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Abstract
The workload of Verification and Validation (V&V) has increased constantly in the high
technology industries. The changes in the business environment, with fast time-to-market and
demands to decrease research and development costs, have increased the importance of efficient
product creation process, including V&V. The significance of the V&V related know-how and
testing is increasing in the high tech business environment. As a consequence, companies in the
ICT sector have pressures for improving product development process and verification and
validation activities. The main motive for this research arises from the fact that the research has
been scarce on verification and validation from product development process perspective.
This study approaches the above mentioned goal from four perspectives: current challenges
and success factors, V&V maturity in different NPD phases, benchmarking automotive sector, and
shifting the emphasis of NPD efforts.
This dissertation is qualitative in nature and is based on interviewing experienced industrial
managers, reflecting their views against scientific literature. The researcher has analysed the
obtained material and made conclusions.
The main implications of this doctoral dissertation can be concluded as a visible need to shift
the emphasis of V&V activities to early NPD. These activities should be viewed and managed over
the entire NPD process. There is a need for companies to understand the V&V maturity in different
NPD phases and develop activities based on this understanding. Verification and validation
activities must be seen as an integral element for successful NPD. Benchmarking other sectors
may enable identifying development potential for NPD process. The automotive sector being a
mature sector, has developed practices for successfully handling requirements during NPD. The
role of V&V is different in different NPD phases. Set-based type V&V can provide required
understanding during early product development. In addition, developing parallel technological
alternatives and platforms during early NPD also support shifting the emphasis towards earlier
development phases.

Keywords: ICT, new product development, testing, validation, verification
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List of abbreviations and definitions
B2B
B2C
CE
CMM
CMMI
HW
ICT
IEM
KM
NPD
PD
R&D
RQ
SW
SW-CMM
TEKES
TMM
TNPD
V&V
V2M2

Business to Business
Business to Customer
Chief Engineer
Capability Maturity Model
Capability Maturity Model® Integration
Hardware
Information and Communication Technology
Industrial Engineering and Management
Knowledge management
New Product Development
Product Development
Research and Development
Research Question
Software
Software Capability Maturity Model
National Technology Agency of Finland
Testing Maturity Model
Toyota’s New Product Development
Verification and validation
Verification Validation Maturity Model

Verification is widely understood as a method to prove compliance with
specifications. This includes user requirements for components, subassemblies,
and for the complete product. Verification can be determined by inspection,
demonstration, analysis, and test.
Validation has an aim to assure that the user will be satisfied. Validation evaluates
customer requirements against their needs and expectations in an environment
that is as representative as possible, ideally in a genuine customer environment.
Testing is the best known V&V method to check a complete system or its part.
Testing include, functional, environmental, and reliability tests. Testing can
include, for example, module, integration, system, and acceptance tests.
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1

Introduction

1.1

Background and research environment

This dissertation is positioned within the field of industrial engineering and
management (IEM) that deals with enterprise management and efficient &
effective product/ service development, production and supply chain. The need
for this dissertation was initiated based on the needs of Finnish information and
communications technology (ICT) companies, operating in telecommunications,
electronics and related areas.
The ICT industry has grown rapidly during the last decades and devices, such
as mobile phones, have become basic commodities. The pace of new product
introductions has increased tremendously. In order to survive in tough global
competition companies must be able to create high-quality products that fulfil the
desires and needs of their customers. Severe competition forces companies to
reduce costs, shorten development times and production lead-times. An efficient
new product development (NPD) process is therefore a necessity. In this type of
environment, effectiveness must be understood as time-to-market, quality, and
performance, while efficiency includes cost related aspects. (e.g. Gupta et al.
2007, Pisano and Wheelwright 1995, Nonaka and Takeuchi 1995).
Products being more complicated than ever, and customer segments more
fragmented, requirements management and verification and validation (V&V)
have become a bottleneck for product development and production. Requirements
for products are set by customers, standards and technical constraints. Identifying
and communicating customer needs and expectations into requirements have been
emphasised as a challenge for the early product development (e.g. Engelbrektsson
and Soderman 2004, Hsieh and Chen 2005). Requirements management,
including V&V is estimated to be responsible for over 50 % of the NPD costs.
(e.g. Engel & Last 2007, Gilb 2005, Andersson and Runeson 2002, Belt et al.
2008, Perttula 2007, Murray 2007). Successful product development requires
multidisciplinary approaches and necessitates the integration of engineers,
industrial designers and marketing personnel. (Cooper et al. 2004, Gupta et al.
2007).
The cost of fixing errors increases towards the field use (e.g. Giannakopoulou
et al. 2008, Shull et al. 2002, Chan et al. 2007, Ryan et al. 2005). Different
estimates for the cost implications of late error correction have been given in the
13

literature from it being 100 times more expensive (Fagan 1999) up to 1000 times
higher than in the requirements phase (Boehm 1981), which could just be fatal for
a business, considering the size of some of today’s development projects.
Changes in requirements, which are often made late in the development, cause a
need to repeat testing, causing unnecessary waste of resources. The importance of
early NPD phases is recognised, but practical solutions are scarce. In addition,
true understanding over the balance between different NPD phases is missing.
The traditional system development models often understand V&V as a separate
error detection process, rather than as an active product development method, that
occurs just after the product integration, close to the product launch. (e.g.
Pressman 2004, Mooz et al. 2003, Salustri and Parmar 2003, Forsberg and Mooz
1992).
Specific areas of verification and validation, such as hardware (HW),
software (SW) or production testing, have been well covered, especially from
technical perspective (e.g. Abramovici et al. 1990, Marwedel 2006, Gizopoulos
2006, Myers et al. 2004). The studies that can be considered to have a more
managerial or business oriented view over these activities (e.g. Davis 1994, Kit
1995, Harrold 2000, Kung et al. 1998, Jacobs and Trienekens 2002, Perttula 2007,
Andersson and Runeson 2002, Burnstein 1996, Jacobs and Trienekens 2002, Ham
et al. 2001) do not specifically consider NPD process optimisation. Also, product
development literature, including the writings discussing system development
models (e.g. Pressman 2004) do not take a position in relation to the NPD process
balance and see V&V activities often as a an error detection activity, while the
acknowledgement of validation is almost non-existent. The traditional models see
V&V as late activities, ignoring to consider the influence V&V mode could
potentially have on NPD process. Therefore, it can be said that the research has
been scarce on verification and validation from product development process
perspective, giving justification for this dissertation.
This dissertation aims to clarify the balance between distinct NPD phases and
to obtain new understanding over the V&V mode required during each phase.
This dissertation concentrates on studying the NPD process with a main focus on
analysing different product development phases from a V&V perspective. As a
consequence, some limitations have been made and for example comparing pure
hardware or pure software projects have not been done. Also, new service
development has not been in focus, but product development, including product
with both hardware and software.
14

1.2

Objectives and scope

The workload of Verification and Validation has increased constantly in the high
technology industries. The changes in the business environment, with fast timeto-market and demands to decrease research and development costs, have
increased the importance of efficient product creation process, including V&V.
The significance of the V&V related know-how and testing is increasing in the
high tech business environment. The main motive for this research arises from the
fact that the research has been scarce on verification and validation from product
development process perspective. Specific areas of V&V, such as hardware (HW),
software (SW) or production testing, have been well covered, however, are
viewed as separate entities without considerations of NPD process optimisation.
The research problem attempted to address in this dissertation is stated as
follows:
Companies in the ICT sector require perspectives on developing their new
product development process in order to react to the challenges of V&V
activities.
This problem is studied from four complementary perspectives – current
challenges and success factors (Article 1), V&V maturity in different NPD phases
(Article 2), benchmarking automotive sector (Article 3), and shifting the emphasis
of NPD efforts (Article 4) – based on which four research questions (RQ) are
formed (Table 1).
Table 1. Research questions.
RQ#

Research question

RQ1

What are the challenges and success factors of V&V activities?

RQ2

What is the maturity of V&V activities in different phases of the NPD chain?

RQ3

What are the similarities and differences between NPD practices in ICT companies and Toyota?

RQ4

How can the emphasis of NPD efforts be shifted to earlier phases?

These research questions have different focuses, but are related to each other.
Figure 1 illustrates the positioning of the four research questions. The left side of
the figure represents clarification of the current state of V&V activities and the
right side stands for the potential solutions for current challenges. The lower half
of the figure signifies V&V activities from functional perspective, while the upper
half represents V&V from the NPD process viewpoint.
15

Both the research problem and the research questions are industry based, and
have been derived from discussions with industry representatives. The research
problem has remained the same during the dissertation project, but the research
questions have been refined along the progress.

Fig. 1. Research framework.

Each research question is answered with the help of a published Journal article.
Each article provides a partial solution to the research problem. The contributions
of these articles are combined in this dissertation summary.
Table 2 lists the articles and combines them with the research questions.
Table 2. Research papers overview.
Article #

Title

Publication

Research

I

Managing testing activities in

Journal of Engineering and

RQ1

telecommunications: A case study

Technology Management

Maturity of verification and validation in

International Journal of Innovation

ICT companies

and Learning

Analysing telecom companies using the

International Journal of Mobile

Toyota NPD model

Communications

Parallel product alternatives and

International Journal of

verification & validation activities

Management and Enterprise

question

II
III
IV

Development
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RQ2
RQ3
RQ4

1.3

Research approach

When approaching scientific research from a philosophical viewpoint, the
researcher faces ontological, epistemological and ethical questions: how can one
believe and know of reality based on scientific research; how is scientific
knowledge obtained and when is this knowledge scientific; and when does a
researcher abuse his research object or act unethically against the scientific
community. (e.g. Lancaster 2005).
Ontology can be seen to mean a reality where studied phenomena are
understood to reside and the manner the studied phenomena position to this reality.
Scientific research tends to make ontological pre-conceptions on the nature of
studied issues. Ontology answers the question of whether the reality is objective
or subjective. Ontological foundation influences the choice of theory and
concepts. (e.g. Anttila 2005, Harisalo 2008).
In this dissertation, experienced industrial managers have been interviewed
by utilising qualitative questionnaires. The main motivation for the selected
research approach was the researcher having an access to the views of
experienced industrial managers through qualitative interviews. The obtained
material has been analysed and the central findings have been presented.
Generalising conclusions have been drawn based on the analysis.
This research is qualitative in nature and utilises the principles of empiricism,
applying mainly inductive reasoning. The research is empirical and mainly
descriptive with a hint of normative approach in giving recommendations, but is
not totally constructive (see Figure 2). All the research papers are based on semistructured interviews.
Theoretical

Empirical

Descriptive

Conceptual
research

Nomothetic
research

Normative

Decision-oriented
research

Constructive
research

Fig. 2. Research approach (modified from Kasanen et al. 1993).
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This research utilises qualitative approach in order to enable interviewees to
express their viewpoints, opinions and experiences as freely as possible.
Qualitative research aims to describe a certain phenomenon, to understand its
functioning and to provide theoretically sound interpretation of this phenomenon.
The aim is to describe true life realities. (Denzin & Lincoln 2005, Hirsjarvi et al.
2008, Eskola & Suoranta 2008)
The research questions could potentially be also attempted to clarify by using
quantitative methods, especially with regards to challenges and success factors,
and maybe in relation to maturity analysis. However, in this study, qualitative
methods are used as they support the understanding of a young researcher and
provides a broader description over the studied issues. Also, unfortunately the
access has not been adequate enough for quantitative studies.
Qualitative research gives the researcher a certain degree of freedom in
planning and executing research, but on the other hand, the researcher is not free
from his own values and limitations. It is thus not possible to reach full
objectivity as the researcher and the studied phenomenon are integral. Pure
objective knowledge does not exist, but all research is subjective in the sense that
a researcher’s understanding influences the obtained results. (Hirsjarvi et al. 2008,
Tuomi & Sarajärvi 2006, Eskola & Suoranta 1998)
Different methods and paradigms exist to support scientific approaches. Vital
is to choose a method that supports the research problem in question. Descriptive
research attempts to describe phenomena by describing objects and processes in
order to increase understanding. Normative research aims for solutions that can be
utilised for developing current activities, or even creating something new. (e.g.
Olkkonen 1993).
Qualitative research is a research approach aiming to understand studied
phenomena. This means clarifying the meaning and significance of the
phenomenon in question (Hirsjarvi and Huttunen 1995). Qualitative research
typically utilises samples that are discretionary to the researcher. Objects under
study may not be high in numbers, but are studied thoroughly, highlighting the
quality of input material. However, the size of sample must be covering enough in
relation to the type of analysis and interpretation intended (Eskola and Suoranta
2008).
Empiricism is a theory of knowledge emphasising the role of experience,
especially experience that is based on perceptual observations. Knowledge is seen
possible to obtain through inductive reasoning. Inductive reasoning is typical for
qualitative analysis, aiming to make generalisations and conclusions based on
18

factors arising from the material under scrutiny. Material is attempted to analyse
in a multifaceted manner in adequate detail, bringing up important themes (Eskola
and Suoranta 1998, Manktelow 1999).
1.4

