time and adherence to deadlines
in product development and thus these attributes are
most important for complexity management. In the
consumer goods industries, only 1 attribute is highly
influenced by complexity and important for complexity
management: product development time.

To answer the fifth research question, a correlation
analysis between the complexity drivers and the
effects was conducted. Based on the results, only weak
correlations were identified. Thus, the results were not
taken into account.

4.3  Comparison of literature results with
empirical results

Answering the sixth research question, the empirical
findings about complexity drivers in product
development are compared with the literature findings
to identify differences and commonalities. The
objective is to confirm or to refine existing scientific
knowledge or theories and to identify further research
gaps.

In literature, 108 different complexity drivers in
productdevelopment are described in total between 1998
and 2015 (N 1) (see Fig. 6 and Table 1). In our research,
only the complexity drivers, published before 2015,
were considered (Nii. 1995.2014), because the empirical
research started already in 2014. For comparing the
literature and empirical results, the complexity drivers,
published in 2015 (Ny;; 2015), Were also considered. For
the pretest (Npeesi 1), We used the complexity drivers,
which were already mentioned in literature before 2015
and added additional drivers from other fields along the

value chain (Nyc). Our pretest resulted in 59 complexity
drivers, which were considered truly relevant by the
pretesters (N,). Furthermore, the experts mentioned
5 additional important and relevant complexity drivers
(NExperts)- Thus, our final questionnaire comprised 64
complexity drivers in total (Nquestionnaire T)- AS @ result
of our empirical research, the respondents regarded 30
different complexity drivers as drives that have a strong
or very strong influence in principle (N, ). Based on
these drivers, different main complexity drivers in the
different fields of industry are identified (see Table 4).
Furthermore, some industries are influenced by more
complexity drivers than other industries.

In summary, 108 different complexity drivers
are described in literature (see Fig. 6). In contrast,
30 complexity drivers with a strong or very strong
influence on product development were mentioned by
experts. These drivers can be separated in 14 external,
9 internal correlated and 7 internal autonomous
drivers. Furthermore, 6 main complexity drivers
were identified. No further complexity drivers were
mentioned in our final empirical research. The different
complexity drivers, which were mentioned by the
experts are described in Table 4 (see chapter 4.2).

In literature, the main complexity drivers are mostly
related to internal complexity (see Table 1). Thus,
the origin of complexity is seen mainly inside the
company itself. In contrast, the identified complexity
drivers from the empirical research are mostly related
to external complexity. In practice, complexity is
regarded as a condition, which is mostly influenced
from outside. The reason may be that companies can
influence and handle internal complexity actively, thus
we come to the conclustion that the companies are
aware of it. Contrary to internal complexity, external
complexity cannot or nearly cannot be influenced by
the company itself and is often unknown. Thus, the
respondents consider the complexity phenomenon
as an external source and want to receive additional
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Table 7: Overview of the identified main complexity effects in product development
and in different fields of industry
Technical Resource Consumer Goods
Industries Industries Industries
= ; 3 z
S ] © 5}
| 2|2 T ol23|EE| 2 |Ea .| =
g - E 2852l 8o (502 o
g S | 25| - |28 8| 9| =g |82 £ @
s | 5|58 3 | 2% | 55| 2| g5 |E2¢El 25| 2
5 = S 8 S s 22| == SS|2E5l 25 =
< 3 Be) = er | O | OF | e losa]l O @) Total
High complexity in product Niesp? 24 | Neegp: 90 [ Niesp: 29| Nresp: 31 | Neesp: 14| Niegp: 24 [ Nirespr 13 [ Nrespr 17| Nresp: 26 | Niep: 13 | Niep: 14 [ Nz 295
development has a strong or very
strong effect on... % N|%|N[%|N[% % N|w |N[%|N[%|[N]% % | N|%|N|%
Time E;(iguctdevelopment 15 |63%| 53 [59%| 21 | 72% ] 19 |61% 14 |58% 69%| 9 [53%| 15 |58% 155(53%
adherence to deadlines in 13 |54 | 57 630 19 [66% | 19 {61% 12 |50%| 8 [62% 128]43%
product development
delivery time of supplied 12 | s0% 12 | 4%
goods
tllne fo_r product’s 13 | 540 13 | 4%
validation
Quality product quality 14 |58%| 45 |50%] 16 |55% 8 |62%] 11 |65% 94 |32%
process’ balance
process planning and
controlling
process size for quality
check
Costs  Product development’s 1,51 ., 15 |52% | 17 [s5%| 8 |57% 14 | 54% 69 [23%
direct costs
product development’s 12 | 50% 7 540 19 | 6%
indirect costs
product development’s {4 {75, | 55 | 6100 23 | 705 10 |71% 8 [62% 9 |ea%[123]42%
costs in general
product costs 12 |50% 15 |52% 7 150% T |54% 7 |54% 48 | 16%
coordination costs 12 |50% 12 | 4%
inventory costs 15 |63% 15| s%
. product design flexibility
Flexi-
pility ~ product development 12 | s0v 12 | 4
process flexibility ’ ’
temporal flexibility on
product development 13 |54% 13 | 4%
content
resource management’s 0 20
flexibility TP T
Total amount of effects based. on| . 4 6 3 3 2 6 2 2 2 1 14
complexity:

