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ABSTRACT
Modular product architectures have generated numerous benefits for companies
in terms of cost, lead-time and quality. The defined interfaces and the module’s
properties decrease the effort to develop new product variants, and provide an
opportunity to perform parallel tasks in design, manufacturing and assembly. The
background of this thesis is that companies perform verifications (tests,
inspections and controls) of products late, when most of the parts have been
assembled. This extends the lead-time to delivery and ruins benefits from a
modular product architecture; specifically when the verifications are extensive and
the frequency of detected defects is high. Due to the number of product variants
obtained from the modular product architecture, verifications must handle a wide
range of equipment, instructions and goal values to ensure that high quality
products can be delivered. As a result, the total benefits from a modular product
architecture are difficult to achieve.
This thesis describes a method for planning and performing verifications within a
modular product architecture. The method supports companies by utilizing the
defined modules for verifications already at module level, so called MPV (Module
Property Verification). With MPV, defects are detected at an earlier point,
compared to verification of a complete product, and the number of verifications is
decreased.
The MPV method is built up of three phases. In Phase A, candidate modules are
evaluated on the basis of costs and lead-time of the verifications and the repair of
defects. An MPV-index is obtained which quantifies the module and indicates if
the module should be verified at product level or by MPV. In Phase B, the
interface interaction between the modules is evaluated, as well as the distribution
of properties among the modules. The purpose is to evaluate the extent to which
supplementary verifications at product level is needed. Phase C supports a
selection of the final verification strategy. The cost and lead-time for the
supplementary verifications are considered together with the results from Phase A
and B. The MPV method is based on a set of qualitative and quantitative
measures and tools which provide an overview and support the achievement of
cost and time efficient company specific verifications. A practical application in
industry shows how the MPV method can be used, and the subsequent benefits.
Key words: Modular products, product architecture, product verification, test, inspection, product
assembly, defects.
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INTRODUCTION

TO THE THESIS

This chapter presents the research area and introduces module property
verification (MPV). Verification is, in this thesis, a universal term which
denotes defined activities such as quality control, test, and inspection. The
chapter starts by claiming that verifications are a waste of time and
resources, and that modular product development can support a decrease in
this waste. A company example is used to point out that the
implementation of modular products also needs to be supported by
guidelines or a method to follow when performing verifications. The
chapter mentions that the literature on both modular products and quality
does not show how to plan or perform verifications on modular products.
The chapter ends with the working terminology and the structure of the
thesis.

1.1 INTRODUCTION
This thesis describes the work which has lead to a method for planning and
performing verifications on module level. The academic background for the thesis
is the work within modularisation done at the Royal Institute of Technology and
Högskolan Dalarna, Sweden. The work resulted in the MFD method described in
[Erixon, 1998] as well as in several other research results. Foremost, potentials for
modular product architecture within industry were clearly shown; a potential
which becomes greater for each passing day.
Today numerous companies all around the world have adopted a modular product
architecture. Sweden has also come far in the implementation of methodologies
focusing on modules instead of one-of-a-kind products. Scania and other large
companies have been discussed frequently in the literature with results showing a
rational decrease in part numbers, lead-time, stock, drawings, facility space and
increased quality. Even SME companies such as Dellner Coupler AB have started
to harvest the benefits from their new modular train coupler. At the same time,
modularity has enhanced the creation of product variants which enables
companies to provide a more and more diverged market with price worthy and
customized products. For the western world, the modular architecture has also
increased competitiveness and enabled companies to keep production “at home”.
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The “next step”, once a modular architecture has been implemented, is to
enhance the benefits from it, and to make sure it spreads through a company all
the way to the loading bay. The contribution from this thesis is to enhance the
benefits regarding verifications and output quality. To increase quality and
decrease costs and lead-time is every company’s priority; it is also the purpose of
this thesis - applied at the verification of a modular architecture.
1.2 PRODUCT VERIFICATIONS
Product verifications (from here on verifications) are the defined activities a
company performs, to get objective evidence of fulfilled product properties (from
here on properties). Objective evidence means that the properties should be
measurable. Verification is a universal term and denotes defined activities such as
quality controls, tests and inspections1. The defects are deviations from, or lack of,
the properties the product should embody. Verifications are therefore not
anything that will explicitly increase quality, but detect any deviations from the
quality targets.
In general, verifications are a non-value added activity; thus the customer may not
be more satisfied by the product because of comprehensive verifications.
Nonetheless, the customer may have specified certain types of verifications which
then would add value. For example, in the train industry the coupler’s proof load
should be well documented and conform to standards such as the Railway Group
Standard [RGS, 2000]. However, the customer is interested in using the product
and that the product works as expected, or even exceeds expectation, and not
how the actual verification has been performed. Furthermore, [Baudin, 2002] and
[Shingo, 1986] mention that inspections are a waste of time and resources since
they do not add any value to the customers’ interpretation of the product. As a
fundamental basis, given that the verifications do not add any customer value,
verifications are wasteful and should be eliminated as far as possible, or even
completely. Further, verifications alone do not contribute to the lowering of
defects.
Verifications would not be necessary if the defect rate was always zero, legal issues
were easy to comply with, and customer needs never shifted. Today perfection in
industries is not reached, and will probably never be reached due to the nature of
human error, see [Reason, 1990] and [Meister, 1989]. The operator errors causing
the nuclear disaster in Chernobyl2 [Rippon, 1986], and the design errors as sub