Research realisation and dissertation structure

The study was initiated during a large project, involving industrial companies and
university researchers. It was found relevant during working sessions to collect,
analyse and summarise the views of experienced industry managers. These
interviews formed the foundation for this research. This material was then
complemented by literature reviews and workshops. The researcher has
participated in collecting the research material, but more importantly has been
responsible for analysing and drawing conclusions.
The research process typical to all the four articles of which this dissertation
is founded on, is described in Figure 3. The chosen topic is first studied through
literature to familiarise with the subject and to understand what other authors have
written previously. Based on the obtained understanding, the research focus was
defined. Interview structure and questionnaire were then formulated. Interviewed
ICT companies include those operating in the Oulu region and were selected
based on possibilities of obtaining as broad coverage as possible over the industry
in question. Potential interview candidates were identified with the help of
industry representatives to assure adequate coverage. Industrial interviews were
carried out in the ICT sector, in order to clarify the issues under study. The
interviews followed a semi-structured thematic interview approach (see e.g.
Merton et al. 1990) and were conducted informally, in a qualitative manner,
allowing the interviewees to explain and clarify the cases and topics as entities.
Interviews were recorded and transcribed in order to assure full utilisation of the
views of experienced industrial managers. All the individual interview results
were analysed according to chosen focus, and when appropriate, compared to the
literature. Collecting research material and analysis was conducted
simultaneously in a parallel manner. Finally, conclusions were drawn based on the
analysis. Individual research processes have been described in more detail in each
article (see the Appendix).

19

Fig. 3. Research process typical to all the articles.

Table 3 presents the number of industrial interviews and the number of companies
for each research article. The number of interviews for each article varied
between 20 and 53, the total number of interviews being close to one hundred.
Table 3. Number of industrial interviews for each article.
Article #

Title

I

Managing testing activities in

Number of interviews Number of companies
22

5

20

7

53

11

48

10

telecommunications: A case study
II

Maturity of verification and validation in ICT
companies

III

Analysing telecom companies using the
Toyota NPD model

IV

Parallel product alternatives and verification &
validation activities

This dissertation consists of four individual articles and this summary. The
summary is organised as follows: Chapter 2 presents the theoretical foundation
for the research. Chapter 3 summarises the research contribution of the four
articles (see the Appendix for the individual articles). In Chapter 4 the overall
findings of the research are concluded. Finally, Chapter 5 summarises the
research.
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2

Theoretical foundation

This dissertation bases its theoretical foundation on new product development
process, Toyota NPD, Verification and validation in product development, System
development models, and maturity (Figure 4). Selected theories are applied to an
extent as required for the purpose of improving product development process
through verification and validation. For practical reasons some relevant theories
may have been excluded, which, however, could have been included should the
scale be wider than a single doctoral dissertation.
Multitudes of concepts are related to NPD in one way or another. These
concepts include product life-cycle management, requirements management,
project management, quality management, technology management, innovation
management, knowledge management and many others. (e.g. Mantel et al. 2007,
Cross 2008, Tidd and Bessant 2009, Blanchard 2008, Dale et al. 2007). However,
this dissertation does not address each of these issues individually, but
concentrates viewing verification and validation activities from the perspective of
the NPD process.
Verification
and Validation

Requirements
Engineering

System
Development
Models
Product Life-Cycle
Management

V&V & NPD
process
Knowledge
Management
Maturity
New Product
Development
Quality

Fig. 4. Positioning the dissertation to the theory.

2.1

New product development

New product development is a process of bringing new products or services to the
market. This can involve not only the idea generation, product design and
21

engineering, but also market research and marketing analyses. Companies
typically see new product development as the first stage in generating and
commercialising new products within the overall strategic process of product lifecycle management used to maintain or grow their market share. (Ulrich and
Eppinger 2007)
New product development process can be described in a numerous different
ways and levels of detail (Ulrich and Eppinger 2007, Morgan and Liker 2006,
Cooper 2001), while influenced by changing patterns of complexity in different
NPD phases. The sources of complexity include: technological, market,
development, marketing, organisational and intra-organisational complexities
(Kim and Wilemon 2003). Typically NPD process is described as a sequential
process. Ulrich and Eppinger (1995) have presented a well-known NPD process
including five phases: concept development, system-level design, detail design,
testing and refinement, and production ramp-up. Cooper’s (2001) Stage-Gate
process is a conceptual and operational model for new product projects covering
issues from idea to launch. The Stage-Gate model is seen to break the NPD
process into a predetermined set of stages. Generally these type of models focus
on developers’ interests to verify specifications, not to adjust features to the
customers’ needs (validation) (Suikki 2007).
The development of lean NDP processes typically starts with creating efficient
processes, after which the emphasis is on shortening development times, and on
timing of different actions. According to Blog (2007) the real benefits of lean
NPD comes from creating a flow. Also, for more complex environments, it is seen
to be the functions other than production that offer relevant solutions.
Sequential product development models do not apply to products based on
discontinuous innovations in process and product technology (Suikki 2007). The
discontinuities are caused by both market and technological uncertainties. (e.g.
Magnusson and Berggren 2001, Magnusson et al. 2003). It has been stated that it
is practically impossible to predict the final product, its price, and its target
market during early product development (Lynn and Akgun 2001).
In this dissertation, the NPD process is seen to include five sequential steps of
applied research, platform development, productisation, production and aftersales (Figure 5). The relevant verification and validation activities are seen to be
integrally included in each of these five phases, not as a separate phase during the
process. The NPD process as shown in the Figure 5 is the framework when
analysing empirical material.
22

Fig. 5. The phases of NPD process.

2.1.1 NPD as a process
Creativity is challenging to manage without any structures. The purpose of a
defined NPD process is to facilitate planning, coordination, quality assurance,
management and improvement. The four main types of product development
projects include new product platforms, derivates of existing product platforms,
incremental improvements to existing products, and fundamentally new products.
(Ulrich and Eppinger 2003). There are different ways to classify product
development projects, as for example Cooper (2001) categorises them into
platform, development, new product development projects and fundamental
research projects. Nevertheless, all of the above mentioned project types follow a
similar process, even if the difficulty, newness or uncertainty differs.
Ulrich and Eppinger (2003) define product development as the set of
activities starting with the perception of market opportunity and ending with
production, sale and the delivery of a product. There are many ways product
development is described in the literature, sequential manner being one (Figure 6)
of them.
Planning

Concept
development

System-level
design

Detail design

Testing and
refinement

Production
ramp-up

Fig. 6. Product development process (Ulrich & Eppinger 2003).

Another process model found in the literature is Cooper’s (2001) Stage-gate
model (Figure 7). The process is designed for managing the product innovation
process to improve effectiveness and efficiency. The process is broken into
predetermined set of stages, each stage consisting of a set of predescribed, crossfunctional, and parallel activities. Each gate controls the process and is seen as
go/kill point for the process. The criteria for go/kill at each stage are either
qualitative or financial. The decisions are made by gate keepers, often senior
personnel. (Cooper 2001). Verification and validation are seen as fairly late
activities in this model, stage four, and not as an integrated activity.
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Fig. 7. Stage-Gate Modeld (Cooper 2001).

Another way to view product development process is the development funnel
(Figure 8) (Wheelwright and Clark 1992). The aim of any product development
process is seen to be to take an idea from concept to reality by converging to a
specific product that can meet a market need in an economic form that can be
manufactured. The overall development is seen to start with a broad range of
inputs and gradually refines and selects among them, creating a handful of formal
development projects that can be pushed to rapid completion and introduction.
Challenges with this model include widening the mouth in the sense of widening
the knowledge base for new products and ideas, narrowing the funnel’s neck in
focusing resources into most attractive opportunities, and finally to carry out the
objectives set when a project was approved. (Wheelwright and Clark 1992).
Numerous different models exist at different levels of abstraction. System
development models are one way of viewing development process, a traditional
way of also including verification and validation activities. Chapter 2.2 discusses
these models in more detail.
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Shipping
products

Investigations

Fig. 8. Development funnel (Wheelwright & Clark 1992).

2.1.2 Integrated product development
In today’s business environment, the occurrence of product development is more
frequent as product life is shorter and more new products are available. In this
type of changing complex environment, companies seek integrative structural
mechanisms. Product development is characterised by the use of different
methods, including heavyweight product development managers, concurrent
engineering, and data systems among other methods. (Koufteros et al. 2002).
Rothwell (1994) discusses the developments that have led to integrated
product development, highlighting integration, flexibility, networking and parallel
information processing as the key process aspects for fifth generation (since mid
1990s -), while integration, parallel development and early supplier development
are seen as central aspects of fourth generation (until mid 1990s). The importance
of getting it right the first time is seen as a requirement for product development
and quality, which is seen to be supported by increased understanding of the
process. Integrated product development is seen to create an interaction and
overlap between NPD process activities and is an interrelated whole of activities,
instead a set of unconnected ones (Gerwin and Barrowman 2002). The literature
discusses these interrelated activities (e.g. Birou and Fawcett 1994, Koufteros et
al. 2002, Nellore and Balachandra 2001). Rainey (2005) even pointing out
verification and validation when highlighting the significance of integrated
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product development, but the literature does not specifically discuss the benefits
obtainable through these activities.
2.1.3 Product development success
Criteria for product development success can be divided at least into three
categories (1) time & cost, (2) output vs. needs, and (3) value created. Product
development process should be effective in terms of time and cost. Time-tomarket is important due to global development and rapid technological
developments, for example in high-tech product development, a six months delay
can result in 33 percent loss in product revenue share (Gray and Larson 2005).
Time and cost are also seen important to be predictable and a project should
deliver the required output within budget and on time (PMI 2004). Delays and
mistakes are vital to be eliminated as they are costly (Krajewski et al. 2007). The
output of a product development process is compared to the requirements set for
the deliverable. The validity of requirements and correspondence to specifications
are potential measures for assessing the output. (Gilb and Brodie 2005). Product
development process should create value (Emden et al. 2006, Lewis 2001). The
aim is to convert assets, both tangible and intangible, into something of economic
value (Kaplan and Norton 2004). However, success is difficult to measure due to
its multifaceted nature and no single measure is adequate for every product
development project (Griffin & Page 1996).
Numerous writings can be found in the literature discussing product
development success. According to Griffin & Page (1993) academics tend to
investigate product development performance at the company level, whereas
managers measure individual product success. Also, different aspects, such as
project management, supplier relationship management, and collaborative R&D
offer slightly different views on success factors. Adequate enough and early
product definition is one of the NPD success factors (Cooper 2001) this includes
requirements specification (Cooper et al. 1999). Effective change management
enhances organisational performance (Locke 2000), including that of product
development. Criteria for change decisions in product development are also
important (Steffens et al. 2007). Clearly allocated roles and responsibilities are
seen as factors vital for product development success (Parker 2000). Also,
managing relationships and collaboration in product development between client
and suppliers is becoming increasingly important (Wognum et al. 2002).
Communication is a prerequisite for project success, but has been mentioned to be
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both a success factor and a reason for failure (Gray and Larson 2005, Cormican
and O’Sullivan). Conflict management is another essential factor for NPD, as it
has been shown that conflict is negatively correlated with the success (Lam et al.
2007). In addition, risks are inherent to any new product development projects,
making risk management important as it is impossible to avoid them (Cooper
2001, Gray and Larson 2005). Successful NPD requires adequate available
resources including people, materials, equipment and working capital, but more
importantly, the focus must be on the right projects (Cooper 2001). Each of these
areas of management is important for NPD success and could be discussed in
more detail.
2.1.4 Toyota NPD
Toyota has succeeded in the highly competitive automotive business. Quality and
efficient production have been the cornerstones in Toyota’s success, but to an ever
greater extent, also successful product development has greatly contributed to
their achievements. Numerous authors have studied Toyota and its NPD (Morgan
and Liker 2006, Hines et al. 2006, Kamath and Liker 1994, Ward et al. 1995,
Vassilakis 1998, Sobek et al. 1999, Liker 2004, Hong et al. 2004), making
Toyota’s NPD (TNPD) well documented. Toyota's development process is among
the fastest in their industry, even though it is said to look expensive, clumsy and
inefficient (e.g. Radeka 2007, Ward et al. 1995, Vassilakis 1998, Oakley 1997).
These are the motivations why Toyota related literature is a potential source for
ideas when discussing NPD process.
Higher customer orientation, new product team proficiency, and crossfunctional integration have been identified as the enablers for success in TNPD.
This success is seen to result from focusing efforts on these key areas rather than
across a diffused set of factors. (Im et al. 2003, Ibusuki and Kaminski 2007,
Brown and Maylor 2003).
TNPD is seen to be managed as a system, where the key aspects include
harmony of different mechanisms, and knowledge being shared across projects
(Haque and James-Moore 2004, Chow et al. 2007, Dyer and Nobeoka 2000).
Other factors identified as important for Toyota’s NPD system include delayed
decision making, knowledge management, and set-based concurrent engineering
(SBCE) (e.g. Hines et al. 2006, Appleton and Short 2008, Liker 2004, Sobek et al.
1999, Ward et al. 1995, Kamath and Liker 1994, Morgan and Liker 2006).
27

