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Abstract
The main motive for this research arises from the fact that the research has been scarce on
verification and validation (V&V) activities from the management viewpoint, even though V&V
has been covered from the technical viewpoint. There was a clear need for studying the
management aspects due to the development of the information and communications technology
(ICT) sector, and increased significance of V&V activities.
ICT has developed into a turbulent, high clock-speed sector and the importance of V&V
activities has increased significantly. As a consequence, companies in the ICT sector require ideas
for improving their verification and validation activities from the product development
management viewpoint.
This study approaches the above mentioned goal from four perspectives: current V&V
management challenges, organisational and V&V maturities, benchmarking another sector, and
uncertainty during new product development (NPD). 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 need to overcome the
current tendency to organise through functional silos, and low maturity of V&V activities.
Verification and validation activities should be viewed and managed over the entire NPD process.
This requires new means for cross-functional integration. The maturity of the overall management
system needs to be adequate to enable higher efficiency and effectiveness of V&V activities.
There are pressures to shift the emphasis of V&V to early NPD and simultaneously delay decisionmaking in NPD projects to a stage where enough information is available. Understanding
enhancing V&V methods are a potential way to advance towards these goals.

Keywords: ICT, new product development, testing, validation, verification
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Information and Communication Technology
Industrial Engineering and Management
New Product Development
Original Equipment Manufacturer
People Capability Maturity Model
Product Development
Research and Development
Research Question
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National Technology Agency of Finland
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Toyota’s New Product Development
Understanding Enhancing Verification and Validation
Verification and Validation
Verification Validation Maturity Model

The terminology used in this dissertation includes concepts of verification,
validation and testing. Verification is widely understood as a method to prove the
compliance with the specifications. The aim of validation is to prove that the user
is satisfied. 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.
However, the term testing is often understood, especially in software
development, broadly to cover both verification and validation. As this
dissertation is managerial in nature, it is not critical for the reader to attempt to
make a distinction between these terms.
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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 expanded rapidly during the past decades and has
changed and witnessed a transformation in terms of frequent technology changes,
increase in complexity, time-to-market pressures and the decrease in physical
dimensions (Moore 1999, D’Aveni 1995). Today’s ICT business sector is
characterised by technology and market uncertainties and an inability to predict
the future (Deszca et al. 1999, Suikki 2007, Leeman & Winer 1997). One way to
gain profit and increase market share is to launch new high quality and innovative
products earlier than competitors, resulting in continuous demands for shortening
design cycles (e.g. Costanzo 2004). In addition, fierce price erosion forces
companies to reduce costs. (e.g. Helo 2004)). Shorter development times have
resulted in an increased need to engage customers and subcontractors already
during product development (Perttula 2007). Another challenge for ICT
companies is that requirements for products typically change during product
development (e.g. Hsu et al. 2008, Nuseibeh & Easterbrook 2000, Gupta et al.
2003). Additionally, requirements are interpreted differently in different parts of
organisations (Weber & Weisbrod 2003, Skander et al. 2008).
The current trend in the ICT industry is that the increasing number of
functionalities is created through software. The nature of software development is
moving from traditional waterfall models towards incremental software
development process (e.g. Haapasalo & Ylihoikka 2004).
Technical superiority of products and new functionalities are not enough for
companies to succeed, but one must also invest in developing processes and
people. (e.g. Pisano & Wheelwright 1995, Cooper et al. 2004, Drejer 2008,
Nonaka & Takeuchi 1995, Gupta et al. 2007). Products being more complicated
than ever, and customer segments more fragmented, addressing the needs of both
internal and external customers has become a challenge for product development
13

and production. 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).
Verification and validation (V&V) is a critical issue for modern high
technology product development. It has been claimed that it is impossible to
design and manufacture products without defects (e.g. Woodward & Hennell
2005, Black 2004). Rumney (2003) states that “the more complex a system
becomes, the more resources are required to test it, but clearly from the
perspective of the entire telecommunications industry, the growing complexity and
cost of test can only be considered as painful”. In the literature, V&V activities
have been estimated to take between 30 to 60 percent of the entire costs in hightechnology product development. V&V has become a critical factor (e.g. Kung et
al. 1998, Gilb 2005, Andersson & Runeson 2002). However, the significance of
V&V activities is not always understood.
The cost of fixing errors increases towards the field use, where the costs can
be 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. Unfortunately, the traditional system development models often
understand V&V as a separate error detection process that occurs just after the
product integration, close to the product launch. (e.g. Pressman 2004, Mooz et al.
2003, Salustri & Parmar 2003, Forsberg & Mooz 1992).
The technical aspects of V&V are well documented, as well as V&V in more
specific areas such as pure software or hardware. The literature shows that the
management aspects of V&V are insufficient, even though verification and
validation is seen as a significant matter for companies (e.g. Perttula 2007, Maatta
et al. 2009, Andersson & Runeson 2002). The literature is scarce on
comprehensive V&V management viewpoint, giving justification for this
dissertation. This dissertation aims to find ideas for different type ICT companies
to improve their verification and validation activities from the product
development management viewpoint.
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1.2

Objectives and scope

The main motive for this research arises from the fact that the research has been
insufficient on verification and validation activities from the management
viewpoint, even though V&V has been covered from the technical viewpoint.
There is a clear need for studying the management aspects due to the
development of the ICT sector, and increased significance of V&V activities. ICT
sector is a multifaceted business sector, comprising of areas, including
manufacturing industry, services, telecommunications, and digital communication.
V&V and testing are also discussed in a function specific manner in the literature,
such as software, testing of integrated circuits. This dissertation aims to take a
managerial approach on V&V activities, allowing viewing these issues more
broadly outside their traditional silos. However, where required, these issues are
studied area specifically. Thus this dissertation does not concentrate solely on
hardware, software, or system products, but is adopting a more general approach.
The research problem attempted to address in this dissertation is stated as
follows:
Companies in the ICT sector require research efforts and new knowledge for
improving their verification and validation activities from the product
development management viewpoint.
This problem is studied from four complementary perspectives – organisational
and V&V maturities, current V&V management challenges, benchmarking
another sector, and uncertainty during NPD – based on which four research
questions (RQ) are formed (Table 1). 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. The selected viewpoints could be different, however, these are the ones
selected by the researcher, as they seemed logical at the decision times.
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Table 1. Research questions.
RQ #

Research question

RQ1

How does the organisational maturity reflect the V&V maturity?

RQ2

What is the development path of V&V activities and what are the challenges and possible
solutions?

RQ3

How can ICT companies benefit from benchmarking the NPD management practices against a
mature business sector?

RQ4

How are different types of companies coping with uncertainty in high tech NPD, and how can
V&V aid this?

Each research question is answered with a 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

RQ # Title

Publication

I

RQ1

Organisational maturity and

International Journal of Management and

functional performance

Enterprise development

II

RQ2

Improving the efficiency of

International Journal of Services and Standards

verification and validation
III

RQ3

Improving product development in

International Journal of Innovation and Learning

different type of ICT companies
IV

RQ4

Technological uncertainty and

International Journal of Innovation and Learning

verification & validation activities

Figure 1 illustrates the positioning of the four research articles into managerial
and functional context. The first article clarifies managerial maturity and
functional V&V maturity, and their interdependence. The second paper studies
V&V challenges and proves that addressing them cannot be done adequately at
the functional level. The third article complements the managerial viewpoint by
comparing the NPD practices of the ICT industry against those of a mature
business sector. V&V is an integral part of product development in the ICT sector.
Justification for this article is that V&V management must be seen together with
other NPD practices. The fourth article partially returns to the functional level by
giving recommendations on the required V&V mode in different NPD stages, and
giving recommendations on tackling NPD uncertainty in general.
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Fig. 1. Research framework.