information regarding external complexity drivers to
increase their knowledge.

There were some major differences between our
research and literature regarding specific complexity
drivers as well as driver categories and their influence
on company’s complexity. In literature, organizational
complexity is described as an important driver for
company’s complexity (see Table 1, chapter 2.2). In our
empirical research we found out that the organization
and its complexity does not have a major influence on
company’s complexity (see Fig. 5, chapter 4.1). The
same could be found regarding the complexity driver
categories technological complexity (external and
internal), product and product portfolio complexity
as well as product development complexity and

their specific drivers (see Table 1, chapter 2.2). In
literature, these categories and their specific drivers
are also described as important sources for company’s
complexity. However, in our research, the respondents
classified these categories and their specific drivers
not as important and relevant sources for managing
company’s complexity (see Table 4, chapter 4.2).
From scientific perspective, this comparison allows
a concentration on the most important complexity
drivers (see Table 4). Futhermore, the differences
between literature and practice regarding specific
drivers and driver categories are pointed out. From
practical perspective, this comparison allows not only
an insight about the drivers known in literature but
also about the drivers that are considered important by
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Literature review
according to complexity drivers in product development

Total amount of identified
complexity drivers between 1998 and 2015

NLit. T NLit. 1998 - 2014 v NLit. 2015

Amount of identified
complexity drivers in
2015
Niit. 2015 36

Amount of identified
complexity drivers between
1998 and 2014

Niic. 1998 - 20141 72

Comparison

=108 +——

Empirical research
according to complexity drivers in product development

Total amount of
complexity drivers used for pretest
N pretest T = Niit. 1998 - 2014 Y Nyc =116

Amount of "Amount Amount of
identified complexity o frelevant  complexity drivers
drivers between drivers from other fields
1998 and 2014 N,o: 59  along the value chain

Niit. 1998 - 20147 72 Nyc: 44

Total amount of
complexity drivers used for Questionnaire
N Questionnaire T = Nrel. v NExpens =64

Amount of
further complexity
drivers mentioned

by the experts
NExperts: 5

Amount of A1 unt of
relevant complexity - .ivers with
drivers mentioned
by the experts
Nrel.: 59

strong influence
Nevar: 30

eval.*

Figure 6: Comparison of literature findings versus empirical findings regarding complexity drivers
in product development

other practitioners from other fields of industry. This
overview increases transparency for the practitioner.

Further research should analyze the differences
between theory and practice more in detail and
the empirical findings should be used for further
discussions und evaluations in literature. In addition,
the companies should compare and evaluate their
complexity drivers with those described in literature
to question their own identified complexity drivers.