The set-based approach used by Toyota that intentionally delays alternative
selection is explained as a real options approach to product development
management (Ford and Sobek 2005, Yang et al. 2004). The real options in this
case include the ownership, the value source, complexity, and the availability of
an option. Set-based concurrent engineering includes different actors working on
rough-cut designs within defined frames or envelopes, that they have means to
work. This type of approach aids to avoid over-the-wall designs, where different
departments do not sufficiently support the realities of other phases facing the
design later during the process (Hines et al. 2006).
There are some indications of Toyota employees being involved in learning
practices, representing a good strategy for managing continuous change that is
necessary for successful new product introductions. (Chang and Cho 2008, Fuchs
2007).
TNPD has been said to include: 1) processes, 2) people, and 3) tools and
technology, which are seen to interrelate and to be interdependent (Morgan and
Liker 2006).
2.1.5 Verification and validation in product development
Verification is widely understood as a method to prove compliance with
specifications, while the aim of validation is to prove that the user is satisfied.
V&V methods include testing, inspection, demonstration, comparison, assessment,
review and analysis (e.g. Mooz et al. 2003, Stevens et al. 2000). However, the
term testing is often utilised broadly to cover both verification and validation.
Verification and validation consider a variety of issues during product
development, covering hardware (HW), software (SW) and embedded systems
with HW and SW integrated.
Hardware testing is strongly influenced by the size of electronic components,
which have been reducing, based on the well-known Moore’s Law (Moore 1965,
Moore 1998). The number of components within electronic products has
simultaneously increased, making testing and managing of components difficult.
Products also have an increasing number of features, creating another aspect for
testing. The power consumption through the number of different components has
set requirements for batteries causing thermal challenges. High frequency
elements used in the wireless applications, in particular, have created phenomena,
which are difficult to model mathematically, creating a need for practical
experimenting (Li and Kececioglu 2006, Goh et al. 2006). As a consequence, a
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physical object is generally tested at component, board, and system levels. As a
consequence, HW testing is a multifaceted issue (e.g. Abramovici et al. 1990,
Gizopoulos 2006).
A great proportion of the functionalities in today’s products are achieved
through software, increasing the need for software testing. Software development
has a profound impact on product design, construction and testing (e.g. Hersleb
and Moitra 2001, Andersson and Runeson 2002). Problems with software quality
have been attempted to address by using different approaches at different times
(Whittaker and Voas 2002). Nevertheless, testing software code and modules
increasingly takes a significant portion of any product development efforts.
Verification and validation activities are challenging, not least if HW and SW
are considered together. Design, verification and testability are among the main
challenges of the ICT industry, including both electronics HW and SW (Neuvo
2004). Good testability design means that there will be more work in software and
hardware development. When HW and SW are discussed together, the literature
often considers them as embedded systems, which means that the code is stored
with the system, typically without hard discs, where adding additional code
dynamically is often an exception (e.g. Marwedel 2006).
2.2

System development models

System development models enable understanding intangible complex systems.
System development models are a traditional way of approaching verification and
validation activities. These models can aid in defining specifications for a product
and aid in managing and coordinating development activities. System
development models are typically created for software development, but can also
be applied in development projects that include hardware and mechanics. (e.g.
Pressman 2004). Typical system development models include:
Ad-hoc development is a natural way of carrying out development activities
without structured models or processes. The ad-hoc approach results in
continuous fire-fighting mode and a series of crisis, making development nonpredictable and difficult to manage. This type of development approach is
strongly dependent on individual competences. (e.g. Curtis et al. 2002, Avison
and Fitzgerald 2003).
Waterfall model is one of the oldest development models created to tackle the
problems of ad-hoc development. This model, useful also for hardware
development, is sequential in its approach, meaning that previous activity must be
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completed before the next one can be started. The waterfall model does not suit
environments with changing requirements, but is easy to understand and manage.
(e.g. Boehm 1988, Cusumano and Smith 1997, Mooz et al. 2003).
Iterative development models enable faster development and greater
flexibility. Development projects are divided into smaller items (iterations or
smaller waterfalls). Each smaller waterfall consists of common development
activities, such as analysis, design, implementation and verification. Iterative
development models increase the need for rework due to changes made during
iterations. Also, the need for coordination and validation increases. (e.g. Larman
2004, Unger and Eppinger 2002, Larman and Basili 2003).
Incremental development model is a combination of sequential and
prototyping models, where a functional prototype is created in each increment.
The created prototypes are developed further, based on validations. There can be
some overlapping between the developed increments, however, the development
of an increment (a version of the prototype) is sequential. (e.g. Pressman 2004,
Larman and Basili 2003).
Prototyping models can be divided into evolutionary and exploratory
development models. Evolutionary prototyping, also used for incremental
development, aims at fast product development through building a simplified
version of the product that can be validated. This type of model is beneficial when
customer requirements are not well-known before development. Prototype
revision, validation and verification cycles are continued until satisfying customer
needs. The challenge is to deal with potentially unrealistic or false customer
expectations. The exploratory prototyping model may be beneficial in uncertain
environments when it is difficult to set any requirements and/or the system is very
complicated. Exploratory prototyping can be utilised to obtain information about
possibilities. (e.g. Pressman 2004, Carter et al. 2001, Kyng 1985, Gorden and
Bieman 1995).
Reuse model utilises existing modules and components for building systems.
This type of model suits development environments with products that can use
stable and re-usable components. Components and modules are typically verified
when initially developed and therefore, only the integrated product/system needs
to be verified. The challenge with this type of model is often a complex practical
implementation and a high number of dependencies. (Cusumano and Smith 1997,
Basili 1990).
Extreme programming is an iterative and agile development model with short,
even weekly iterations. Exploratory approaches are utilised in the beginning to
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obtain the foundation for product requirements. Customer involvement is critical
in extreme programming. Short code/test cycles are utilised to meet the 100 %
pass criteria for unit tests, typical for this type of development. (e.g. Pressman
2004, Jeffries 2000).
Spiral model was developed to include elements from waterfall and
prototyping models with added risk assessment elements. In this type
development model, prototypes are developed until meeting a desired risk level
by utilising customer feedback. Each version of the prototype utilises the
principles of the waterfall model. The spiral model is cyclic, each cycle of the
spiral starting with defining the objective for the developed prototype. Only the
operational prototype is verified in this model, late to the development. (Boehm
1988).
V-model has been named based on its letter V-shape, where the left hand side
describes requirements definition, starting from system level down to detailed
components, materials and code. The right hand side represents the
implementation, integration and verification (some of the versions also validation).
This type of model is commonly used in hardware and software development.
The challenges of this model include creating correct requirements and
requirements management in general. Different evolutionary versions of the Vmodel have been created with varying success. (e.g. Mooz et al. 2003, Forsberg
and Mooz 1992, Antila 2006).
W-model has been developed from the V-model to highlight verification
aspects. Many of the system development models leading to late error detection
and correction efforts, V-model being a slight improvement, the W-model
attempts to include verification early. Regardless of the W-model not including
validation, it does see verification as a vital element of the development process.
(e.g. Spillner et al. 2002).
Regardless of a number of system development models existing and new
ones being developed constantly, perfect models do not exist. Some models may
suit a particular purpose, or an environment, better than others, and a model may
be better suited for different phase of development than another. Requirements
and the environment, especially in the current ICT industry, tend to change. As a
consequence, the chosen model must acknowledge the changing requirements.
The main benefit of these models is that they enable visualising and hence aid
managing and coordinating development activities. In practice, the way the
system models see verification is mainly as an error detection activity, while the
acknowledgement of validation is almost non-existent. The traditional models see
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verification as a late activity, while extreme programming, V-model and W-model
make a reasonable effort to integrate verification activities to early development
work.
2.3

Maturity

Process improvement can be measured by utilising various types of maturity
models. Processes cannot be improved before they are well understood, or it will
be very difficult (e.g. Daghfous 2007). Examples of maturity models include, the
Capability Maturity Model Integration (CMMI) (e.g. CMU/SEI 2006, Lee and
Chang 2006), and its application specific variants such as the ones for testing and
V&V (e.g. Burnstein 1996, Ham et al. 2001, Tiku et al. 2007, Farooq & Dumke
2007a, Farooq & Dumke 2007b). These frameworks have been considered as an
approach for implementing a management viewpoint and have a great potential to
be used as a guiding tool for managing V&V activities. Typically, maturity is
categorised into five levels: (1) initial, (2) repeatable, (3) defined, (4) managed
and aligned, and (5) optimising.
Even though maturity models allow identifying priorities for improvement
and enable assessing organisational maturity, maximising their potential may
require utilising some supporting techniques. Knowledge management (KM) and
CMMI to are seen to be supporting, and dependent of each other (Dayan & Evans
2006). KM and CMMI both use different approach to achieving competitive
advantage, but may together make the organisation more efficient. In addition,
maturity models can effectively support and address knowledge management and
learning (Bellini & Lo Storto 2006). Additionally, KM is an important systemic
function for modern ICT organisation for improving organisational performance,
however there are some deficiencies in understanding and guidance of KM within
organisations (e.g. Wei et al. 2006, Lin & Kuo 2007, El-Korany 2007). Focusing
on processes is not enough to guarantee the required effectiveness, but
organisations must ensure they also have functional measurement and
management systems in place. (Tan & Hung 2006).
Capability maturity models incorporate the essential elements of effective
processes for diverse applications. For example, the SW-CMM has become a de
facto standard for assessing and improving software processes (e.g. Leung et al.
2007). The CMMI was developed to provide an enterprise-wide framework for
improving and evaluating capability maturity across both software and systems
engineering. The purpose of CMMI is to provide guidance for improving
32