1.3

Research approach

The researcher faces ontological, epistemological and ethical questions, when he
considers scientific research from a philosophical viewpoint: how can he trust that
reality is based on scientific research, how is this scientific knowledge obtained
and whether it is scientific, and whether the researcher acts unethically against
scientific community and abuses his research (e.g. Lancaster 2005).
Ontology can be interpreted as a reality where studied phenomena are
understood to locate and the way the studied phenomena relate to this reality.
Scientific research typically makes ontological pre-conceptions on the nature of
studied issues. Ontology answers questions relating to objectivity and subjectivity
of the studied reality. Ontological foundation has an influence over the selection
of theory and concepts. (e.g. Anttila 2005, Harisalo 2008).
This dissertation research is qualitative in nature and utilises the principles of
empiricism, applying mainly inductive reasoning. The research is mainly
descriptive with a slight touch of normative approach in giving recommendations
(see Figure 2). All the research papers are based on semi-structured interviews.
The number of interviews for each article varied between 22 and 53, the total
number of interviews being close to one hundred. The main motivations for the
selected research approach were the facts that the topic has not been adequately
covered by previous studies, and that the researcher had both a need and an access
to the views of experienced industrial managers through qualitative interviews.
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Fig. 2. Research approach (modified from Kasanen et al. 1993).

This research utilises qualitative approach in order to enable interviewees to
express their viewpoints, opinions and experiences without limitations as far as
possible. Qualitative research aims to understand a certain phenomenon, to
describe its functioning and to provide a theoretically sound interpretation of this
phenomenon. The goal is to describe true life realities. (Denzin & Lincoln 2005,
Eskola & Suoranta 1998, Hirsjärvi et al. 2008)
Qualitative research gives a certain degree of freedom to the researcher in
relation to planning and executing his research. However, on the other hand, the
researcher is not totally free from his own values and limitations. Consequently, it
is not possible for the research to be fully objective as the researcher and the
studied phenomenon are connected. True objective knowledge does not exist, but
all research is subjective as the researcher’s understanding has an influence over
the obtained results. (Hirsjärvi et al. 2008, Tuomi & Sarajärvi 2006, Eskola &
Suoranta 2008)
Different methods and paradigms have been developed to support scientific
approaches. It is imperative to select a method that supports the research problem
in question. Descriptive research aims to describe phenomena by describing
objects and processes in an attempt 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 aims to understand a studied phenomenon, to clarify its
meaning and significance. Samples used in qualitative research typically are
discretionary to the researcher, and objects studied may not be high in numbers,
but are studied thoroughly. This highlights the quality of input material.
18

Nevertheless, the sample size must be covering enough in relation to the intended
analysis and interpretation (Siggelkow 2007, Patton 2002, Marshall & Rossmann
1998, Eskola & Suoranta 1998, Hirsjarvi & Huttunen 1995).
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
factors arising from the material under scrutiny. Material is attempted to analyse
in a multifaceted manner in adequate detail, bringing up important themes (Eskola
& Suoranta 1998, Manktelow 1999).
1.4

Research realisation and dissertation structure

The research 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. The
project initiated a series of interview studies. These interviews, totalling almost
one hundred, 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, 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. 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 semistructured 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. 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 (equals to the number of
interviewees) and the number of companies for each research article.
Table 3. Number of industrial interviews for each article.
Article #
I

Title
How does the organisational maturity reflect

Number of

Number of

interviews

companies

60

17

22

7

53

11

50

10

functional performance?
II

What is the development path of V&V activities and
what are the challenges and possible solutions?

III

How can ICT companies benefit from
benchmarking the NPD management practices
against a mature business sector?

IV

How are different types of companies coping with
uncertainty in high tech NPD, and how can V&V
aid this?

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 attached as an appendix. In Chapter 4 the overall findings of the research
are concluded. Finally, Chapter 5 summarises the research.
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2

Theoretical foundation

Managing new product development can be considered contain numerous issues,
such as: accounting, project management, finance and marketing, product design,
law and contracts, integrated product development, human resource management,
innovation management, information systems, systems engineering, quality
management etc. (e.g. Mantel et al. 2007, Cross 2008, Tidd & Bessant 2009,
Blanchard 2008, Dale et al. 2007). Also other management concepts can be seen
to be connected integrally to NPD management. These concepts include: product
life-cycle management, requirements management, technology management,
design for excellence, knowledge management and many others. However, this
dissertation does not address each of these issues individually, but concentrates on
issues that are relevant for managing verification and validation activities.
This dissertation bases it theoretical foundation on product development
management, quality management, V&V in software, hardware and embedded
environments, maturity models, and management of technological uncertainty.
Selected theories are applied to an extent as required for the purpose of improving
verification and validation activities from product development management
viewpoint. 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.
Figure 4 gives a simplified illustration of positioning the dissertation to theory.
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Fig. 4. Positioning the dissertation to theory.

2.1

Product development management

Common management methods typical to any type of business are functional also
for NPD management to a certain degree. However, managing NPD has certain
characteristics that are distinct. These characteristics include: dealing with people
with a variety of different type of skills, specialists often have a deeper know-how
on specific issues than their managers, project nature of NPD, high levels of
uncertainty and long feedback times on success or failure. Results are often
visible a long time after efforts, once knowledge over market success is available,
making any feedback mechanisms very complex. In this type of environment,
NPD managers are having to pay special attention on functional communication.
(Paasivaara 2005, Leonard-Barton 1998).
NPD management is complex and contains a high number of issues to be
considered. Leonard-Barton (1998) simplifies NPD management to include,
management systems, technical systems, skills & knowledge base and values &
norms. Morgan & Liker (2006) divide NPD management into a socio-technical
system of processes, people and tools & technologies.
The agony caused by the complexity of NPD management can be alleviated
by utilising different types of models, from the ones describing the NPD process
22

to different type of system development models. (e.g. Ulrich & Eppinger 1995,
Ulrich & Eppinger 2007, Cooper 2001, Pressman 2004, Mooz et al. 2003).
System development models include different ones from ad-hoc and waterfall
models to V-models and W-models.
Typically NPD process is described as a sequential process. Ulrich &
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 innovation process into a predetermined
set of stages. Generally this type of models focus on developers’ interests to
verify specifications, not to adjust features to the customers’ even undefined
needs (Suikki 2007).
Company size is seen to influence the manner product development is
organised. The larger the organisation, the more formal control is needed (e.g.
Grimpe 2007, Arvidsson et al. 2003). In general, company size is seen to correlate
to innovation rate, supplier involvement, and also with managing development
(e.g. Laforet 2008, Wynstra et al. 2001).
Large companies typically have adequate resources and competences to
divide NPD activities into smaller tasks, based on either time or specialisation.
Bureaucracy, inertia, and communication needs may also cause challenges in
large companies. However, when all other things are equal, large companies may
generate more new products than small companies (Leenders & Wierenga 2008).
Small companies have fewer resources in their disposal, forcing them to
focus their NPD activities, and thus utilise simpler methods. Small companies
may also have difficulties in developing parallel alternatives simultaneously, and
do not have specialised personnel for all the activities. On the other hand,
coordination of activities is easier in small companies with less need for formal
methods (e.g. Haapasalo & Ekholm 2004, Anderson & Tushman 1991). Senior
management involvement is seen to occur earlier in the small firms (Ledwith et al.
2006).
Different new product development frameworks (e.g. McGrath 1995,
McGrath 2001) are typically more suited for large companies, as they are large
enough to consider issues, such as product platforms, and involve the full
enterprise. Nevertheless, in small companies, product lines are more limited, and
it is not appropriate for them to strictly follow the same frameworks as the large
ones. Instead, it is seen to better suit them to base product development on
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derivatives of a core technology (e.g. Ledwith et al. 2006). Figure 5 gives a
simplified illustration of the structural level of NPD practices in small and large
companies.
Considering supply chain from the perspective of NPD provides new
viewpoints. Involving suppliers early and extensively in product development is
seen to be one way to enhance product development performance relating to
productivity, speed, and quality (van Echtelt et al. 2008). Nevertheless, increased
supplier involvement can be challenging, requiring unlearning old behaviour and
adjustments in order to successfully integrate and benefit from new resource
configurations (van Echtelt et al. 2008). Company size is seen to influence even
the company-supplier relationships (e.g. Redondo & Fierro 2007). Also, the
resource/competence based view is seen to guide companies in developing and
handling relationships with technology suppliers, instead of a traditional product
oriented view (Moller et al. 2003).
This dissertation, however, does not view suppliers from the supply chain
perspective, but approaches them as independent companies.