5 CONCLUSION, OUTLOOK AND
LIMITATIONS

The objective of this empirical research paper is to
develop additional knowledge for science and practice
by identifying and analyzing existing complexity
drivers in science and practice in the field of product
development. Furthermore, the results are compared to
identify communalities and differences and to identify
further research gaps.

In the first step before starting our empirical study,
we reviewed the literature regarding complexity drivers
and their effects (see chapter 2.2). Next, we searched
for previously existing empirical studies regarding
complexity management and gaps in literature (see
chapter 2.3). Our literature search resulted in 72
empirical studies regarding complexity management.
As aresult of analyzing all previous empirical studies,

only 6 studies are focused on product development.
Furthermore, we found out that an empirical research
in the field product development in manufacturing
companies in Germany, including the identification and
analysis of complexity drivers and their effects does
not exist yet. In this paper, we want to close this gap.
For our empirical research, we used the methodology
of Flynn et al. [50]. In the third chapter, the research
methodology, the objectives, the sample description
and the methods for statistical analysis are described.
For data collection, a standardized questionnaire
consisting of 15 questions and a fixed response
possibility was sent in 2 stages by e-mail to 3,086
companies in 2015 and 2016. Only companies with
more than 50 employees and located in Germany are
selected. In total, 295 questionnaires were completed.
The response rate resulted in 10.5 percent. Industry’s
range contained 11 different fields of industry. For
this empirical research, we determined 4 research
questions, which were answered as follows.
Answering the first empirical research question
(RQ3), product development’s characteristics of the
participating companies are analyzed regarding
product and variant range; length of product life cycle
and product development process; amount of applied
components, materials, technologies and processes;
the height of the own value adding percentage as well
as organization’s influence on product development’s
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complexity. The results are described in detail in
chapter 4.1.

For answering the second empirical research question
(RO4), the empirical data regarding complexity drivers
was analyzed and evaluated. Complexity drivers have
an influence on a company’s complexity and are the
basis for a target oriented complexity management.
Based on the statistical analysis, some industries are
influenced by more complexity drivers than other
industries. For example, the automotive industry is
influenced by 12 complexity drivers. In contrast, the
chemical & pharmaceutical industry is influenced
by only 6 drivers. Furthermore, some complexity
drivers are more important than other drivers, because
these drivers occur in most fields of industries. These
include the complexity drivers market's economic
factors, variety of customer requirements, individuality
of customer demands, number and strength of
competitors, product range/portfolio and amount of
simultaneous projects (see Table 4).

Asafurtherresult, complexity in product development
is mostly influenced by external complexity drivers.
We also found out that different fields of industries are
influenced by individual main complexity drivers. For
example, the technical industries are characterized
by the 6 main complexity drivers market's economic
factors, variety of customer requirements, individuality
of customer demands, number and strength of
competitors, product range/portfolio and amount
of simultaneous projects. In contrast, the resource
industries are influenced by the 5 complexity drivers:
variety of customer requirements, individuality of
customer demands, political framework conditions,
demand’s dynamics as well as technological progress. It
was surprising that the respondents did not evaluate the
complexity driver categories technological complexity
(external and internal), product and product portfolio
complexity as well as product development complexity
and their specific drivers with a strong or very strong
influence on product development’s complexity,
although product development is characterized by
these categories.

To identify the relationships and interdependences
between the different complexity drivers, a correlation
analysis was conducted. As a result of this analysis,
strong correlations between different complexity
drivers occur in the categories society complexity,
demand complexity, general market-related complexity,
technological complexity (external and internal), supply
complexity, target complexity, customer complexity,
product and product portfolio complexity, product
development complexity, production complexity,
process complexity as well as planning, control and
information complexity and organizational complexity.
Beyond, very strong correlations occur between the 2
categories process complexity and planning, control
and information complexity. Based on the correlation
analysis, a factor analysis with varimax rotation was
used for complexity driver’s aggregation. The factor

analysis was performed by the statistic software SPSS
21. As a result of the factor analysis, 7 factors were
identified, reflecting the complexity drivers: Company's
complexity, product and technology complexity,
customer’s complexity, market complexity, supply
complexity, environmental and society complexity as
well as target complexity.