organisations’ processes and their ability to manage important functions (e.g.
Dayan & Evans 2006). Nevertheless, CMMI does not cover all the relevant
activities for different practitioners, or explicitly address issues specific to their
main functions (see e.g. Beecham et al. 2005a, Beecham et al. 2005b, McCaffery
& Coleman 2007). Testing Maturity Model (TMM) (Burnstein 1996) and
Verification Validation Maturity Model (V2M2) (Ham et al. 2001, Jacobs &
Trienekens 2002) have been developed to address the needs of testing and
verification and validation.
According to Burnstein (1996), TMM was developed for the purpose of
guiding the software testing process. Nevertheless, Jacobs & Trienekens (2002)
see TMM to overlook the fact that improvement actions at higher levels cannot be
carried out without considering the organisational aspects. Verification and
validation maturity model (V2M2) (e.g. Ham et al. 2001, Farooq & Dumke 2007,
Jacobs & Trienekens 2002) is a comprehensive model that has potential, because
V2M2 is not geared towards any specific type of business, such as software
engineering. As a consequence, the verification validation maturity model allows
a wider scope for V&V process assessment. V2M2 model also has CMMI-like
structure, allowing better compatibility with any enterprise-wide maturity
assessments. In addition, V2M2 also takes the organisational aspects into
consideration at higher levels.
According to Engel & Last (2007), the vast majority of industrial
organisations spend considerable resources to promote product quality by using
sub-optimal verification, validation and testing. Should a company improve its
performance on the scale of a maturity model by one level, it is seen to
significantly reduce the share of development budget spent on fixing errors (e.g.
Houston & Keats 1998, Engel & Last 2007).
In this dissertation, V2M2 maturity levels and process areas are combined
into a single matrix outlining the core of the verification validation maturity
model (see Table 6 in chapter 3.2). The information is combined into this matrix
by utilising publicly available sources (Ham et al. 2001, Jacobs & Trienekens
2002) to have a practical tool for assessing V&V maturity. This is done as
according to Whittaker & Voas (2002), the maturity models are typically not
attractive to be used as tools for analysis as they tend to be overly complicated
and difficult to perceive without taking substantial amount of time to obtain the
required understanding.
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3

Research contribution

This chapter presents the individual research contributions of the research papers.
Individual research questions have been answered via individual research articles.
Each research article contains relevant literature reviews and practical
implications obtained through qualitative interviews.
3.1 Managing testing activities in telecommunications: A case
study
This paper discusses the management of testing as part of new product
development chain. The paper describes the current status of testing management
in telecommunication companies. Current challenge and success factors for
testing activities are presented.
The study indicated that testing know-how and competence is not at the best
possible level. The interviews indicated that the success of changes depends on
difficult-to-control cultural factors, such as on employees’ willingness or
resistance towards intended changes. Testing can be seen as a shared function,
incorporating separate units into one single entity, thereby the challenges related
to the organisation must be addressed also in a testing context. Legacy methods,
processes and designs should be analysed critically. There are certainly many
good practices existing, but changing conditions involve ongoing improvements.
Often small, gradual changes are the best way forward, and re-engineering should
be kept for crisis situations. Table 4 summarises testing challenge factors
identified in the article.
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Table 4. Testing challenge factors identified.
Testing challenge factors

Sub-factors

Legacy findings

Legacy designs
Legacy processes
Legacy methods

Organisation

Dispersed sites
Different backgrounds
Deficient test management
Separate projects
Dependence on individuals
Multi/Cross-functionality

Culture

Readiness for change vs. resistance for change
Mutual understanding

Know-how

Best practices/competence
Methods and techniques
Metrics and indicators
Quality and risk level
Suitable data

Operational environment

Fast technology change
Fast growth --> mature phase
Increasing complexity of the products (technical/features)
Short-term objectives

Table 5 summarises success factors relating to testing identified by studied
telecom companies. Testing issues are currently understood differently in different
parts of organisations and therefore integration of organisational entities is a vital
success factor. This article raises the need for rationalising testing activities at
different levels. Separate units with similar tasks often employ different tools and
methods, requiring multiple efforts to maintain and become familiar with, while
also preventing interoperability of the deliverables and preventing the exchange
of views on testing methods and tools.
Currently testing activities are managed dispersedly, even though the
significance of these activities has increased. The article points out the importance
of coordinating these aspects and communicating the benefits, possibilities, and
feasibility of any proposed improvements. Sufficient communication and
information management at different levels is a key factor in overcoming the sub36

optimisation of testing. Change management is also required in order to integrate,
harmonise, and align testing operations across entire organisations and to ensure
complete implementation of the assigned improvements and changes.
Table 5. Testing success factors.
Testing success factors

Sub-factors

Change management

New mindset
Implementation of changes
Adherence to changes

Communication and information

Objective/goals

management
Metric/indicators
Data gathering
Reporting
Leadership

Responsibility
Ownership
Commitment
Rewarding of achievements

Rationalisation

Common methods, techniques, and automation
Resources
Processes
Product architecture (SW/ HW platforms)
Systematic practices

Integration/Alignment

Discrete testing life-cycles
Testing policy
Testing technologies
Metrics - balanced scorecard

The article proves that current management of testing activities is not at an
adequate level. Currently these activities are not structured and managed as a
unite entity throughout the product process. Testing activities are typically suboptimised, causing inefficiency, overlapping and a waste of resources. Testing as a
function is lacking behind other business functions and not enough management
attention is being paid on these activities. In addition, the individual
responsibilities are not clear and the importance of these functions is not generally
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understood properly. Testing is strongly compartmentalised and is often seen as
software and hardware testing and verification & validation. Better management
appreciation and general understanding over the importance of testing activities
are the single most important improvement factors.
3.2

Maturity of verification and validation in ICT companies

This article utilises a V&V specific maturity model, the verification validation
maturity model (V2M2), for scrutinising the maturity of V&V activities. A simple
and tangible matrix was constructed to aid analysis. The analysis was conducted
for different phases of NPD chain, from applied research to after-sales, in order to
assess the level of current practices in more detail.
In this article, V2M2 maturity levels and process areas were combined into
the single matrix outlining the core of the verification validation maturity model
(Table 6). The information was combined into this matrix by utilising sources
publicly available (Jacobs & Trienekens 2002, Ham et al. 2001) to have a
practical enough tool for assessing the maturity of V&V.
The V&V maturity was analysed in companies involved in telecom. Each
NPD phase was first studied separately, after which the entire NPD chain was
considered. The V&V maturity was found to be the highest in production. The
maturity of V&V activities in the other NPD phases are lower and therefore
preventing production from rising to a higher level. This article confirms the
findings of previous studies, indicating late emphasis of V&V. Reaching a higher
maturity level requires the entire NPD chain to improve their V&V maturity.
Figure 9 presents the maturity levels in each NPD phase of telecommunications
industry.
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Fig. 9. Current maturity levels in each NPD phase of telecommunications industry
(modified from Harkonen et al. 2009a).
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Table 6. Maturity level matrix – based on Metric based Verification Validation Maturity Model (V2M2).

This article points out that V&V activities are managed sub-optimally due to the
maturity of these activities not being high enough throughout the NPD chain. It is
not possible to consider V&V in an all-inclusive manner before the organisational
alignment is taken care of and the activities are at the maturity level four of the
V2M2 model. Only after the V&V maturity is high enough in all the phases, the
processes can be dealt with organisation-wide. This would allow removing
overlapping and considering V&V activities earlier during NPD process.
3.3

Analysing telecom companies using the Toyota NPD model

This article analyses ways for telecom companies to improve their NPD process
and related requirements management. Toyota’s NPD (TNPD) is used as a
benchmarking tool for scrutinising the existing practices. The study clarifies the
similarities and the main differences between studied telecom companies and
TNPD practices.
Significant differences between the studied companies and Toyota could be
identified; some of these discrepancies are potential sources for improvement
ideas, for the telecom companies. The similarities and differences are summarised
in Table 7. Potential considerations for telecom include the role of chief engineer
in managing NPD, parallel development and postponed decision making, and
company-led competence development. The programme manager type solutions
typically used in telecom companies are not similarly profound for addressing
these issues as Toyota’s chief engineer.
The article showed that also the uncertainty linked to product development
may be eased by utilising parallel development and delayed decision making
similar to Toyota’s set-based development. Nevertheless, parallel development
and delayed decision making, do not necessarily fit all the companies, but are
worth a consideration.
Personnel competencies are considered important in all the interviewed
companies. However, the individual employees often seem to be themselves
responsible for the development of these competences. Systematic competence
development and career planning are company driven at Toyota.
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Table 7. Main similarities and differences between Toyota and the current state in the
interviewed telecom companies.
Similarities

Differences

Identifying customer needs is emphasised

Lean principles are not followed widely in telecom

Front loading NPD through platform based

Multiple options and technologies are

development

only considered in larger companies

The importance of removing overlapping work

Inadequate understanding of the requirements set by

is identified

internal customers is a challenge

Standardising technology is a strong point

Standardising processes, but especially people skill-set
lesser

Programme management leads the

A person similar to Toyota’s Chief Engineer does not

development

exist

Large companies do balance functional

Small companies do not especially

expertise and cross-functional integration

consider the organisational structure

Technical know-how is acknowledged

Competence development directed by individuals, not

fundamental

the company

Common databases with suppliers are utilised Supplier integration could be stronger, and the interface
for information exchange

between supplier and the client more vacillating

Strive to learn from previous faults

Practices for transferring tacit knowledge have room for

Strive for excellence

Continuous improvement not systematic

At best procuring technology is pull-based

Time constraints and lack of resources

improvement

leading to inadequate consideration of the
appropriateness of procured technology
Need for rationalising information is

Need for simple visual communication not profoundly

acknowledged. Strive for personal feedback.

acknowledged.

Knowledge is accumulated and stored into

No adequate consideration of the real needs for stored

databases

data

This article shows that the TNPD model is a suitable source for ideas for large
infrastructure and gadget suppliers of the telecom sector. Smaller companies, and
service providers, can probably utilise the model better indirectly. This is for
understanding their customers, and other important players in their field, and
directly only in selected issues, such as delayed decision making or simple visual
communication.
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3.4 Parallel product alternatives and verification & validation
activities
This article showed that companies tend to freeze their technological solutions as
early as possible leading to costly rework during the late product development. If
the early decisions prove wrong, significant costs are created in the form of
delayed development and wasted resources. Companies should also consider
possibilities of using parallel development. The companies studied in this article
already utilise platforms and roadmapping, the majority uses project portfolio
approach, but only the largest and most successful apply parallel development in
a systematic way.
One of the key findings of this article is that industrial managers should strive
for shifting the emphasis of V&V activities to the earlier phases of the NPD chain
(see Figure 10). Additionally, the share of simulation and modelling should be
highlighted in early NPD. The current emphasis of V&V is at the end of late
product development and in production, not in the early product development
where V&V would be more effective as more information can be gathered.

Relative
V&V

Research

Early Product
Development

Late Product
Development

Production

Fig. 10. Relative efforts of V&V activities and desired development directions
(modified from Harkonen et al. 2009b).