Over
structured

Systemised
NPD

Structured
NPD

Unstructured
NPD
Creativity

Under
structured

Small

Large

companies

companies

Fig. 5. Relative level of NPD structures in small and large companies.
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2.2

Quality management in the context of verification and
validation

During the quality revolution of the 1980s thousands of people received quality
training, for the first time, in a wider scope. The message was mostly as follows:
“Do everything right the first time, every time, and there will be no need for
testing”. (Davis 1994). However, this statement talks about quality in general,
with regard to all kinds of manufacturing and service industries. At the same time,
the ICT industry is notably different in terms of frequent technology change,
increase in complexity, time-to-market pressures and the decrease in physical
dimensions in electronics. These factors set enormous challenges for design,
manufacturing, maintenance and procurement, which are unmatched by the
challenges of any other industry. In the ICT industry it is impossible to design and
manufacture products without defects (Davis 1994, Black 2004, Pol &
Veenendaal 1998, Woodward & Hennell 2005). As a consequence, a target of
100% quality is not realistic (Crosby 1980). Unrealistic quality thinking may have
contributed to the undervaluation of V&V activities. (e.g. Davis 1994, Black 2004,
Pol & Veenendaal 1998).
Traditionally, quality costs have been divided according to Feigenbaum’s
Prevention, Appraisal, and Failure (PAF) model (Feigenbaum 1961) into three
separate categories:
1.
2.
3.

Prevention costs (costs of doing it right the first time)
Appraisal costs (costs of checking it is right)
Failure costs (costs of getting it wrong).

Failure costs have typically been divided further into internal and external failure
costs. The PAF model has been criticised because of an impractical classification
of quality costs, as often one specific quality cost can be understood as any of the
following: prevention, appraisal, or failure cost. Technically this is not seen to get
support from cost accounting systems (Moen 1998, Oakland 2000, Porter &
Rayner 1992). The PAF model assumes that there is a certain point of optimal
quality level, above which there is a trade-off between investments in prevention
and failure costs. This is sometimes criticised for not encouraging continuous
improvement. (Sippola 2000, Feigenbaum 1961). In practice, the resources of any
given company are limited and the prevention activities should focus on the most
beneficial areas of improvement.
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Testing is required under certain circumstances to mitigate the risks related to
quality. Naturally, the ultimate objective is to prevent faults, instead of – as above
and often in an expensive way – detecting and fixing the faults at different stages
of the product process. However, in order to stay competitive, organisations must
make quality related investments, including investing in testing, to meet the
expectations and requirements set by customers. (Jahangiri & Abercrombie 2005,
Kessler 2000).
As Davis (1994) has stated: “Testing has always been a cost-avoidance
activity. We test because it is cheaper to test than not to test”. This statement can
be justified by the fact that the costs incurred in testing are lower than the costs of
fixing and repairing the faults later in the field. In addition, faulty products would
eventually lead to the loss of customers, which is difficult to quantify directly as
the value of testing. Another interesting question is as to, when the total quality
costs reach the minimum, i.e. where the sum of testing costs and failure costs are
minimised (Black 2004).
2.3

Testing in electronics hardware, software and embedded
systems

2.3.1 Testing in electronics development
The dimensions of electronic components has been decreasing based on the wellknown Moore’s law (Moore 1998, Moore 1965), while the number of product
components has increased and made the managing and testing of components
even more difficult. Nowadays, products have an increasing quantity of features
spoiling customers with variety. Higher number of different components is
challenging for power consumption setting requirements for batteries, causing
thermal challenges. The wireless applications in particular have high frequency
elements creating phenomena that are complicated to model mathematically and
difficult to control (Goh et al. 2006). Difficulties to simulate these phenomena
create needs for practical experimenting (Li & Kececioglu 2006). In addition to
all this, there are also problems with uncertainties over the responsibilities on
testing activities relating to product development, in-house production,
outsourcing, and suppliers (e.g. Cheng et al. 2007). Testing is applied for a
physical hardware object at different levels, including component, board, and
system levels. Consequently, HW testing is an issue with multiple dimensions.
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DFT (design for testability) (Abramovici et al. 1990), BIST (Built in self test)
(e.g. Abramovici et al. 1990, Gizopoulos 2006), embedded testing (Gizopoulos
2006), and modularity (e.g. Gershenson et al. 2003) are among different ways that
can be used to ease the problems relating to complexity. Modularisation can be
seen to shift testing to earlier product development phases, where testing is
considered for the entire product, allowing product variants and a degree of
flexibility. Simulation on the other hand allows anticipating possible issues early
(O'Flynn et al. 2007). In addition, the choice of materials, components,
architecture and techniques are the keys for designing a product in electronics.
Another challenge is to assure that testing is adequately conducted during the
manufacturing process, even with inevitable component variation. When using
sourced components for products, tuning is required to obtain an ideal end result.
Component variation is more of an issue for manufacturing and for sourcing than
it is for product development, and must be taken into account already before
manufacturing.
2.3.2 Testing in software development
The global competition sets severe time-to-market pressures for software
development, including external demands for greater functionality and rapid
delivery. All this has a profound impact on product design, construction, and
testing (e.g. Hersleb & Moitra 2001). Typically large companies emphasise
documentation, while smaller ones lean on key persons on their procedures
(Andersson & Runeson 2002).
There have been different wisdoms and approaches at different times to aid in
rectifying problems with the quality of software, formal methods in the 1980s,
software process improvement in the 1990s, and yet something else for the
current decade (Whittaker & Voas 2002, Tsai 2005). Different approaches can be
used for alleviating the risks relating to software development and for minimising
the spent resources (e.g. Dey et al. 2007). Should one try to design out the risks
and costs would require getting it right the first time. In reality, human errors are
unavoidable, and specifications are likely to change during the development. On
the other hand, modularity could ease some of the complexity related issues and
allow quicker development of product variants (Boehm & Sullivan 2000),
possibly shifting some of the problems to integration phase. In addition, paying
attention to software architecture is one potential approach for mitigating risks.
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SW test automation is another contemporary topic for addressing testing issues
during development.
System development models (V & W Models, and others) provide
frameworks for development activities at different levels, but these models tend to
see testing mainly as an error correction activity that is conducted at the end of
the design cycle. (see for example, Mooz et al. 2003). However, different NPD
philosophies (e.g. Hsieh & Chen 2005) position development activities so that
they leave options open for changing situations (Perttula 2007), potentially
alleviating current problems. After all, it is difficult to replace software testing, as
changes in the processes simply transform testing into a new form, or shifts it to
later stages. Instead, deliberately converting testing from a set of retrospective
activities into an active flow conducted alongside development could allow
meeting business requirements better.
New process models for software development emphasise iterativity,
incrementality and agility (Larman & Basili 2003). Rapid application
development, rational unified process, feature driven development and scrum can
be mentioned as examples of these process models. The importance of proactive
checking and testing is highlighted in all of these models, opposed to the
traditional waterfall model. Test automation, testing in product families,
recognition of repair responsibility (root cause analysis) in long supply chains,
and collection of relevant measurement data from the development process are
also issues in testing of software-based products over products life, making
testing more challenging than before.
Fixing every defect as soon as it is discovered, a simple rule of agility, has
several advantages helping to avoid ballooning problems. The defects take far less
time to fix in agile approach, and the development time is faster due to cleaner
and stable software code (Talby et al. 2006). This way, prioritising defects is
avoided, easing the bottlenecks. Also, situations where test priority issues need to
be negotiated with customers can be avoided. In agile SW development testers are
fully integrated into development teams (e.g. Talby et al. 2006, Juristo et al.
2006).
2.3.3 Testing of systems with HW and SW integrated
The significance and the challenges of verification and validation activities have
been noted when considering HW and SW together (e.g. Perttula 2007), but are
yet to be discussed more extensively. According to Neuvo (2004) design,
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verification and testability are among the main challenges of the ICT industry. In
practice, adequate testability means more work in software and hardware
development. However, there would be better possibilities to find also financial
justification for the increased R&D work should all test needs over a product’s
life were integrally seen together.
Literature considers embedded systems as ones with the code being stored
with the system, typically without hard discs, where adding additional code
dynamically is often an exception (e.g. Marwedel 2006). In general, the literature
views testing as a function conducted by a separate team after development.
Practices typical to software development, used for managing the risks and
producing quality software, have not yet become prevalent for embedded systems
(Karlesky et al. 2006).
The literature also uses terms co-synthesis and co-design, when discussing
designing hardware and software together. This appears in the context of system
design (e.g. De Micheli & Ernst 2001, Broy 2006). Co-design addresses the issue
of concurrently designing software, and hardware on which the software runs,
aimed at gaining some benefits when designing complex systems (e.g. De Micheli
& Ernst 2001), but has not been created from the testing perspective.
The ICT industry was originally a HW oriented field, but this has changed as
the share of SW has been increasing constantly. For instance, in mobile phone
development, the number of SW designers outnumbered the HW designers during
the 1990s. Additionally, hardware and software have become more interrelated.
However, HW and SW being equally important, it is the software that really
determines the functionality and can be seen as more dominating.
Organisational boundaries are one of the main obstacles limiting the
development of efficient processes. The development of communication and
information management practices is often a challenge, but may provide an
effective tool for achieving the goals and objectives of testing. Jablokow & Booth
(2006) have noted how communication between separate product development
phases provides a distinct business advantage by combining the diverse cognitive
attributes necessary for solving complex problems in high performance
organisations. On the other hand, Patrashkova & McComb (2004) state that
highly qualified personnel may compensate for less communication and that
performance may improve when the focus is on exchanging only the vital pieces
of information.
Antila (2006) has introduced a Lifetime Testability V model (LTV model),
which is an interesting tool for managing and developing testing activities over a
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product’s life. The LTV model is a procedure for managing the testability
requirements of complex systems. The model also helps in identifying re-use
possibilities for tests and test solutions over the product’s life. Standardisation can
reduce the amount of overlapping work, but can also have an enormous impact on
the definition of products life (e.g. Kumar & Fullenkamp 2005).
2.4