Next, complexity driver’s influences on product
development’s complexity in the 4 categories time,
quality, costs and flexibility were analyzed (see Table
7) to answer the third empirical research question
(ROS5). As a result of our empirical research, high
complexity has mostly a strong or very strong effect on
the 4 attributes product development time, adherence
to deadlines in product development, product quality
and product development s costs in general. Also, high
complexity has a strong effect on the development
time in nearly all industry branches. Furthermore,
high complexity has a higher effect in technical
industries than in others. In the technical industries
(e.g. automotive or engineering), the most important
attributes are product development time, adherence
to deadlines in product development, product quality,
product development’s direct costs and product
development’s costs in general. In the resource
industries (e.g. petroleum & plastics or glas, ceramic, pit
& quarry), high complexity has a strong or very strong
effect on the attributes product development time and
adherence to deadlines in product development and
is thus most important for complexity management.
In the consumer goods industries (e.g. food, forage &
tobacoo or clothing & textile), only 1 attribute is highly
influenced by complexity and important for complexity
management: product development time.

Answering the last empirical research question
(RQO), the empirical findings about the complexity
drivers are compared with the literature findings to
identify the significant differences and commonalities
(see chapter 4.3). In literature, 108 different complexity
drivers are described in total without prioritization by
the authors. In contrast, in our empirical study only
30 complexity drivers with a strong or very strong
influence on product development are mentioned and
prioritized by experts.

Summarizing the results of our empirical research,
we developed some additional knowledge regarding
complexity management as well as its drivers and
effects in product development for science and practice.

From scientific perspective, we connected
scientific research with the real world by conducting
a transparent, systematic, explicit and reproducible
empirical research. Further, we compared the empirical
results with the literature to identify communalities
and differences and to close a currently existing gap
in scientific literature, since no empirical research
regarding complexity drivers and their effects in
product development exists yet. In our empirical
research we found out that 30 complexity drivers with a
strong or very strong influence on product development
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and 4 effects of high complexity are mentioned by
experts. In literature, 108 different drivers and 18
effects are described without priorization. Further, the
experts stated that complexity in product development
is mostly influenced by external complexity drivers.
In literature, the complexity in product development
is mostly influenced by internal drivers. This draws to
the conclusion that internal drivers are not considered
as problems, because these drivers can be handled
by the company itself, whereas external complexity
drivers cannot be influenced by the company itself
and are therefore regarded more as problems. Thus,
the practitioners need more and specific information
about these drivers. Regarding organization's influence
on product development’s complexity, the authors in
literature came to the conclusion that organization has
a direct influence. In our research, the respondents
specified that the organization has no negative influence
on product development’s complexity. Based on these
results, the researcher receive an overview about
what is already known in practice and can confirm
theoretical findings or can develop new ideas, theories
or hypotheseses.

From practical perspective, the practioners receive
an overview about complexity perception in product
development by other practitioners and from other fields
of industries. In our research we found out that product
development’s characteristics in the different fields of
the German manufacturing industry are characterized
by a medium and big product and variant range with
a product life cycle length of more than 72 months.
In contrast, the length of product development process
is less than 25 months. The products predominantly
consist of many different components, materials and
technologies and the product development process
consists of many different processes. Relating to
company’s own value adding percentage in product
development, there was no explicit recognizable
tendency.