The article highlights how the focus on product development can be shifted to
earlier phases by utilising different means. Parallel development is one way to
increase relevant understanding during the early NPD and thus reduce the need of
rework. In addition, the emphasis of V&V can be shifted to earlier phases. The
V&V mode should be different in different parts of the NPD chain, set-based in
the beginning and pass/fail towards the end.
43

Modularisation shifts testing to earlier phases, when testing is considered in
the scope of the entire product, and allows product variants and a degree of
flexibility. Simulation on its behalf allows anticipating possible issues early.
3.5

Research contribution summary

Table 8 summarises the research contributions of the individual articles.
Table 8. Summary of research contribution.
RQ#

Data

Method

Results

RQ1

22 interviews in

Qualitative interviews

Indentified challenges of testing in ICT companies

5 companies

Inductive reasoning

Indentified success factors of testing in ICT companies

20 interviews in

Qualitative interviews

Deeper information of the status of V&V activities in

7 companies

Inductive reasoning

ICT companies

RQ2

Matrix tools for V&V maturity analyses
V&V maturity analysis of ICT companies
RQ3

RQ4

53 interviews in

Qualitative interviews

Benchmark between ICT companies and Toyota

11 companies

Comparative analysis

Potential development ideas for the development of

Inductive reasoning

NPD processes

48 interviews in

Qualitative interviews

Identifies method how emphasis of V&V could be

11 companies

Inductive reasoning

shifted earlier in NPD

The article 1 proves that current management of testing activities is not at an
adequate level. Currently these activities are not structured and managed as a
unite entity throughout the NPD process. Testing activities are typically suboptimised, causing inefficiency, overlapping and waste of resources. In article 2
the current state of V&V activities was analysed more thoroughly by using a
maturity model as an analysis tool. This article proves that V&V activities are
managed sub-optimally due to the maturity of these activities not being high
enough throughout the NPD chain. In article 3 new development ideas outside
ICT were attempted to identify by benchmarking NPD activities against those of
Toyota. The article 4 attempts to clarify ways for shifting the emphasis of V&V
activities to earlier NPD phases. This was due to the article one already
highlighting needs for the emphasis shift. The article 4 highlights how the focus
on product development can be shifted to earlier phases by utilising different
means, such as parallel development and modularisation. However, the
reasonable balance of these activities is even more important than aim to always
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to shift resources to early stages. V&V activities in different NPD phases should
be compatible to avoid any unnecessary inefficiency.
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4

Discussion

4.1

Theoretical implications

In this dissertation the research problem is approached from four complementary
perspectives – current challenges and success factors (article 1), V&V maturity in
different NPD phases (article 2), benchmarking automotive sector (article 3), and
shifting the emphasis of NPD efforts (article 4). Table 9 summarises the theoretical
implications of the four articles and how they reflect the chosen perspectives.
Table 9. Summary of theoretical implications.
RQ#
RQ1

Research question

Theoretical implications

What are the challenges and success

- Documenting V&V challenges

factors of V&V activities?

- Documenting success factors and potential

Article #
I

solutions
- Economic impact of test coverage
RQ2

What is the maturity of V&V activities in

- Development of a V&V maturity analysis

different phases of the NPD chain?

template

II

- Documenting V&V maturity in different NPD
phases
RQ3

What are the similarities and differences - Documenting an example on cross business
between NPD practices in ICT

sector benchmark for NPD and V&V activities

companies and Toyota?

- Documenting similarities and differences in

III

NPD practices
RQ4

How can the emphasis of NPD efforts be - Documenting different methods to shift NPD
shifted to earlier phases?

IV

emphasis

Current challenges and success factors: This article examines ways of managing
testing more efficiently and effectively. This article analyses the application of
different models, a testing optimisation model and a V2M2 (Verification
Validation Maturity Model) model, for managing the value of testing. This article
complements the studies by previous authors (e.g. Andersson & Runeson 2002,
Perttula 2007) by analysing V&V activities separately in different NPD phases. In
addition, this article clarifies the economic impact of test coverage.
V&V maturity in different NPD phases: In this article, a tangible matrix was
derived to enable assessing V&V maturity. This article clarifies the maturity of
V&V activities in different phases of NPD chain in ICT companies. Both the
developed matrix and the results obtained through its application are new to the
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literature in the V&V context. This study complements the previous studies
creating maturity models and discussing the nature of these models (e.g. Jacobs &
Trienekens 2002, Ham et al. 2001, Burnstein 1996) by providing a practical
assessment in the ICT NPD environment.
Benchmarking automotive sector: This article clarifies the similarities and the
main differences between ICT companies and NPD practices at Toyota. In
addition the interrelation of requirements management and V&V is clarified.
Utilisation of Toyota benchmark for analysing NPD process in the ICT sector
with a V&V emphasis is new to the literature.
Shifting the emphasis of NPD efforts: This article describes how ICT
companies can shift the emphasis of V&V activities towards earlier NPD phases.
Modularisation and utilisation of platforms also enable the emphasis shift. In
addition, the article presents an example on how developing parallel alternatives
during early NPD can aid in this. The newness of this article to the literature is
combining different type of approaches for shifting the NPD emphasis.
This research as a whole provides better understanding for ICT companies on
how to make their product development more efficient and effective. Verification
and validation, when optimally utilised, can increase understanding over the state
of product development. Optimisation of the NPD process and V&V activities has
a direct impact to time-to-market, cost reduction and product quality. This
dissertation gives a comprehensive description for balancing V&V efforts during
NPD process.
The previous literature on V&V discusses different sub-areas separately and
often purely from a technical viewpoint (e.g. Abramovici et al. 1990, Marwedel
2006, Gizopoulos 2006, Myers et al. 2004). NPD process development is also
covered in the literature, but is done without an adequate connection to V&V
activities (e.g. Pressman 2004, Ulrich and Eppinger 2007, Cooper 2001). This
dissertation views V&V more comprehensively from the perspective of NPD
process, providing a new angle for the literature.
4.2

Managerial implications

The purpose of this dissertation is to find perspectives for ICT companies to
improve their new product development process in order to react to the challenges
of verification and validation activities. This purpose is addressed through the
four individual research articles.
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Article 1 (“Managing testing activities in telecommunications: A case study”)
examines ways of managing testing more efficiently and effectively. The article
discusses the management of testing as part of new product development chain.
Current challenge and success factors for testing activities are presented. The
current testing activities are not adequately managed over entire the product
process. Currently these activities are sub-optimised, causing overlapping,
inefficiency and waste of resources. Testing as a function is lacking behind other
business functions, and too little management attention is being paid to these
activities. Furthermore, the individual responsibilities are not clear and the
importance of these functions is not generally understood. Better management
appreciation and general understanding of the importance of testing activities are
the single most important factors for improvement, to remove the suboptimisation. This article indicates that rationalising testing activities both through
NPD process and through product life-cycles (including services) would prove
beneficial for the overall business.
Article 2 (“Maturity of verification and validation in ICT companies”)
examines the maturity of verification and validation (V&V) activities in the different
phases of new product development (NPD) chain. V&V activities have become a
very important factor for new product development in ICT. However, V&V is
managed sub-optimally in the NPD chain, and the overall coordination is
deficient. Also, the emphasis of these activities is often too late in the
development chain.
Maturity models can help in understanding V&V through the NPD process,
and the prevailing practices better. These models provide the management with
tangible indicators for their process improvement efforts. The matrix developed,
is a concrete way to share knowledge within an organisation, over an issue that is
challenging to perceive initially.
The reason for V&V activities being managed sub-optimally is the fact that
the maturity of these activities has not been high enough throughout the NPD
chain. It is not possible to consider V&V comprehensively before the
“organisational alignment” is taken care of and the activities are at the maturity
level four of V2M2. Once the V&V maturity is high enough in all the phases, the
processes can be dealt with organisation-wide. Only this will truly allow the early
consideration of V&V activities, and remove overlapping.
Maturity level being high means that an organisation is capable of reacting
rapidly to external changes. This type of agility has been brought up strongly,
especially with software related projects. At the level three, V2M2 model has the
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purpose of embedding V&V into the development chain, which will help with the
capability to react. However, this cannot be accomplished fully unless the V&V
activities are at least at level four maturity. This includes developing V&V related
competencies continuously.
Article 3 (“Analysing telecom companies using the Toyota NPD model”)
clarifies the similarities and the main differences between interviewed ICT
companies and NPD practices at Toyota. In order to maintain their
competitiveness, companies are constantly renewing themselves. Successful, and
efficient, product development is one of the key functions. Companies require
fresh ideas for renewal, also from the outside world. The automotive industry has
been a large volume, competitive business sector. The business volume of the
telecommunications sector has been much smaller, but has recently experienced
an enormous growth.
Managing requirements has become a bottleneck for product development in
the ICT sector. According to the article, the format and flow of information are
deficient. The vast amount of data is not analysed, the relevant information has
not been identified and tailored for each employee, in a simple, visual manner.
This is influenced by the internal customers not being adequately acknowledged.
Toyota has addressed its cross-functional integration with e.g. chief engineer
arrangement that eases the information flow and better serves internal customers.
The CEs are experienced and highly respected managers in contrast to similar
issues being managed by junior programme managers in telecom. The processes
and the principles of TNPD all have a common goal of shifting the emphasis to
earlier NPD stages.
The largest and most advanced companies are already applying similar
principles as Toyota to some degree, even though they are not necessarily aware
of the model. It might be worthwhile for companies to analyse the applicability
of this type of philosophy more systematically. Based on the analysis in this
article, it seems that the TNPD model is a suitable source for ideas for large
infrastructure and gadget suppliers. Noteworthy is that TNPD is not a
straightforward action plan and its principles are strongly interdependent, making
it laborious to apply.
Article 4 (“Parallel product alternatives and verification & validation
activities”) analyses methods that ICT companies can utilise for shifting the
emphasis of NPD process. The tendency of companies to freeze their technological
solutions as early as possible leads to a great technological uncertainty, and thus is a
challenge for managers. Should these decisions prove wrong, significant costs are
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created in the form of wasted resources and delayed development. Managers in all
enterprises should strive for shifting the emphasis of V&V activities to the earlier
phases of the NPD chain, especially, while the current emphasis of V&V is at the
end of late product development, and in production, not in the early product
development, where V&V would be most effective.
Developing parallel technological solutions simultaneously during early NPD
and utilisation of modular product structures are means to shift the NPD emphasis.
Also, the consideration of the V&V mode in different NPD phases is an important
aspect and the set-based V&V should be emphasised during early NPD.
The summary of managerial implications of each article is presented in table 10.
Table 10. Summary of managerial implications.
RQ#
RQ1

Research question

Managerial implications

What are the challenges and success

- Learning from the challenges and success

factors of V&V activities?

factors identified by managers of other

Article #
I

companies
RQ2

What is the maturity of V&V activities in

- Understanding on V&V maturity in different

different phases of the NPD chain?

NPD phases

II

- Identification of development potential
RQ3

What are the similarities and differences - Understanding the differences between ICT
between NPD practices in ICT

and Toyota

companies and Toyota?

- Identification of development potential for

III

NPD process
RQ4

How can the emphasis of NPD efforts be - Identification of potential methods to shift the
shifted to earlier phases?

IV

NPD emphasis
- Identification of V&V modes for different NPD
phases

The main managerial implications of this doctoral dissertation can be concluded
as a visible need to shift the emphasis of V&V activities to early NPD. These
activities should be viewed and managed over the entire NPD process. There is a
need for companies to understand the V&V maturity in different NPD phases and
develop activities based on this understanding. Verification and validation
activities must be seen as an integral element for successful NPD. Benchmarking
other sectors may enable identifying development potential for NPD process. The
automotive sector being a mature sector, has developed practices for successfully
handling of requirements during NPD. The role of V&V is different in different
NPD phases. Set-based type V&V can provide required understanding during
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early product development. Developing parallel technological alternatives and
platforms during early NPD also support shifting the emphasis toward earlier
development phases.
4.3

Reliability and validity

This research is qualitative and descriptive in nature, applying mainly inductive
reasoning. Four tests are commonly used to establish the quality of any empirical
social research (Yin 2003):
–
–
–
–

Construct validity
Internal validity
External validity
Reliability.