Maturity models

The capability of industrial processes can be measured by utilising various types
of maturity models. Processes cannot be effectively improved before
understanding them. The term maturity can be seen as an indication of how well
organisations or employees cope with a given process (Leonard 2004). The
maturity approach to assess organisational abilities has its roots in quality
management (Tiku et al. 2007). Crosby’s (1996) Quality Management Maturity
Grid describes the typical company behaviour, which evolves through five phases
in their ascent to excellence in quality management.
Humphrey (1989) presented the first complete formulation of the process
maturity framework. This was later used as the basis, when the Software
Engineering Institute from Carnegie Mellon University developed the first
maturity model, specifically designed for software development (SW-CMM,
Software Capability Maturity Model) (Paulk et al. 1993). The original model has
been further developed into Capability Maturity Model Integration (CMMI) to
cover both software and system development (e.g., CMU/SEI 2006, Lee & Chang
2006). Nevertheless, even now CMMI does not cover all the activities that may
be relevant for different practitioners, or explicitly address all function specific
issues (see e.g., Beecham et al. 2005, Gottschalk & Solli-Saether 2006, Jokela et
al. 2006, McCaffery & Coleman 2007).
As SW-CMM has gradually become a de facto standard for assessing and
improving software processes (e.g., Gillies & Howard 2003, Leung et al. 2007).
Nevertheless, it was later discovered that SW-CMM concentrates too heavily on
technical processes (e.g. Yoo et al. 2006). There has been a need for a model that
would include also people and their skills and competencies. On the basis of the
original model, Curtis et al. (1995) created the People Capability Maturity Model
(P-CMM) for assessing processes and practices for managing competences. The
model highlights the readiness of an organisation to execute its strategy. Curtis at
al. have later developed the P-CMM model further (Curtis et al. 2003a, Curtis et
al. 2003b).
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Operational functions, such as testing are other issues that the original SWCMM did not address sufficiently. This was the reason for Burnstein (1996) to
develop the Testing Maturity Model (TMM). TMM was specifically developed
for guiding software-testing processes (Burnstein 1996). Nevertheless, TMM is
seen to overlook the fact that improvement actions at higher levels cannot be
carried out without considering organisational aspects (e.g., Jacobs & Trienekens
2002). This was the motivation for Ham et al. (2001) to develop the Metric Based
Testing Maturity Model using TMM and CMMI as the basis. Jacobs &
Trienekens (2002) developed the model further and created the Metric Based
Verification and Validation Maturity Model (MB-V2M2). The V2M2 model is
seen to be comprehensive and is not geared towards any specific type of business,
such as software engineering. V2M2 has a CMMI-like structure, allowing better
compatibility with enterprise-wide maturity assessments. In addition, V2M2 takes
the organisational aspects into consideration at higher levels.
Figure 6 describes the development of CMM-based maturity models used in
this dissertation. The development path of these models has departed into two
directions, some having overall management specific scope and others covering
single functions. Previous studies have identified the combination of different
maturity frameworks as the best way to develop operational functions (e.g.
Vakaslahti 1997, Jacobs et al. 2007). The assessment with these models, such as
P-CMM have, however, been found laborious. There seems to be a need for
further development of these models.

Fig. 6. The development of CMM-based maturity models used in this study.
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2.5