Regarding the complexity drivers in product
development we found out that some industries are
influenced by more complexity drivers than other
industries. For example, the industries automotive,
petroleum & plastics and food, forage & tobacco
are influenced by 12 different complexity drivers.
In contrast, the electrical & optics industry or the
chemical & pharmaceutical industry are influenced by
only 6 drivers. Furthermore, the following drivers are
identified as important drivers for product development’s
complexity in most fields of industries: market'’s
economic factors, variety of customer requirements,
individuality of customer demands, number and
strength of competitors, product range/portfolio and
amount of simultaneous projects. Seperating the
results according to the different fields of industries
it can be seen that the different industry clusters
are characterized by a specific amount of important
complexity drivers: Technical industries (N: 6),
resource industry (N: 5) and consumer goods industry

(N: 5). Based on a factor analysis, the complexity
drivers were aggregated to 7 factors, which reflect the
complexity drivers: Company’s complexity, product
and technology complexity, customer’s complexity,
market complexity, supply complexity, environmental
and society complexity as well as target complexity.
This aggregation helps the practitioner to focus their
activities regarding complexity management in product
development on this specific complexity sources within
the company. Another purpose of this research was
to analyze the effects of high complexity on product
development, to give the practice a specific indication.
In our research we identified 4 different effects in the
categories time, quality and costs and over all fields
of industries: product development time, adherence
to deadlines in product development, product quality
and product development’s costs in general. Within
the different field of industries, the results can deviate.
This overview increases transparency and helps the
practioner to answer the questions “What complexity
drivers have a high influence on product development’s
complexity and are thus relevant for the company?” and
“What effects do high complexity within the company
have on product development?”.

As already mentioned, further research is needed
to analyze and explain the differences between
literature and practice. Based on our empirical
findings, further discussions und evaluations can be
performed in literature. Our research was focused
on the manufacturing industry in Germany in 2015
and 2016. Future research may also include other
countries and sectors as well as companies with less
than 50 employees. It would be interesting to compare
the empirical results from our study with the results
from a further study, which is conducted in other
field of industry or country / region. Furthermore,
the development of complexity drivers and their
importance for a company over time would also be
interesting. Therefore, the same empirical research
should be repeated in the future (i.e. 5 to 10 years) to
identify differences and commonalities of complexity
driver’s perception between now and the future.
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(complexity N10 management) AND 17/04/23 750
(study OR survey OR empir* OR questioning OR interview)
Emerald "Komplexitit?" AND 17/03/24 4
(Studie OR Untersuchung OR Empir? OR Befrag? OR Interview)
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(study OR survey OR empir? OR questioning OR interview)
GENIOS / Komplexitit* ndjS (Studie OR Untersuchung OR Empir* OR Befrag* OR Interview)  17/03/02 600
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Table 9 — Part A: Intercorrelations between complexity drivers
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Table 9 — Part C: Intercorrelations between complexity drivers
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Table 10: Total variance explained

Total Variance Explained

. Initial Eigenvalues Extraction Sums of Squared Loading; Rotation Sums of Squared Loadings
Comp Total % of Variance | Cumulative % Total % of Variance | Cumulative % Total % of Variance | Cumulative %
1 16.177 25.276 25.276 16.177 25.276 25.276 8.154 12.741 12.741
2 3.853 6.021 31.297 3.853 6.021 31.297 6.600 10.312 23.053
3 3.078 4.809 36.106 3.078 4.809 36.106 4.034 6.303 29.356
4 2.800 4.375 40.481 2.800 4.375 40.481 3.947 6.168 35.524
5 2.379 3.718 44.199 2.379 3.718 44.199 3.692 5.769 41.293
6 2.200 3.438 47.637 2.200 3.438 47.637 3314 5.178 46.471
7 2.174 3.397 51.034 2.174 3.397 51.034 2.920 4.563 51.034
8 1.912 2.988 54.021
9 1.513 2.364 56.386
10 1.439 2.248 58.633
11 1.421 2.220 60.854
12 1.295 2.023 62.877
13 1.196 1.869 64.746
14 1.071 1.674 66.419
15 1.025 1.602 68.021
16 980 1.532 69.553
17 970 1.516 71.069
18 937 1.464 72.533
19 877 1.371 73.904
20 831 1.299 75.203
21 .809 1.264 76.467
22 765 1.196 77.662
23 732 1.143 78.806
24 728 1.137 79.943
25 .660 1.032 80.975
26 638 997 81.972
27 611 955 82.927
28 .588 919 83.846
29 .568 .888 84.734
30 546 .852 85.586
31 527 .824 86.410
32 504 787 87.197
33 455 712 87.909
34 452 706 88.615
35 428 .669 89.284
36 412 .644 89.927
37 407 .636 90.563
38 .386 .602 91.166
39 371 579 91.745
40 357 557 92.302
41 349 .546 92.848
42 .340 532 93.380
43 316 494 93.874
44 299 467 94.341
45 294 460 94.801
46 274 427 95.229
47 267 417 95.646
48 255 398 96.044
49 251 392 96.437
50 231 361 96.797
51 211 330 97.127
52 204 319 97.446
53 .193 .302 97.748
54 .186 291 98.039
55 169 264 98.303
56 162 254 98.556
57 156 244 98.801
58 144 225 99.025
59 130 203 99.228
60 116 182 99.410
61 .106 .166 99.576
62 .098 153 99.730
63 .093 .146 99.876
64 .080 124 100.000