To meet the test of construct validity, a researcher must be sure to cover two
steps: (1) select the specific types of issues that are to be studied and (2)
demonstrate that the selected measures on these issues actually reflect the specific
types of issues that have been selected. (Yin 2003). The main source for empirical
data has been the experienced industrial managers that have been interviewed in
the course of the dissertation process. In other words, in this research, single
interviews, workshops, and public documents have been used. The research data
have been collected in various ways that ensure the construct validity of the
research. The informants have had an opportunity to give feedback on the
research and conclusions that have been made based on the interviews. Also, the
research articles have been prepared in cooperation with other researchers to
eliminate the influence of single researcher. As a consequence, industry had a
significant role in devising the research problem and the covered topics.
Therefore, one could assume that the research topics have been relevant for the
industry, and thus increasing the validity. The research problem was studied from
four complementary perspectives, through four Journal articles. Each perspective
was reflected against existing literature. However, should different industrial
managers been interviewed when defining the research areas or should the
analysed industry be different, the results could vary to some degree. In addition,
should the combination or the number of the selected themes be different, this
could also influence the obtained results. Thus it can be claimed that another
researcher would come to similar results. The selected research questions form a
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single unity, and it can be claimed that scientific information is provided through
the combination meeting the test of construct validity.
Internal validity is a concern when a researcher attempts to determine
whether event X leads to event Y. Should the researcher incorrectly conclude that
there is a causal relationship between X and Y without knowing that a third factor,
Z, may actually have caused Y, the research design has failed to ensure internal
validity (Yin 2003). The Journal articles that are the basis of this dissertation have
undergone a thorough double-blind review process, and have been subject to
critical assesment by the scientific community. According to Airala & Pekkanen
(2002), publicity and critical assesment by the scientific community are integral
parts of any scientific research. However, should the articles be offered to a
completely different Journal, the feedback given by the reviewers could have
varied to some degree, resulting in different end result. Also, should the prior
understanding of the researcher be different, the analyses could have provided
different results. The manner that the selected articles are combined may also
have had some influence on the obtained results. Regardless of the conclusions of
each individual article being assessed by external assessors, the researcher is
responsible for making general conclusions of the combined whole. The
capabilities of the researcher may have an influence on the general conclusions.
External validity deals with the problem of knowing whether the research
findings can be generalised beyond the immediate context of the study. (Yin
2003). The material analysed in this dissertation included the views of
experienced managers from tens of different companies. The empirical data was
mainly obtained from high-tech companies operating in the Oulu region, which
could be seen to mean that the results of this research cannot be fully generalised.
However, one must note that the studied companies are advanced and
development oriented. The direct validity of the results is limited to the studied
business sector. Nevertheless, this dissertation studied different companies within
the sector and discussed the applicability of the learnings.
The objective of reliability is to establish the quality of the research. The
purpose is to ensure that other researchers can repeat research and obtain similar
results by following the described procedures. (Yin 2003). In qualitative research
the most critical aspect for reliability is the researcher (Eskola & Suoranta 1998).
Relying excessively on the researcher’s observations may lead to invalid research
findings. It is vital for the researcher to recognise his or her biases and values.
Qualitative research focuses on a few cases and aims to analyse them thoroughly.
The criteria for reliability rely on the quality, not on quantity. In addition, the
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research has been conducted at a certain time, by certain individuals, making the
research somewhat unique. The research process and methodology used for the
purpose of this dissertation are documented and described in each individual
Journal article, making it possible to repeat the research and compare the findings.
Also, the combining part of this dissertation presenting the overall conclusions
has been documented in the same manner. However, incorrect conclusions are
possible as no researcher is perfect. The reliability of this study is ensured by
accurate documentation of the research, including questionnaires, recorded &
transcribed interviews, and workshops, making it possible to audit the research
process and results afterwards.
Although, also quantitative methods could have been considered in relation to
some of the research articles, the qualitative research method is suitable for this
research. Numerous interviews, informal discussions, workshops, and public
documents provided a profound understanding of the studied issues.
4.4

Further research

Analysing V&V activities from the new product development process viewpoint
can be considered contain numerous issues. However, for practical reasons some
relevant issues have been excluded from this dissertation, potentially leaving
room for further research.
One aspect identified important during the interviews conducted during the
dissertation process is the fact that requirements do change during the NPD
process and, as a consequence requirements management has potentially a great
influence on V&V activities. System development models do not adequately
address changing requirements. Potential further research could include studying
the needs of internal and external customers in relation to requirements
management. Some of the interviewed companies utilise design for excellence
(DFX) and concurrent engineering in an attempt to improve requirements
management. A deeper analysis of V&V management and DFX could be a
potential topic for further research. Another interesting aspect for further study
could include analysing DFX methodologies from the perspective of capability
creation to clarify the type of capabilities that are simultaneously created while
improving requirements management.
Modern ICT products are complicated, offering a vast variety of features for
customers. As a consequence, it is important that product data management is
analysed in conjunction with product structure. Product life-cycle management
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must acknowledge product structures and related information from product idea
through product development, manufacturing and service to disposal.
Implications of these issues to V&V would be an interesting topic for further
study.
Another aspect potentially deserving further attention is to analyse V&V in
more depth from the product development management viewpoint by clarifying
the relationship of overall organisational maturity of a company and its
implications on verification and validation.
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5

Summary

The ICT industry has grown rapidly during the recent decades, and devices, such
as mobile phones have become basic commodities. The pace of new product
introductions has increased tremendously. In order to survive in tough global
competition companies must be able to create high-quality products that fulfil the
desires and needs of their customers. Severe competition forces companies to
reduce costs, shorten development times and production lead-times. An efficient
new product development (NPD) process is therefore a necessity. In this type of
environment effectiveness must be understood as time-to-market, quality, and
performance, while efficiency includes cost related aspects.
The workload of Verification and Validation has increased constantly in the
high technology industries. The changes in the business environment, with fast
time-to-market and demands to decrease research and development costs, have
increased the importance of efficient product creation process, including V&V.
The significance of the V&V-related know-how, and testing, is increasing in the
high tech business environment. The main motive for this research arises from the
fact that the research has been scarce on verification and validation from product
development process perspective. However, specific areas of V&V, such as HW,
SW or production testing, have been well covered.
The cost of fixing errors increases towards the field use, where the costs can
be significantly higher than in the requirements phase, which could just be fatal
for a business, considering the size of some of today’s development projects.
Changes in requirements, which are often made late in the development, cause a
need to repeat testing, causing unnecessary waste of resources. The importance of
early NPD phases is recognised, but practical solutions are scarce.
The research problem attempted to address in this dissertation is stated as
follows:
Companies in the ICT sector require perspectives on developing their new
product development process in order to react to the challenges of V&V
activities.
To be able to give a solution to the above problem, this research was approached
from complementary perspectives with four research questions, each of which is
discussed in an individual research article. The four Journal articles formed a
logical chain, which was refined during the research process. Table 11
summarises the research questions and their contributions.
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Table 11. Research questions and contributions.
RQ

Research question

RQ1

What are the challenges and success factors of - Documenting V&V challenges
V&V activities?

Implications

- Documenting success factors and potential
solutions
- Economic impact of test coverage
- Learning from the challenges and success
factors identified by managers of other
companies

RQ2

What is the maturity of V&V activities in

- Development of a V&V maturity analysis

different phases of the NPD chain?

template
- Understanding on V&V maturity in different
NPD phases
- Identification of development potential

RQ3

What are the similarities and differences

- Documenting an example on cross business

between NPD practices in ICT companies and

sector benchmark for NPD and V&V activities

Toyota?

- Understanding the differences between ICT and
Toyota
- Identification of development potential for NPD
process

RQ4

How can the emphasis of NPD efforts be

- Identification of potential methods to shift the

shifted to earlier phases?

NPD emphasis
- Identification of V&V modes for different NPD
phases

The research questions are interrelated, even though their focus is different. Each
article covers a large area and would be worth further study. However, this scope
was chosen based on initiatives by the industry. The research questions, from one
to four, cover improving product development process through verification and
validation in a versatile manner.
The main implications of this doctoral dissertation can be concluded as a
visible need to shift the emphasis of V&V activities to early NPD. These activities
should be viewed and managed over the entire NPD process. There is a need for
companies to understand the V&V maturity in different NPD phases and develop
activities based on this understanding. Verification and validation activities must
be seen as an integral element for successful NPD. Benchmarking other sectors
may enable identifying development potential for NPD process. The automotive
sector being a mature sector, has developed practices for successfully handling of
requirements during NPD. The role of V&V is different in different NPD phases.
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Set-based type V&V can provide required understanding during early product
development. Developing parallel technological alternatives and platforms during
early NPD also support shifting the emphasis toward earlier development phases.
The contributions of this research benefit ICT companies by analysing
verification and validation activities in different NPD phases. The current
maturity of V&V is assessed for distinct NPD phases. Toyota benchmark was
utilised to reflect the NPD activities of the ICT industry. Finally, considerations
are given on shifting the NPD focus. However, the reasonable balance of these
activities is even more important than aim, to always to shift resources to early
stages. V&V activities in different NPD phases should be compatible to avoid any
unnecessary inefficiency.

59

60

References
Abramovici M, Breuer, MA & Friedman, AD (1990) Digital systems testing and testable
design. NY, Computer Science Press.
Airala M & Pekkanen M (2002) Tekniikan alan vaitoskirjaopas. Espoo, Finland,
Teknillinen korkeakoulu.
Andersson C & Runeson P (2002) Verification and validation in industry - a qualitative
survey on the state of practice. Proceedings IEEE International Symposium on
Empirical Software Engineering. Nara, Japan: 37–47.
Antila J (2006) Lifetime Testability V-model. European Board Test Workshop,
Southampton, UK: 1–4.
Anttila P (2005) Ilmaisu, teos, tekeminen ja tutkiva toiminta. (in Finnish) Hamina, Finland,
Akatiimi Oy.
Appleton EA & Short TD (2008) New product development according to Hoyle: part 1 –
the analogy. Journal of Engineering Design 19(3): 285–298.
Avison DE & Fitzgerald G (2003) Where now for development methodologies?
Communications of the ACM archive 46(1): 78–82.
Basili VR (1990) Viewing maintenance as reuse-oriented software development. IEEE
Software 7(1): 19–25.
Beecham S, Hall T, Britton C, Cottee M & Rainer A (2005a) Using an expert panel to
validate a requirements process improvement model. The Journal of Systems and
Software 76(3): 251–275.
Beecham S, Hall T & Rainer A (2005b) Defining a requirements process improvement
model. Software Quality Journal 13(3): 247–279.
Bellini E & Lo Storto C (2006) The impact of software capability maturity model on
knowledge management and organisational learning: empirical findings and useful
insights. International Journal of Information Systems and Change Management 1(4):
339–373.
Belt P, Harkonen J, Mottonen M, Kess P & Haapasalo H (2008) Improving the efficiency
of verification and validation. International Journal of Services and Standards 4(2):
150–166.
Birou LM & Fawcett SE (1994) Supplier Involvement in Integrated Product Development.
International Journal of Physical Distribution & Logistics Management 24(5): 4–14.
Blanchard BS (2008) System Engineering Management. 4th Edition, Wiley.
Blog I (2007) Rethinking lean NPD: A distorted view of lean product development.
Strategic Direction 23(10): 32–34.
Boehm BW (1981) Software engineering economics. Prentice Hall.
Boehm BW (1988) A spiral model of software development and enhancement. IEEE
Computer 21(5): 61–72.
Brown S & Maylor H (2003) Strategic resonant firms, mass producers, big fish & flat
liners: a study of policies, practices & performance in innovation. Technovation 25(4):
307–319.
61