Managing technological uncertainty

Decision-making is challenged by technological uncertainty especially together
with market and revenue uncertainties (e.g. Sengupta 2005, Chen et al. 2006,
Murto 2007). Gressgard & Stensaker (2006) see technological development to
influence markets, and consequently technology is not only an internal NPD issue.
The literature considers different methods as means for coping with technological
uncertainty, including, simultaneous development, project portfolio management,
platforms, and verification and validation. (e.g. Lakemond & Berggren 2006,
Chen et al. 2005, Bstieler 2005). Project portfolio management is among the most
unambiguous ways to describe and manage technological uncertainty. In addition,
commonly discussed product development funnel has been developed further to
address this ambiguity. (e.g. Feland et al. 2004, Wheelwright & Clark 1992a,
Wang et al. 2008, Zhang & Doll 2001, Matthews 1991).
Sequential NPD models do not apply to products based on discontinuous
innovations in process and product technology. The discontinuities are caused by
both market and technological uncertainties. Technological uncertainty is a vital
issue for companies having an influence on product development (e.g. Magnusson
et al. 2003, Magnusson & Berggren 2001). Uncertainty can be understood as
management’s challenge relating to decision-making, when all the relevant
information is not available (e.g. Song & Montoya-Weiss 2001). Lynn & Akgun,
(2001) argue that it is practically impossible to predict the final product, its price,
and its target market during the early NPD process.
2.5.1 Simultaneous technological alternatives during product
development
Quick solutions are attempted to obtain in the traditional design practices, which
are later modified until the objectives are met. In this approach the chosen
solution is followed from start to finish throughout the entire NPD process. This
approach is also called point-based product development, where the initial
choices determine success (e.g. Joglekar & Rosenthal 2003, Zhang et al. 2002,
Zhang et al. 2008).
Traditionally decision-making in NPD is based on schedules, as the phase
review models, and similar methods suggest (e.g. McGrath 1996, McGrath 2004).
Companies such as Toyota, on their behalf, aim to solve problems continuously
based on available information, instead of fixed date milestones (e.g. Morgan &
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Liker 2006). This type of just-in-time decision making utilises an informationbased approach, opposed to the schedule-based approach, and decisions are made
when all necessary information is available. Decisions can thus be made earlier
than artificial decision gates, preventing wasting time, or later when there is not
enough information available to make an optimal decision. (e.g. Laurindo & de
Carvalho 2005, Holman 2003, Moultrie et al. 2007, Perttula 2005).
The literature lists different models addressing gradual selection from a large
pool of alternatives. These models include funnel and set-based approaches (e.g.
Wheelwright & Clark 1992a, Cooper 2008, Liker et al. 1996, Drejer 2008,
Yassine et al. 2008). The set-based approach means keeping multiple options
open during early product development. These approaches aid in coping with
uncertainty by delaying final decision-making. For example, Ford & Sobek (2005)
argue how longer time spent in early NPD enables organisations to have more
alternatives and potentially better solutions later during the development process.
For managing NPD flexibly, set-based product conceptualisation has been
highlighted as an important issue, enabling multiple options, and timely feedback
(e.g. Hines et al. 2006, Ford & Sobek 2005, Zhang et al. 2008). This type of
approach allows anticipating changes, and facilitating operational
manoeuvrability swiftly. These needs for adjustments are typically caused by
altered customer requirements, technical, or engineering problems. The set-based
approach is seen to allow offering a variety of products with reasonable costs.
According to Morgan & Liker (2006) the use of this virtually inefficient approach
has made, for example, Toyota’s development fastest in its sector.
2.5.2 Project portfolio management and technological uncertainty
Addressing uncertainty can also be considered from the viewpoint of project
portfolio management, instead of a single project’s perspective. Matthews (1991)
has categorised research and development (R&D) projects into three different
groups based on allocated resources and uncertainty. Long-term research for
developing future technologies forms the first group. The level of uncertainty is
high, and the projects are seen as obligatory overhead costs needed to secure
future success of a company. The purpose of the second group is to evaluate
technologies and reduce associated uncertainty, and finally to select the most
potential ones for further development. The projects of the third group are seen as
investments, while the markets and the development and manufacturing costs are
known well enough to calculate return on investment. The degree of uncertainty
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is low at this stage. Portfolio management encourages companies to initiate
second-group projects, with a sole purpose to decrease uncertainty before
committing into large scale development projects. (Suikki 2007, Suomala &
Jokioinen 2003, Suomala 2004, Matthews 1991)
2.5.3 Platform development
When tackling uncertainty during product development, platform development is
a significant R&D tool, potentially helping to cope with the situation (Gershenson
et al. 2003, Zhang & Doll 2001, Meyer & Utterback 1995, Robertson & Ulrich
1998, Salonen et al. 2008). Platforms are often considered broadly as planning
constructs instead of addressing the needs of a single product (e.g. Yang & Jiang
2006). Platforms can be seen as the basic structure with a common set of
components, modules, and parts from which derivate products can be generated,
while maintaining the core technology (e.g. Yakob & Tell 2007, Meyer &
Lehnerd 1997, Lee 2008, Koufteros et al. 2005). The platform approach reduces
the time used for new product planning, while useful elements already exist (e.g.
Kim et al. 2005, Robertson & Ulrich 1998). Technical and marketing
uncertainties are lower, and product changes can be made more rapidly (e.g.
Koufteros et al. 2005). According to Ratamaki (2004), tailoring for customer
needs can be conducted fairly late during the development process when utilising
platforms. Nevertheless, platforms can fail in many ways as they can be
complicated to design (e.g. Wheelwright & Clark 1992b, Robertson & Ulrich
1998).
2.5.4 Verification & validation and NPD uncertainty
Verification and validation is an effective way for collecting information, and thus
potentially reducing uncertainty. Nevertheless, conventional pass/fail type of
V&V for checking whether requirements are met or not does not increase
thorough understanding. Additionally, V&V is typically considered too late in the
development (e.g. Harkonen et al. 2009, Hsieh & Chen 2005, Host & Johansson
2000, Mahanti & Antony 2006, Perttula 2005). Errors and misunderstood
requirements are more expensive to fix the later they are addressed (e.g. Boehm
1981, Butcher et al. 2002, Firesmith 2007, Chun 2006).
Perttula (2005) has introduced an information-based approach, which is
especially beneficial for a situation with changing requirements. In this approach
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more information is collected from the product through verification and validation,
than is necessary for pass/fail decisions. When requirements later change, it is
possible to come back to the information collected earlier, to check whether the
product meets the new requirements, without having to repeat the physical tests.
Perttula’s approach strongly relates to the methods utilised by Toyota, where all
the relevant information of a design is attempted to collect during early product
development. Toyota’s approach includes methods, such as simulation, modelling,
measuring, analysis, and ijiwaru testing (e.g. Morgan & Liker 2006, Fan & Yu
2004). It is then possible to refer to this information when requirements change.
Both software and hardware are typically included in modern gadgets.
However, performance of a product, or its component, is the determining factor,
not whether this is achieved through hardware of software. Perttula (2007)
highlights the significance of this type V&V in module/ platform based product
development enabling later reuse without carrying out re-tests.
Requirements typically stabilise during the NPD process and the role of V&V
changes. Pass/fail verification is seen more effective during later stages, when
uncertainty diminishes and efficient execution is crucial. (e.g. Beecham et al.
2005, Ebert 2007).
2.5.5 Synthesis on managing technological uncertainty
The different viewpoints on managing technological uncertainty in high tech NPD
have been summarised in Table 4. This synthesis highlights the key findings from
the theory for the purpose of this dissertation.

35

Table 4. Synthesis on managing technological uncertainty.
Potential methods

Key findings

Developing simultaneous alternatives

Developing, and studying, simultaneous alternatives reduce
risks, and aids in gaining understanding.
Enables choosing several directions, and reacting to changes.
Enables delayed decision making
Requires resources and time.

Project portfolio management

Promotes the establishment of projects for strategic options
that have a goal of better clarifying few technological
alternatives for increased understanding.
Categorises R&D projects in two dimensions of uncertainty
and resources.
Requires resources and time

Platform development

Solutions that have once been sufficiently considered can be
later utilised for a number of purposes.
Enables rapid moves, using existing building blocks.
Final decisions can be delayed.
Not always the most customer oriented approach.
Platforms can be complicated to design.
Requires resources and time when platforms are developed.

Information based approach on V&V

A set of methods, assisting to enhance understanding,
especially during early development.
Accelerates, and clarifies activities towards the end of NPD
process.
Significance for platform based product development enabling
effective reuse.
Requires resources and time during the early NPD.
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3

Research contribution

This chapter presents the individual research contributions of the research papers.
3.1

Organisational maturity and functional performance

This article answers the research question 1. In this article, maturity models are
utilised for assessing the management systems of companies together with
analysing V&V as an operational function. The main focus is on the
interdependence and the balance of managerial and operational aspects. This
article utilises two different maturity models. The People Capability Maturity
Model (P-CMM) (Curtis et al 2001) has been used to analyse the level of overall
management systems in companies. The Verification and Validation Maturity
Model (V2M2) (Jacobs & Trienekens 2002) has been utilised to analyse V&V.
The interdependence of these two aspects is also scrutinised. The article clarifies
whether the bottleneck for performance improvement lies with the operational
function itself or with the maturity of the overall management system.
Figure 7 summarises the key finding of the maturity analyses on both the
management system and the operational function. The difference between the
maturity of the management system and that of the studied operational function
was found to be the greatest in the top company, a major Scandinavian telecom
company.
The article presents results that indicate a clear connection between the
maturity of the general management system and the studied operational function.
Noteworthy is that there was significant differences between different companies.
Verification and validation activities in the identified top company were at a
surprisingly low level despite of its excellent results for the overall management
system. A company with such a management system should be able to develop its
V&V activities to a much higher level of maturity.
The article shows that a company being superior with their management
system maturity does not automatically mean that they are superior with all
operational functions. Nevertheless, the management of such a company should
have the capability of reacting into the rising significance of new matters
affecting their business success. V&V activities seem to be one of the
increasingly important factors. It is not realistic for companies with lower
maturity to gain superiority in new and difficult matters without first improving
their management system maturity.
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Fig. 7. Summary of the P-CMM and V2M2 maturity analyses.