1
Inspecting means to observe or measure an object, while test is focusing on the objects functions, see [Baudin,
2002]. Quality control has several meanings, but is often synonymous with monitoring deviations from a target
with statistical methods.
2
The fourth reactor blew as a result of wrong, and violation of, test (verification) procedures
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cause to the Estonia tragedy [Haverikommissionen, 1998] are sad examples of
human error potential. Furthermore, [Lawrence & Kosuke, 2004] also describe 13
cases of fatal designs which resulted in large lawsuit outlays for the responsible
companies. The day-to-day routines in companies are no exception. The
experience assimilated during the work behind this thesis is that no companies are
endowed with a defect-free design, manufacturing or assembly; see also [Shingo,
1986]3, [Garvin, 1987], [Baudin, 2002]4 or [Katz et al., 2002]5. In fact, the success
of Six Sigma tools [Bertels, 2003] which measure how near (or how far)
companies are to 6σ quality may be evidence itself of defective products or
processes.
1.3 MODULE PROPERTY VERIFICATIONS
Modular product architectures are in general a set of common modules which
serve as a base for a product platform; and families of products are derived from
that platform through module and part variants. A module is a block of parts, or a
single part, which has one or few but well defined properties and company
specific interactions between other blocks. The benefits obtained from a modular
architecture and product platforms have been discussed frequently in the
literature, see for example [Baldwin & Clark, 2000; Erixon, 1998; Huang, 1999;
Jiao & Tseng, 1999; Kenger, 2004; Martin, M & Ishii, 2002; Meyer & Lehnerd,
1997; Simpson, 2004; Stake, 2000; Ulrich, K, T., 1995]. Since companies develop
modularized products there are reasons to believe that the work to obtain
qualitative products may benefit as well. Parallel activities in design, manufacturing
and assembly are mentioned as typical benefits of having modular architectures.
To take care of quality issues in parallel as well seems a natural step in order to
further enhance the benefits of parallel work. Furthermore, since verifications are
a waste of time and resources, one may as well waste in parallel in order to
decrease the impact of the waste. Specifically this waste refers to extensive tests at
final assembly.
Reasons for performing verifications at module level have been discussed by
several authors. For example, [Erixon, 1998] mentions that modules designed for
separate functional tests increase the quality in assembly systems. [Robinson et al.,
1990] state that it is ten times more costly to repair a defect late in the assembly
line (or off-line) than it is to repair the defect as it occurs. To detect an assembly
defect close to its origin would then be simplified by verification of subassemblies
or modules compared to a completely assembled product. Also, [Pimmler &

3

Page 37 describes Shingo’s visit to an industry with defects in their packaging material
Baudin discusses seven typical characteristics of waste in assembly work, e.g. production of defectives
5
Katz and his colleagues in the Israeli defence analyzed 1621 defect reports on an electronic system; 19% were
caused by the assembly, 18% by the design and 16% by the verification itself.
4
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Eppinger, 1994] point out the advantages of decomposing complex products into
multiple sub-functions. These sub-functions are generally easier to handle than the
complete product, and the technical solutions for the sub-functions can be
developed in parallel. [Baldwin & Clark, 2000] mention that “To evaluate a
module without embedding it in a prototype system requires detailed knowledge
about what the module contributes to the whole, as well as how different modules
interact.” It may be specifically important to perform verifications at module level
the first time one has started to design, manufacture and assembly modular
products, [Baldwin & Clark, 2000]. Since the development takes place in parallel at
each module, the errors may not be revealed until late in the process when the
modules are assembled and tested. In principle, the benefits obtained from parallel
work may be consumed by the time spent on repairing defective modules at final
assembly.
An example of the benefit with module level verification is mentioned in [ChunChe & Kusiak, 1999]. Considering a modularised product family where each
module has n properties. If the product family is built up by k modules then it
requires nk verifications to cover the whole product family. If the whole product
family is verified at module level it is necessary just to perform n*k verifications
instead.
The possibility to perform module level verifications is also discussed in [Ulrich,
K. T. & Tung, 1991] who say that “because components in a modular design
correspond to particular functional elements, the function of the component is
well defined and a functional test should be possible”. [Nevins & Whitney, 1989]
state that an important question in a test strategy is whether to test on final
assembly or to test subassemblies. They say that there are several benefits with
subassembly verifications.
1. Such tests might address faults which often occur.
2. They might address faults which are substantially cheaper to repair compared
to final assembly.
3. No later tests for faults might be available due to restricted access
4. No later specific test is available with the appropriate equipment necessary for
the product’s function.
From here on, verifications at module level will be termed MPV (module property
verifications). Furthermore, to verify a product on a complete product level will
be termed PPV (Product Property Verification). The principle of verification
through MPV instead of PPV is shown in Figure 1-1. For a company with a
modular architecture, it is necessary to identify the most time- and cost efficient
strategy for the module verifications. Here a verification strategy is the detailed
plan for achieving cost- and time efficient verifications; and where the purpose of
4