Burnstein I (1996) Developing a Testing Maturity Model. Illinois Institute of Technology.
Carter A, Anton A, Dagnino A & Williams L (2001) Evolving beyond requirements creep:
a risk-based evolutionary prototyping model. Proceedings of ISRE, Toronto, Canada:
94–101.
Chan CB, Ciubotariu V & Aagaard M (2007) Pipeline Design and Verification in Bluenose
II. Canadian Conference on Electrical and Computer Engineering: 1405–1408.
Chang DR & Cho H (2008) Organizational memory influences new product success.
Journal of Business Research 61(1): 13–23.
Chow HKH, Choy KL & Lee WB (2007) Knowledge management approach in build-toorder supply chains. Industrial Management & Data Systems 107(6): 882–919.
CMU/SEI (2006) CMMI® for Development. Version 1.2, Carnegie Mellon University,
Software Engineering Institute.
Cooper R, Wootton A & Bruce M (1999) Requirements capture as process of technologymarket integration. International Journal of Technology Management 17(6): 582–596.
Cooper RG (2001) Winning at New Products: Accelerating the Process from Idea to
Launch. 3rd edition, Perseus Publishing.
Cooper RG, Edgett SJ & Kleinschmidt EJ (2004) Benchmarking best NPD practices – III.
Research Technology Management 47(6): 43–55.
Cormican K & O’Sullivan D (2004) Auditing best practice for effective product innovation
management. Technovation 24(10): 819–829.
Cross N (2008) Engineering Design Methods: Strategies for Product Design. 4th Edition,
Wiley.
Curtis B, Hefley WE & Miller SA (2002) The People CMM: Guidelines for Improving the
Workforce. Addison-Wesley.
Cusumano M & Smith S (1997) Beyond the waterfall: Software development at Microsoft.
In Yoffie D (Ed) Competing in the Age of Digital Convergence. Boston, Harvard
Business School Press: 371–411.
Daghfous A (2007) Absorptive capacity and innovative enterprise systems: a two-level
framework. International Journal of Innovation and Learning 4(1): 60–73.
Dale BG, van der Wiele T & van Iwaarden J (2007) Managing Quality. 5th Edition, Wiley.
Davis B (1994) the Economics of Automatic Testing. London, McGraw-Hill.
Dayan R & Evans S (2006) KM your way to CMMI. Journal of Knowledge Management
10(1): 69–80.
Denzin NK & Lincoln YS (2005) Handbook of qualitative research. 3rd Edition,
Thousands Oaks, Sage Publications.
Dyer JH & Nobeoka K (2000) Creating and managing a high-performance knowledgesharing network: the Toyota case. Strategic Management 21(3): 345–367.
El-Korany A (2007) A knowledge management application in enterprises. Int. Journal of
Management and Enterprise Development 4(6): 693–702.
Emden Z, Calantone RJ & Droge C (2006) Collaborating for New Product Development:
Selecting the Partner with Maximum Potential to Create Value. Journal of Product
Innovation Management 23(4): 330–341.

62

Engel M & Last M (2007) Modeling software testing costs and risks using fuzzy logic
paradigm. The Journal of Systems & Software 9(3): 259–280.
Engelbrektsson P & Soderman M (2004) The use and perception of methods and product
representations in product development: A survey of Swedish industry. Journal of
Engineering Design 15(2): 141 - 154.
Eskola J & Suoranta J (2008) Johdatus laadulliseen tutkimukseen. (in Finnish) Tampere,
Finland, Vastapaino.
Eskola J & Suoranta J (1998) Johdatus laadulliseen tutkimukseen. (in Finnish) Tampere,
Finland Vastapaino.
Fagan M-E (1999) Design and code inspections to reduce errors in program development.
IBM Systems Journal 38(2): 182–211.
Farooq A & Dumke RR (2007a) Research directions in verification & validation process
improvement. ACM SIGSOFT Software Engineering Notes 32(4): 1–4.
Farooq A & Dumke RR (2007b) Developing and Applying a Consolidated Evaluation
Framework to Analyze Test Process Improvement Approaches. Software Process and
Product Measurement 4895: 114–128.
Ford DN & Sobek DK II (2005) Adapting real options to new product development by
modeling the second Toyota paradox. IEEE Transactions on Engineering
Management 52(2): 175–185.
Forsberg K & Mooz H (1992) The Relationship of Systems Engineering to the Project
Cycle. Engineering Management Journal 4(3): 36–43.
Fuchs B (2007) Learning from Toyota: how action learning can foster competitive
advantage in new product development (NPD). Action Learning: Research and
Practice 4(1): 25–43.
Gerwin D & Barrowman NJ (2002) An evaluation of research on integrated product
development. Management Science 48(7): 938–953.
Giannakopoulou D, Pasareanu CS & Blundell C (2008) Assume-guarantee testing for
software components. IET Software 2(6): 547–562.
Gilb T (2005) Competitive Engineering: A Handbook for Systems Engineering,
Requirements Engineering, and Software Engineering Using Planguage. ButterworthHeinemann.
Gizopoulos D (2006) Advances in Electronic Testing: Challenges and Methodologies.
Springer.
Goh TJ, Chiu C-P, Seetharamu KN, Quadir GA & Zainal ZA (2006) Test chip and
substrate design for flip chip microelectronic package thermal measurements.
Microelectronics International 23(2): 3–10.
Gorden VS & Bieman JM (1995) Rapid prototyping: lessons learned. IEEE Software 12(1):
85–95.
Gray CF & Larson EW (2005) Project management: the managerial process. 3rd edition,
New York, McGraw Hill.
Griffin A & Page AL (1993) An Interim Report on Measuring Product Development
Success and Failure. Journal of Product Innovation Management 10(4): 291–308.

63

Griffin A & Page AL (1996) PDMA success measurement project: recommended
measures for product development success and failure. Journal of Product Innovation
Management 13(6): 478–496.
Gupta A, Pawara KS & Smart P (2007) New product development in the pharmaceutical
and telecommunication industries: A comparative study. International Journal of
Production Economics 106(1): 41–60.
Jeffries R (2000) Extreme Programming Installed. Addison-Wesley.
Ham M, Jacobs J, Swinkels R & Van Veenendaal E (2001) Metric based testing maturity
model
framework
v1.1.
Cited
in
November
2006:
<http://tmitwww.tm.tue.nl/research/v2m2/>.
Haque B & James-Moore M (2004) Applying lean thinking to new product introduction.
Journal of Engineering Design 15(1): 1–31.
Harisalo R (2008) Organisaatioteoriat. (in Finnish) Tampere, Finland, University press,
University of Tampere.
Harkonen J, Belt P, Mottonen M, Kess P & Haapasalo H (2009a) Maturity of verification
and validation in ICT companies. International Journal of Innovation and Learning
6(1): 33–50.
Harkonen J, Mottonen M, Belt P & Haapasalo H (2009b) Parallel product alternatives and
verification & validation activities. International Journal of Management and
Enterprise Development 7(1): 86–97.
Harkonen J, Belt P, Mottonen M, Kess P & Haapasalo H (2009c) Analysing telecom
companies using the Toyota NPD model. International Journal of Mobile
Communications 7(5): 544–561.
Harrold MJ (2000) Testing: a roadmap. In: Proceedings of the Conference on the Future of
Software Engineering. New York, NY, USA, ACM Press: 1–10.
Hersleb JD & Moitra D (2001) Global software development. IEEE Software 18(2): 16–20.
Hines P, Francis M & Found P (2006) Towards lean product lifecycle management: A
framework for new product development. Journal of Manufacturing Technology
Management 17(7): 866–887.
Hirsjarvi S, Remes P & Sajavaara P (2008) Tutki ja kirjoita. (in Finnish) 13th-14th Edition,
Helsinki, Finland, Tammi.
Hirsjarvi S & Huttunen J (1995) Johdatus kasvatustieteeseen. 4th Edition, Helsinki,
Finland, WSOY.
Hong P, Doll WJ, Nahm AY & Li X (2004) Knowledge sharing in integrated product
development. European Journal of Innovation Management 7(2): 102–112.
Houston D & Keats JB (1998) Cost of software quality: a means of promoting software
process improvement. Quality engineering 10(3): 563–573.
Hsieh L-F & Chen SK (2005) Incorporating voice of the consumer: does it really work?
Industrial Management & Data Systems 105(6): 769–785.
Ibusuki U & Kaminski PC (2007) Product development process with focus on value
engineering and target-costing: A case study in an automotive company. International
Journal of Production Economics 105(2): 459–474.

64

Im S, Nakata C, Park H & Ha YW (2003) Determinants of Korean and Japanese New
Product Performance: An Inter-Relational and Process View. Journal of International
Marketing 11(4): 81–112.
Jacobs J & Trienekens J (2002) Towards a Metrics Based Verification and Validation
Maturity Model. Lecture Notes in Computer Science 2434: 133–148.
Kamath R & Liker J (1994) A second look at Japanese product development. Harvard
Business Review 72(6): 154–170.
Kaplan RS & Norton DP (2004) Strategy maps: converting intangible assets into tangible
outcomes. Boston, MA, Harvard Business Press.
Kasanen E, Lukka K & Siitonen A (1993) The Constructive Approach in Management
Accounting Research. Journal of Management Accounting Research 5: 241–264.
Kim J & Wilemon D (2003) Sources and assessment of complexity in NPD projects. R&D
Management 33(1): 15–30.
Kit E (1995) Software Testing in the Real World—Improving the Process. Wokingham,
UK, Addison-Wesley.
Koufteros XA, Vonderembse MA & Doll WJ (2002) Integrated product development
practices and competitive capabilities: the effects of uncertainty, equivocality, and
platform strategy. Journal of Operations Management 20(4): 331–355.
Krajewski LJ, Ritzman LP & Malhotra MK (2007) Operations Management: Process and
Value Chains. 8th edition, NJ, USA, Prentice Hall.
Kung D.C, Hsia P, Gao J (1998) Testing Object-oriented Software. Los Alamitos, CA
IEEE Computer Society Press.
Kyng M (1985) Making representations work. Communications of the ACM 38(9): 46–55.
Lam PK, Chin KS & Pun KF (2007) Managing conflict in collaborative new product
development: a supplier perspective. International Journal of Quality & Reliability
Management 24(9): 891–907.
Lancaster G (2005) Research Methods in Management: A concise introduction to research
in management and business consultancy. Butterworth-Heinemann.
Larman C (2004) Agile and Iterative Development: A Manager's Guide. Addison-WesleyLarman C & Basili VR (2003) Iterative and incremental developments - a brief history.
IEEE Computer 36(6): 47–56.
Lee M-C & Chang T (2006) Applying TQM, CMM and ISO 9001 in knowledge
management for software development process improvement. Int. J. Services and
Standards 2(1): 101–115.
Leung HKN, Liao L & Qu Y (2007) Automated support of software quality improvement.
International Journal of Quality & Reliability Management 24(3): 230–243.
Lewis MA (2001) Success, failure and organisational competence: a case study of the new
product development process. Journal of Engineering and Technology Management
18(2): 185–206.
Li Q & Kececioglu DB (2006) Design of an optimal plan for an accelerated degradation
test: a case study. International Journal of Quality and Reliability Management 23(4):
426–440.