This article points out that investing in a single function is only productive, if the
company is capable of utilising the results of such an investment. There should be
a balance between the investments in a single activity and the overall
organisational maturity. When analysing the maturity of a single function,
according to any CMM-based maturity model, it must be noted that it can be
developed only to level 3 without investing in the improvement of the entire
management system. In practice this means that an organisation needs to develop
the maturity of its management system, should it desire to raise the maturity of
any single function to higher levels of 4 and 5 in the scale of the model.
3.2

Improving the efficiency of verification and validation

This article answers the research question 2 and discusses testing from the
management perspective, giving a description on testing in the ICT sector. Testing
is presented in relation to pure electronics hardware (HW), pure software (SW)
and embedded SW & HW. In addition, the article presents methods that can be
used for reducing test costs in different phases of the product development
process.
Figure 8 presents the development of testing activities. The magnitude of
testing is especially large in software development. This is where SW developers
first discovered that old, hardware related, testing practices did not fit in with
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expanding testing needs and new practices had to be developed. The same
challenges discovered in the SW industry have later also emerged in HW. The
application of the ICT technologies is continuously spreading to other industries,
for example to the automotive industry. Growing complexity of products and
increasing need for integration result in challenges for testing. Sectors that have
earlier been considered as solid quality sectors are currently facing new problems
with reliability. The management of these more traditional sectors has found it
difficult to leave the old sector-specific mindset and learn from the SW and ICT
sectors. The most developed testing practices can probably be found in SW and
other sectors may find it beneficial to benchmark against these software practices.

Fig. 8. Development of testing activities.

Table 5 lists the challenges preventing testing becoming more effective, together
with potential solutions attempted by the ICT industry. Testing activities are
typically not been managed sufficiently and has been seen as an independent set
of actions. Sub-optimisation of testing activities can cause inefficiency and
repetition of tests. Regardless of it being worthwhile to improve testing in each
product development phase, the best results can be obtained by analysing the
entire chain of testing. The article shows how better results can be obtained by
closer integration of HW and SW. A general learning is that the emphasis of
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testing activities should be shifted towards earlier part of NPD. Each product
development phase should consider not only testing within the own phase but also
the following phases as well in order to remove unnecessary overlapping. One
common problem for many companies identified in this article is a general lack of
personnel with good and versatile competences in testing. In addition, systematic
management practices are in a key position in improving the efficiency of testing.
Table 5. V&V challenges and possible solutions.
Phase

Challenges/Problems

Applied

Uncertainty on what to research Simulation

Solutions

research

Lack of competent personnel
Lack of systematic practices

Product

High personnel costs

Balancing the number of designers and test personnel

development

Lack of competent personnel

Personnel training

Large amount of tests

Test automation especially on software testing

Overlapping tests
Unreliability of new test systems
Production

High investment costs & short

Avoid overlapping tests with R&D

life-time of equipment

Developing tests methods of functional testing (e.g.

Lack of competent personnel

sampling)

Functional testing is expensive

Removal of unnecessary tests

& bottleneck

Emphasis shift from functional to process testing

Large amount of tests
Inaccuracy of test equipment
After Sales

Large number of test equipment
Non-standardised products

Entire

Overlapping tests between

Understanding the entire value chain

development

different phases

Shifting the emphasis to earlier stages

chain

Lack of understanding the

Each phase should consider the following phase

entire chain

Utilisation of test management systems to control test
coverage and eliminate overlapping
Standardisation of product interfaces
Maximised utilisation of test equipment
Better synchronisation of HW & SW projects
Better utilisation of the experiences of earlier projects
Increasing Embedded testing & BIST
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This article points out how testing must be optimised in order to reduce costs and
to shorten the development cycles. This optimisation must start with considering
the entire development chain, and continuing through every phase of product
development to reduce overlapping. Internal cooperation is required between
different product development phases and functions. Testing is a challenging
support function requiring versatile competences and knowledge on issues, such
as test methods, product structure & purpose, specifications, and technological
limitations. Software testing can be seen as a forerunner in the development of
testing activities and management practices in the ICT industry.
3.3

Improving product development in different type of ICT
companies

This article answers the research question 3. The article utilises Toyota’s NPD
model (TNPD) as a benchmarking tool for obtaining potential improvement ideas
for ICT companies. The research covers three different company types: large,
small, and suppliers. The main benefits of TNPD are its impact on issues, such as
time-to-market, productivity, quality, the number of changes at the end of
development, product cost, R&D capacity, rapid learning, among others (see e.g.
Radeka & Sutton 2007). Another motivation for using Toyota as a source for
ideas is their procedures being well documented in the literature (e.g. Morgan &
Liker 2006, Ward 2007, Ford & Sobek 2005). Selecting automotive industry as a
benchmark was logical as ICT has grown in volume and its nature has become
more similar to more traditional industries. In addition, the car sector is mature
has streamlined it business practices, including NPD, to a very high level.
Considerations potential for ICT companies include development of several
parallel alternatives, the role similar to Toyota’s chief engineer for managing
product development, company driven competence development and rigorous
standardisation including people skill-set standardisation. Smaller companies,
having limited resources, should only consider parallel options and delayed
decision-making with technologies critical for their NPD. Toyota’s NPD, also
gives good examples for supplier integration from both, supplier’s and client’s
perspectives. Simple visual communication is an example of TNPD that all the
company types can learn from.
All-inclusive and direct Toyota benchmark better serves the needs of large
companies. For small companies, it may be more beneficial to benchmark Toyota
directly only partially and to include indirect analyses through top companies in
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one’s own business sector. Suppliers may also obtain ideas for improving their
product development by including their main clients as an indirect way for
benchmarking. Table 6 present potential learnings for the three studied company
types discussed in the article.
Table 6. Summary of potential learnings for large & small companies and suppliers.
Sub-category

Large

Small

Suppliers

Processes

Delay decision making

Deploy delayed

Aim to integrate into

Separate value-added from waste

decision-making

clients’ processes

Indentifying and communication needs

selectively

of internal customers better

Separate value-added

Standardise more people skill-set

from waste

CE type solutions to integrate NPD

Pay more attention on

mprove

processes

developing functional

communication to/from

Consider more company driven career

expertise

customers

People

path planning
Improve communication between
suppliers
Systematic continuous improvement
Tools &

Idolise technology less and strive for

Pull-based technology

Adopt pull-based

technologies

customer orientation and efficiency

acquisitions

technology

Process data for individual needs

acquisitions

Use simple and visual communication

Use simple and visual
communication

3.4

Technological uncertainty and verification & validation
activities

This article answers the research question 4. The article considers how different
organisations cope with uncertainties in their product development, and
specifically how ICT companies utilise verification and validation activities for
tackling these uncertainties. The article analyses differences among three
company categories: independent actors with products of their own, original
equipment manufacturers (OEM), and subcontractors providing services for the
two first mentioned categories.
The article shows that ICT companies tend to make the technological
decisions as early as possible leading to great technological uncertainty. In the
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case of the initial decisions proving wrong, significant costs are created in form of
wasted resources and delayed development. Maximisation of understanding in the
early part of product development allows companies reacting to surprises when
requirements change, without entering a panic mode, or causing excessive delays.
The tendency of companies to make decision early is due to the mindset
dominated by the schedule-based view on product development, whereas
company management should consider more information-based approaches.
Decisions should be made when required information is available, not based on
pre-set schedules. The challenge is accumulated, the studied companies typically
being more technology, than business oriented in their NPD.
The study indicated that different methods are utilised to cope with
uncertainty in high tech NPD process. Simultaneous development, project
portfolio management, platform development, understanding enhancing V&V,
agile methods, prototyping, and standardisation are among the methods
companies use to address uncertainty. All these methods, discussed in this article,
have two common nominators, enhancement of information during early NPD,
and intentionally building options for the management to have choices for later
product development. Both of these allow companies to make their final decisions
later when they have more information and deeper understanding on used
technologies.
Verification and validation activities have traditionally been seen as a
pass/fail decision, indicating whether specifications have been met. Nevertheless,
an information-based approach can be especially beneficial for situations with
changing requirements. In this type of approach more information is collected
from the product through V&V, than is necessary for pure pass/fail decisions.
When requirements later change, it is possible to come back to the information
collected earlier, to check whether the product meets the new requirements,
without repeating the physical tests. This ‘understanding enhancing V&V’ (UE
V&V), strongly relates to the methods utilised by for example Toyota, where all
the relevant information of a design is attempted to collect during early NPD. UE
V&V include methods:
–
–
–
–
–