Extraction Method: Principal Component Analysis
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Table 11: Factor analysis on independent variables

Complexity drivers ID First Second Third Forth Fifth Sixth Seventh
factor factor factor factor factor factor factor

Information flow’s variety 54 0.76

Information flow’s dynamics 55 0.73

Requirements for company’s control 62 0.73

Company’s control level of detail 63 0.72

Process degree of cross-linking 52 0.71

Amount of process interfaces 51 0.71 0.35

Company’s communication system 64 0.63

Process standardization 53 0.63

Organization’s / Company s size 57 0.62

Variety of processes 50 0.62 0.38

Amount of simultaneous processes 60 0.60

Amount of hierarchical levels 56 0.59

Amount of simultaneous projects 59 0.56 0.39

Degree of centralization 58 0.56

Amount of employees 61 0.54

Number of different applied technologies 42 0.67

Product structure / design 33 0.62

Product life cycle length 40 0.61

Technology’s complicacy 43 0.61

Variety of parts and modules 34 0.59

Variety of the applied materials 35 0.58

Technology’s combination 44 0.40 0.56

Technology life cycle length 45 0.55

Product life cycle length 32 0.55

Availability of materials or components 37 0.55 0.37

Technology change / innovation 41 0.53 0.36

Properties of modules and materials 38 0.53 0.37

Product’s degree of innovation 39 0.51

Production system 49 0.42 0.48

Vertical range of manufacture 48 0.41 0.43

Variance in product design 36 0.42

Customer structure 26 0.71

Product variety 28 0.68

Customer’s amount 25 0.65

Product range / Portfolio 29 0.64

Individuality of customer demands 9 0.55

Variety of customer requirements 8 0.54

Customer’s participation 27 0.54

Demand’s dynamics 10 0.44

Technological progress 15 0.69

Technological innovations & availability 16 0.65

Market’s change 12 0.58

Market's globalization 14 0.56

Competitor’s dynamics 13 0.36 0.53

Number & strength of competitors 11 0.47

Market’s economic factors 7 0.45

Product software 46 0.34 0.36

Data processing system 47 0.35

Amount of suppliers 18 0.75

Supply strategy or concept 19 0.73

Quality uncertainty of delivered goods 20 0.71

Uncertainty of delivery date 21 0.67

Variety of supplied goods 17 0.66

Environmental awareness in population 2 0.84
Ecological conditions / factors 3 0.80
Value change & value awareness 1 0.68
Political framework conditions 4 0.48
5
6

Legal factors 0.46

Market’s infrastructure 0.36 0.37

Business objective’s change frequency 23 0.69
Business objective’s time pattern 24 0.51
Amount of different targets 22 0.50
Product portfolio change frequency 30 0.45

New product launch’s frequency 31 0.40 0.45