65

Lin C-Y & Kuo T-H (2007) The mediate effect of learning and knowledge on
organizational performance. Industrial Management and Data Systems 107(7): 1066–
1083.
Liker J (2004) Toyota Way. New York, McGraw-Hill.
Locke EA (2000) The Blackwell handbook of principles of organizational behaviour. 2nd
edition, UK, Blackwell Publishing.
Lynn GS & Akgun AE (2001) Project visioning: It's components and impact on new
product success. Journal of Product Innovation Management 18(6): 374–387.
Maatta J, Harkonen J, Jokinen T, Mottonen M, Belt P, Muhos M & Haapasalo H (2009)
Managing testing activities in telecommunications: A case study. Journal of
Engineering and Technology Management 26(1-2): 73–96.
Magnusson T, Lindstrom G & Berggren C (2003) Architectural or modular innovation?
Managing discontinuous product development in response to challenging
environmental performance targets. International journal of innovation management
7(1): 1 - 26.
Magnusson T & Berggren C (2001) Environmental innovation in auto development managing technological uncertainty within strict time limits. International Journal of
Vehicle Design 26(2-3): 101–115.
Manktelow KI (1999) Reasoning and Thinking. 1st edition, Hove, UK, Psychology Press.
Mantel SJ, Meredith JR, Shafer SM & Sutton MM (2007) Project Management in Practice.
3rd Edition, Wiley.
Marwedel P (2006) Embedded System Design. Springer.
McCaffery F & Coleman G (2007) Developing a configuration management capability
model for the medical device industry. Int. Journal of Information Systems and
Change Management 2(2): 139–154.
Merton R, Fiske M & Kendall P (1990) The Focused Interview: A Manual of Problems
and Procedures. 2nd edition, New York, The Free Press.
Myers GJ, Badgett T, Thomas TM & Sandler C (2004) The art of software testing. 2nd
edition, John Wiley and Sons.
Moore GE (1965) Cramming more components onto integrated circuits. 19 April,
Electronics Magazine.
Moore GE (1998) Cramming More Components onto Integrated Circuits. Proceedings of
the IEEE 86(1): 82–85.
Mooz H, Forsberg K & Cotterman H (2003) Communicating project management: the
integrated vocabulary of project management and systems engineering. John Wiley &
Sons.
Morgan JM & Liker JK (2006) The Toyota product development system: integrating
people, process, and technology. Productivity Press.
Murray RM (2007) Recent Research in Cooperative Control of Multivehicle Systems.
Journal of Dynamic Systems, Measurement, and Control 129(5): 571–583.
Nellore R & Balachandra R (2001) Factors influencing success in integrated product
development (IPD) projects. IEEE Transactions on Engineering Management 48(2):
164–174.
66

Neuvo Y (2004) Cellular phones as embedded systems. Solid-State Circuits Conference,
Digest of Technical Papers. IEEE International. San Francisco 1: 32–37.
Nonaka I & Takeuchi H (1995) The Knowledge-creating Company: How Japanese
Companies Create the Dynamics of Innovation. Oxford University Press.
Oakley P (1997) High-tech NPD success through faster overseas launch. Journal of
product and brand management 6(4): 260–274.
Olkkonen T (1993) Johdatus teollisuustalouden tutkimustyöhön. (in Finnish), Industrial
Economics and Industrial Psychology. Helsinki University of Technology 152.
Parker H (2000) Interfirm collaboration and the new product development process.
Industrial Management & Data Systems 100(6): 255–260.
Perttula A (2007) Challenges and Improvements of Verification and Validation Activities
in High Volume Electronics Product Development. PhD dissertation, Tampere
University of Technology 650.
Pisano GP & Wheelwright SC (1995) The new logic of high-tech R&D. Harvard Business
Review 73(5): 93–104.
PMI (2004) A Guide to the Project Management Body of Knowledge (PMBOK Guide).
3rd edition, Pennsylvania, USA, Project Management Institute.
Pressman R (2004) Software Engineering: A Practitioner's Approach. 6th Edition,
McGraw-Hill.
Radeka K (2007) The Toyota Product Development System: Integrating People, Process
and Technology by James M. Morgan and Jeffrey K. Liker. Journal of Product
Innovation Management 24(3): 276–278.
Rainey DL (2005) Product innovation: leading change through integrated product
development. Cambridge University Press.
Rothwell R (1994) Towards the Fifth-generation Innovation Process. International
Marketing Review 11(1): 7–31.
Ryan M, Markose S, Xiaoging L, McMillin B & Cheng Y (2005) Structured objectoriented co-analysis/co-design of hardware/software for the FACTS power system.
29th Annual International Computer Software and Applications Conference,
COMPSAC. Edinburgh, UK 1: 396–402.
Salustri FA & Parmar J (2003) Visualising early product development information. CDEN:
1–9.
Shull F, Basili V, Boehm B, Brown AW, Costa P, Lindvall M, Port D, Rus I, Tesoriero R
& Zelkowitz M (2002) What we have learned about fighting defects. Proceedings of
the eighth IEEE Symposium on Software Metrics: 249- 258.
Sobek D, Ward A & Liker J (1999) Toyota’s principles of set-based concurrent
engineering. Sloan Management Review 40(2): 67–83.
Spillner A, Bremen H & Vosseberg K (2002) The W-MODEL–Strengthening the Bond
Between Development and Test. Proceedings of STAREAST.
Steffens W, Martinsuo M & Artto K (2007) Change decisions in product development
projects. International Journal of Project Management 25(7): 702–713.
Stevens DG (1998) System Engineering - coping with complexity. Prentice Hall.

67

Suikki R (2007) Changing business environment—effects of continuous innovations and
disruptive technologies. Acta Universitatis Ouluensis Technica C 265.
Tan B & Hung H-C (2006) A knowledge management system introduction model for
small- and medium-sized enterprises. Int. Journal of Management and Enterprise
Development 3(1/2): 53–69.
Tidd J & Bessant J (2009) Managing Innovation: Integrating Technological, Market and
Organizational Change. 4th Edition, Wiley.
Tiku S, Azarian M & Pecht M (2007) Using a reliability capability maturity model to
benchmark electronics companies. International Journal of Quality & Reliability
Management 24(5): 547–563.
Tuomi J & Sarajärvi A. (2006) Laadullinen tutkimus ja sisällön analyysi. (in Finnish),
Helsinki, Finland, Tammi.
Ulrich KT & Eppinger SD (1995) Product Design and Development. New York, McGrawHill.
Ulrich KT & Eppinger SD (1999) Product Design and Development. 2nd edition,
McGraw-Hill.
Ulrich KT & Eppinger SD (2003) Product Design and Development. 3rd edition, McGrawHill.
Ulrich KT & Eppinger SD (2007) Product Design and Development. 4th edition, McGrawHill.
Unger DW & Eppinger SD (2002) Planning Design Iterations. Innovation in
Manufacturing Systems and Technology. SMA.
Vassilakis S (1998) Accelerating new product development by overcoming complexity
constraints. Journal of Mathematical Economics 28(3): 341–373.
Ward A, Liker J, Cristano J & Sobek D (1995) Second Toyota paradox: how delaying
decisions can make better cars faster. Sloan Management Review 36(3): 43–61.
Wei CC, Choy CS & Yeow PHP (2006) KM implementation in Malaysian
telecommunication industry: An empirical analysis. Industrial Management and Data
Systems 106(8): 1112–1132.
Wheelwright SC & Clark KB (1992) Revolutionizing Product Development: Quantum
Leaps in Speed, Efficiency, and Quality. Maxwell Macmillan International.
Whittaker JA & Voas JM (2002) 50 years of software: key principles for quality. IT
Professional 4(6): 28–35.
Wognum PM, Fisscher OAM & Weenink SAJ (2002) Balanced relationships: management
of client–supplier relationships in product development. Technovation 22(6): 341–351.
Yang B, Burns ND & Backhouse CJ (2004) Postponement: a review and an integrated
framework. International Journal of Operations & Production Management 24(5):
468–487.
Yin RK (2003) Case Study Research: Design and Methods. 3rd Edition. Thousand Oaks,
Sage Publications.

68

Original publications
This dissertation is based on the following publications:
I

Maatta, J, Harkonen J, Jokinen T, Mottonen M, Belt P, Muhos M & Haapasalo H
(2009) Managing testing activities in telecommunications: A case study. Journal of
Engineering and Technology Management 26(1-2): 73–96.
II Harkonen J, Belt P, Mottonen M, Kess P & Haapasalo H (2009) Maturity of
verification and validation in ICT companies. International Journal of Innovation and
Learning 6(1): 33–50.
III Harkonen J, Belt P, Mottonen M, Kess P & Haapasalo H (2009) Analysing telecom
companies using the Toyota NPD model. International Journal of Mobile
Communications 7(5): 544–561.
IV Harkonen J, Mottonen M, Belt P & Haapasalo H (2009) Parallel product alternatives
and verification & validation activities. International Journal of Management and
Enterprise Development 7(1): 86–97.

The articles are reprinted with permission of the copyright holders. The named
Journals are the original sources of publication for the above mentioned four
articles. Elsevier retains the copyright for the article I, and Inderscience retains
the copyright for the articles II, III, and IV.
Original publications are not included in the electronic version of the dissertation.

69

70

C327etukansi.kesken.fm Page 2 Tuesday, June 2, 2009 12:46 PM

ACTA UNIVERSITATIS OULUENSIS
SERIES C TECHNICA

312.

El Harouny, Elisa (2008) Historiallinen puukaupunki suojelukohteena ja
elinympäristönä. Esimerkkeinä Vanha Porvoo ja Vanha Raahe. Osa 1

312.

El Harouny, Elisa (2008) Historiallinen puukaupunki suojelukohteena ja
elinympäristönä. Esimerkkeinä Vanha Porvoo ja Vanha Raahe. Osa 2

313.

Hannuksela, Jari (2008) Camera based motion estimation and recognition for
human-computer interaction

314.

Nieminen, Timo (2009) Detection of harmful microbes and their metabolites
with novel methods in the agri-food production chain

315.

Marjala, Pauliina (2009) Työhyvinvoinnin
prosesseina–narratiivinen arviointitutkimus

316.

Ahola, Juha (2009) Reaction kinetics and reactor modelling in the design of
catalytic reactors for automotive exhaust gas abatement

317.

Koskimäki, Heli (2009) Utilizing similarity information in industrial applications

318.

Puska, Henri (2009) Code acquisition in direct sequence spread spectrum
systems using smart antennas

319.

Saari, Seppo (2009) Knowledge transfer to product development processes. A
multiple case study in two small technology parks

320.

Komulainen, Mikko (2009) Bandwidth enhanced antennas for mobile terminals
and multilayer ceramic packages

321.

Ronkanen, Anna-Kaisa (2009) Hydrologic and hydraulic processes in northern
treatment peatlands and the significance for phosphorus and nitrogen removal

322.

Liedes, Toni (2009) Improving the performance of the semi-active tuned mass
damper

323.

Marina Tyunina & Orest Vendik (Eds.) (2009) Proceedings of the 16th
International Student Seminar “Microwave and optical applications of novel
phenomena and technologies”, June 8–9, Oulu, Finland

324.

Belt, Pekka (2009) Improving verification and validation activities in ICT
companies—product development management approach

325.

Harri Haapasalo & Hanna Kropsu-Vehkaperä (Eds.) (2009) The 3rd Nordic
Innovation Research Conference - NIR 2008—IEM Arctic Workshop

326.

Selek, István (2009) Novel evolutionary methods in engineering optimization—
towards robustness and efficiency

Book orders:
OULU UNIVERSITY PRESS
P.O. Box 8200, FI-90014
University of Oulu, Finland

kokemukset

kertomuksellisina

Distributed by
OULU UNIVERSITY LIBRARY
P.O. Box 7500, FI-90014
University of Oulu, Finland

C327etukansi.kesken.fm Page 1 Tuesday, June 2, 2009 12:46 PM

C 327

OULU 2009

U N I V E R S I T Y O F O U L U P. O. B . 7 5 0 0 F I - 9 0 0 1 4 U N I V E R S I T Y O F O U L U F I N L A N D

U N I V E R S I TAT I S

S E R I E S

E D I T O R S

SCIENTIAE RERUM NATURALIUM
Professor Mikko Siponen

HUMANIORA
University Lecturer Elise Kärkkäinen

TECHNICA
Professor Hannu Heusala

Janne Härkönen

A
B
C
D
E
F
G

O U L U E N S I S

ACTA

A C TA

C 327

ACTA

UN
NIIVVEERRSSIITTAT
ATIISS O
OU
ULLU
UEEN
NSSIISS
U

Janne Härkönen

TECHNICA
TECHNICA

IMPROVING PRODUCT
DEVELOPMENT PROCESS
THROUGH VERIFICATION
AND VALIDATION

MEDICA
Professor Olli Vuolteenaho

SCIENTIAE RERUM SOCIALIUM
Senior Researcher Eila Estola

SCRIPTA ACADEMICA
Information officer Tiina Pistokoski

OECONOMICA
University Lecturer Seppo Eriksson

EDITOR IN CHIEF
Professor Olli Vuolteenaho
PUBLICATIONS EDITOR
Publications Editor Kirsti Nurkkala
ISBN 978-951-42-9165-4 (Paperback)
ISBN 978-951-42-9166-1 (PDF)
ISSN 0355-3213 (Print)
ISSN 1796-2226 (Online)

FACULTY OF TECHNOLOGY,
DEPARTMENT OF INDUSTRIAL ENGINEERING AND MANAGEMENT,
UNIVERSITY OF OULU

C