Simulation
Modelling
Measuring
Analysis
Ijiwaru testing.
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Once requirements change it is then possible to refer to back to this collected
information. This is one of the reasons why UE V&V approach is beneficial for
situations with high uncertainty typical for product development in ICT.
V&V activities are seen inherent to all the interviewed companies, but a
deeper utilisation of V&V as a means for tackling uncertainty has not been
internalised. In the early part of product development, V&V are typically used for
finding the performance limits of new technologies, for example, through
simulations and modelling. Uncertainty is greatest in the beginning of NPD and
UE V&V is more beneficial. Towards the end of NPD, relevant understanding
exists and as a consequence uncertainty decreases making pass/fail V&V more
effective.
The article shows that the three studied company categories proved to be
different in the manner they handle V&V activities. Independent actors tend to
utilise UE V&V the most, and within the category, the most advanced companies
utilise UE V&V more than smaller and less developed ones. Original equipment
manufacturers utilise UE V&V, but significantly less than large advanced
companies with products of their own. In the subcontractors’ category,
verification and validation almost exclusively means pass/fail testing as the
requirements are set by their customers. UE V&V is utilised by subcontractors
only when they develop platforms of their own. Figure 9 summarises the relative
divisions of the two types of V&V efforts among the company categories studied
in the article.
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Fig. 9. Relative divisions of UE V&V and pass/fail V&V in the studied categories.

The study shows that even the most advanced companies should consider
possibilities to increase the amount of UE V&V, and to shift the emphasis to
earlier NPD. Especially smaller companies and OEMs could learn from the
experience of more successful ones. Nevertheless, it is not necessarily beneficial
for subcontractors to significantly increase the amount of UE V&V. However, it
might be beneficial to analyse the issue from their customers’ standpoint, as
understanding customer behaviour is always worthwhile. In the case of product
development cooperation, a client can attempt to build UE V&V into the contract,
should they find it desirable for their business.
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4

Discussion

4.1

Theoretical implications

In this dissertation the research problem is approached from four complementary
perspectives – organisational and V&V maturities, current V&V management
challenges, benchmarking another sector, and uncertainty during NPD – based on
which four research questions (RQ) were formed. Table 7 summarises the
theoretical implications of the four articles and how they reflect the chosen
perspectives.
Table 7. Summary of theoretical implications.
Article Title

Implications

I

Organisational maturity and functional

Development of maturity models for V&V

performance

purposes
Comparison of functional and management
system maturity

II

Improving the efficiency of verification and

Documenting the development of V&V activities

validation

Documenting challenges and potential solutions
Indentified state-of-art on V&V management

III

Improving product development in different

Description of NPD in different type of companies

type of ICT companies

Differences in NPD practices in ICT and
automotive sectors

IV

Technological uncertainty and verification &

Synthesis on managing technological uncertainty

validation activities

Understanding enhancing V&V

Organisational and V&V maturities: This paper clarifies the interdependence of
the overall management system maturity and the maturity of verification and
validation activities. The article also describes the development of maturity
models. This study provides new input to the scientific community by utilising
two different maturity models, one for assessing the management system and the
other for V&V, and compares their results against each other. V&V activities
cannot be separately developed to a high level of maturity, without also
considering the management system maturity.
Current V&V challenges: This article clarifies V&V challenges in ICT
companies and presents the development of testing methods as a function of time.
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The article also describes the current status of testing activities separately in
hardware, software and embedded environments. This article complements the
studies by previous authors by updating and expanding the understanding of V&V
problems. Opposed to previous studies, this paper does not focus on specific areas
of V&V, such as HW, SW or production testing, but instead attempts to find an
inclusive management perspective.
Benchmarking another sector: This article demonstrates how development
ideas can be obtained for the purpose of different type ICT companies by
benchmarking company practices against a mature business sector. Benchmarking
the automotive industry for the purpose of V&V activities in the ICT sector is
new to the scientific community. This article clarifies whom should different level
actors benchmark for a maximum benefit.
Uncertainty: This article clarifies how ICT companies cope with uncertainty,
and challenges, caused by the changing environment, focusing particularly on the
role of verification and validation (V&V) activities. Uncertainty is widely studied
in the literature, however, this article provides new scientific information by
combining V&V activities and inevitable NPD uncertainty in the ICT sector. The
article clarifies the benefits of understanding enhancing V&V in tackling
uncertainty.
This research as a whole provides examples for different type of companies
on how to cope with the current V&V challenges encountered in modern ICT
product development. Optimisation on V&V activities has a direct impact to timeto-market, cost reduction and product quality. One has to keep in mind that the
examples presented are only possibilities and each company should make the
final decisions based on their own business perspective.
4.2

Managerial implications

The purpose of this dissertation is to find ideas for ICT companies to improve
their verification and validation activities from the product development
management viewpoint. This purpose is addressed through the four individual
research articles.
Article 1 (“Organisational maturity and functional performance”) points out
how an organisation should assess both, the maturity of its entire management
system as well as that of its individual activities, such as V&V. It is not profitable
for all companies to invest in gaining superiority in every single activity, rather
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the investment should be in line with the company strategy and its overall
maturity.
Investing in a single function is only productive, if the company is capable of
utilising the results of such an investment. There should be a balance between the
investments in a single activity and the overall organisational maturity. When
analysing the maturity of a single function, according to any CMM-based
maturity model, it must be noted that it can be developed only to level 3 without
investing in the improvement of the entire management system. In practice this
means that an organisation needs to develop the maturity of its management
system, if it desires to raise the maturity of any single function to higher levels of
4 and 5.
The capability, or maturity, of the management system of a company does not
automatically mean that all important functions are of high maturity. This study
revealed that not even the identified top company has reached a V&V specific
maturity level higher than 3, even though the management system maturity would
allow this. It would be possible for the top company to raise the V&V maturity,
should they decide to invest in the matter. However, already now the top company
does utilise the information from the after-sales phase to improve the performance
of the earlier phases. Also, the V&V maturity of the product development is
clearly at a higher level in the top company than is the case for the industry
average.
Article 2 (“Improving the efficiency of verification and validation”) points out
how testing has become a very important factor in creating ICT products, and is
responsible for a significant part of the overall costs. Testing should be
understood as an internal service function supporting the development and
production of high quality products. Testing is not an end in itself, but rather a
part of a bigger goal. In order to make this internal service function as efficient as
possible, it must be integrated into the company strategy and into the entire
product development process.
To reduce costs, and to shorten development cycles, testing must be
optimised. The optimisation must start with consideration of the entire
development chain, and continue through every phase of the NPD to minimise
overlapping. Internal cooperation is needed between different phases and
functions. Testing is a challenging service function requiring versatile knowledge
and competences e.g. on test methods, product structure and purpose,
specifications, and technological limitations. SW testing is a forerunner in the
development of testing activities and management practices.
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One way of rationalising testing is to outsource it. Testing services are,
however, still underdeveloped, but specialised testing services are likely to
increase in the future, and outsourcing testing should be an option to device
manufactures.
When formulating their research strategies companies should connect their
researchers to the standardisation work as technologies and products are later
tested against these standards. During the product development phase the
interfaces between various modules should be standardised to make it easier to
use the same testing methods.
Article 3 (“Improving product development in different type of ICT
companies”) highlights how ICT companies can benefit from Toyota’s learnings.
According to the study, the strategy of using parallel technological alternatives
and delayed decision-making is not widely applied. Companies need to better
address the needs of internal customers, and optimise their NPD processes over
the entire product life-cycle. Large companies could potentially learn from
Toyota’s CE type solutions in their cross-functional integration. Especially large
companies may wish to consider including people skill-sets in their
standardisation efforts by company driven competence development. Data
overflow is currently a significant challenge and companies need to address this
issue by further processing the data into a meaningful format, and selectively
tailor it for different purposes.
The managers of different type of companies may need to consider which
methods utilised by Toyota are realistic for their realities and selectively consider
them. Smaller companies having limited resources could selectively consider
delayed decision-making in their NPD projects, better separation of added value
from waste, and pay more attention on developing functional expertise. Supplier
type companies should obtain ideas directly from Toyota, and indirectly from
both top companies in their own field, and from their advanced clients.
Article 4 (“Technological uncertainty and verification & validation
activities”) indicates that ICT companies tend to make the technological decisions
as early as possible leading to great technological uncertainty. Should the initial
decisions prove wrong, significant costs are created in form of wasted resources
and delayed development. Maximisation of understanding in the early part of
NPD allows companies reacting to surprises when requirements change, without
entering a panic mode, or causing excessive delays. The inclination of companies
to make decision early is due to the mindset dominated by the schedule-based
view on NPD, whereas the management should consider more information-based
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approaches. Decisions should be made when required information is available,
not based on pre-set schedules. The challenge is accumulated, as the studied
companies are typically more technology, than business oriented.
A central finding for company managers is the potential of understanding
enhancing V&V (UE V&V) for addressing uncertainty in NPD. UE V&V
methods suit the purposes of hardware and embedded products, not necessarily
pure software code. Currently, the utilisation of V&V for enhancing
understanding is not sufficient. Building adequate understanding is, however, vital
for continuous improvement. Even the most advanced companies should consider
possibilities to increase the amount of UE V&V, and to shift the emphasis to
earlier NPD. Especially smaller companies and OEMs could learn from the
experience of more successful ones. However, it is not necessarily beneficial for
subcontractors to significantly increase the amount of UE V&V. Nevertheless, it
might be worthwhile to analyse the issue from their customers’ standpoint, as
understanding customer behaviour is always essential. In the case of product
development cooperation, a client can attempt to build UE V&V into the contract,
should they find it desirable.
The summary of managerial implications of each article is presented in
Table 8.
Table 8. Summary of managerial implications.
Article Title

Contribution

I

Organisational maturity and functional

Understanding the balance between functional and

performance

management system maturity
Identifying areas for development

II

III

Improving the efficiency of verification and

Learning from the practices of other companies

validation

Enabling managers to perceive the bigger picture

Improving product development in different

Benefits of benchmarking for V&V

type of ICT companies

What type of companies should different actors
benchmark

IV

Technological uncertainty and verification & Understanding methods for tackling uncertainty
validation activities

Understanding the relevance of UEV&V for different
company types
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The main managerial implications of this doctoral dissertation can be concluded
as a need to fully understand the importance of V&V activities, realisation of the
current low maturity and appreciate the need to overcome the existing tendency to
organise through functional silos. Verification and validation activities should be
viewed and managed over the entire NPD process. This requires new means for
cross-functional integration. The maturity of the overall management system
needs to be adequate to enable higher efficiency and effectiveness of V&V
activities. There are pressures to shift the emphasis of V&V to early NPD and
simultaneously delay decision-making in NPD projects to a stage where enough
information is available. Understanding enhancing V&V methods are a potential
way to advance towards these goals.
4.3

Reliability and validity

This research proceeded gradually searching for ever new potential solutions to
the research problem. This research is qualitative and descriptive in nature,
applying mainly inductive reasoning.
Yin (2003) proposes four tests to establish the quality of any empirical social
research: construct validity, internal validity, external validity, and 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). Industry has had a significant
role in formulating the research problem and topics to be covered. In addition, the
main source for empirical data has been the experienced industrial managers that
have been interviewed. Consequently, one could assume that the research topics
have been relevant for the industry, and thus increasing the validity. The research
problem was viewed from four complementary perspectives, through four Journal
articles. Additionally, each perspective was reflected against existing literature.
However, should the industrial managers consulted when defining the research
areas to be studied be different, or should the studied industry be different, the
result could vary to some degree. Also, should the number of selected
perspectives or themes be different, this could also influence the obtained results
to a degree.
Internal validity is a concern when a researcher attempts to determine
whether event A leads to event B. Should the researcher incorrectly conclude that
there is a causal relationship between A and B without knowing that a third factor,
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C, may actually have caused B, the research design has failed to ensure internal
validity (Yin 2003). The articles included in this dissertation have undergone a
double-blind review process, and have thus been subject to critical judgement by
the scientific community. According to Airala & Pekkanen (2002), publicity and
critical judgement by the scientific community are integral parts of scientific
research. In addition the researcher has extensive industrial experience from the
business sector in question. However, should the scientific articles be sent to a
completely different Journal, the comments made by the reviewers could vary to
some degree, resulting in slightly different end result. Should the prior knowledge
of the researcher be different, the analyses could have provided different results.
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 data analysed in this dissertation has included the views of
experienced managers from tens of different companies. However, the direct
validity of the results is limited to the studied business sector. Nevertheless, this
research has studied different company types 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
research has been conducted at a certain time, by certain individuals, making the
research somewhat unique. Collecting data in a qualitative manner has its
limitations in the form of different interviewees potentially reacting differently to
certain issues, potentially influencing the obtained results. The research
methodology and process used in this dissertation are documented and described
for each individual Journal article, making it possible to repeat the research and
compare the findings. However, no researcher is perfect and incorrect conclusions
are possible.
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4.4

Recommendations for further research

Managing new product development and V&V activities 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.
The previous research has been scarce on studying V&V from the perspective
of NPD process phases. This could include splitting the NPD process into distinct
smaller increments and analyse V&V activities in detail for each of these phases.
This type of approach would enable managers to allocate resources to optimise
with a more comprehensive perspective.
Another aspect identified important during the interviews conducted during
the dissertation process is the fact that requirements do change during the NPD
process and thus 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.
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
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.
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5

Summary

The ICT industry has expanded rapidly during the past decades and has changed
and witnessed a transformation in terms of frequent technology changes, increase
in complexity, time-to-market pressures and the decrease in physical dimensions.
Technical superiority of products and new functionalities are not enough for
companies to succeed, but one must also invest in developing processes.
Verification and validation (V&V) is a critical issue for modern high
technology product development. It has been claimed that it is impossible to
design and manufacture products without defects. Even though verification and
validation is seen as a significant matter for companies, studies that deal with the
management aspects of V&V are scarce. This was the motivation for this
dissertation. The research problem addressed in this dissertation was stated as
follows:
Companies in the ICT sector require research efforts and new knowledge for
improving their verification and validation activities from the product
development management viewpoint.
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 9 summarises
the research questions and their contributions.
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Table 9. Research questions and contributions.
Article

Research question

Implications

I

How does the organisational maturity

Development of maturity models for V&V

reflect functional performance?

purposes
Comparison of functional and management
system maturity
Understanding the balance between functional
and management system maturity
Identifying areas for development

II

What is the development path of V&V

Documenting the development of V&V activities

activities and what are the challenges

Documenting challenges and potential solutions

and possible solutions?

State-of-art on V&V management
Learning from the practices of other companies
Enabling managers to perceive the bigger picture

III

How can ICT companies benefit from

Description of NPD in different type of companies

benchmarking the NPD management

Differences in NPD practices in ICT and

practices against a mature business sector?

automotive sectors
Benefits of benchmarking for V&V
What type of companies should different actors
benchmark

IV

How are different types of companies coping

Synthesis on managing technological uncertainty

with uncertainty in high tech NPD, and how

Understanding enhancing V&V

can V&V aid this?

Understanding methods for tackling uncertainty
Understanding the relevance of UEV&V for
different company types

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 both the managerial and practical levels.
The main implications of this doctoral dissertation can be concluded as a
need to overcome the current tendency to organise through functional silos, and
low maturity of V&V activities. Verification and validation activities should be
viewed and managed over the entire NPD process. This requires new means for
cross-functional integration. The maturity of the overall management system
needs to be adequate to enable higher efficiency and effectiveness of V&V
activities. There are pressures to shift the emphasis of V&V to early NPD and
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simultaneously delay decision-making in NPD projects to a stage where enough
information is available. Understanding enhancing V&V methods are a potential
way to advance towards these goals.
The contributions of this research benefit ICT companies in the form of
describing and documenting the challenges and by providing potential solutions.
This dissertation forms a base for understanding V&V activities from managerial
viewpoint. It is, however, vital to understand that different type of companies
require solutions that suit their individual business environment, internal
resources and competences.
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