this strategy6 is to deliver a quality product to a customer. The strategy should
withstand changes in the number of defects, verification demands, and product
architecture to avoid frequent (and costly) changes.

Figure 1-1: The principle of verifying at module level. A product built up by j modules is verified at
product level (to the left). Instead (to the right), since modules have defined functions, properties and
interfaces they can be verified separately. But even at module level the, needs from customers and demands
from government and standards should be fulfilled.

It seems beneficial to verify at module level instead of at complete product level,
illustrated in Figure 1-1. At first sight, detecting and correcting a defective design
or assembly at modular level would require less time than after final assembly. For
example, the probability to detect one defect among 10 parts (1/10) is higher than
among 150 parts (1/150); further, it takes less time to repair a defect if two parts
need to be removed compared to removing 30 parts. There are several authors
who have mentioned modular products and quality issues in their texts, for
example [Baldwin & Clark, 2000; Erixon, 1998; Ulrich, K. T. & Tung, 1991].
However their work has been focused primarily on how to modularise products
and not explicitly how to perform verifications or gain in cost or lead-time savings
related to quality. The literature on modular and platform products in general
lacks guidelines or methods to achieve quality at module level. If this gap can be
sealed by guidelines or a method, then the full potential of modular product
architectures can be obtained.

6

Strategy is subjected to comprehensive research by e.g. [Porter, 1996] who mean that a strategy should make a
company do different activities than the competitors, but also knowing what not to do. This thesis will not study
strategy or survey any definitions and therefore a simple explanation of strategy is made which is used in this
thesis.
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1.4 COST, QUALITY AND LEAD-TIME TO STAY COMPETITIVE
In the late 1960s [Skinner, 1969] wrote that trade-offs need to be made between
quality and low cost. Today, quality is not something which can be given reduced
priority, see [Garvin, 1987; Liker & Meier, 2006; Roden & Dale, 2001]; and low
cost is necessary to stay competitive and be profitable, see [Ohno, 1988]7 and
[Olhager, 2000]8. These 2 aspects are what today’s customer wants i.e. a low price,
high quality product [Bellgran & Säfsten, 2005]. For example, the strategy for
Sandvik Coromant is not to compete with price alone, but with price and
performance, [Bengtsson et al., 2005]. Along with low cost and high quality,
companies should have shorter lead-times relative to their competitors. Work by
[Fine, 1998], [Smith, P G & Reinertsen, 1991] and [Thomas, 1990] have all
discussed benefits with a short lead-time (or the disadvantages of too long leadtimes). For example, the advantages with a short lead-time may be pricing
freedom, fast feedback on any errors, increased resource effectiveness and
increased market share. However, sluggish companies will lose a great deal of the
market, e.g. IBM outsourced some of their modules(to keep up with the pace of
the market), and lost market shares, to Intel and Microsoft in the end of the
1980s, see [Baldwin & Clark, 1997] and [Fine, 1998].
For Swedish industry, cost, lead-time and quality may be even more important
than ever to improve. The ongoing outsourcing of industrial production is
estimated to cost Sweden more than 300 0009 work opportunities in the next five
years [Bengtsson et al., 2005]. Outsourcing is a frequent subject of debate in
newspapers, branch magazines and research reports; and since Swedish industry is
said to account for 54% of the total Swedish employees [Bengtsson et al., 2005]
the estimated lost in production will have a major impact on the entire Swedish
welfare. Further, the loss of production also means loss of production process
knowledge, see [Onori et al., 2003].
To guarantee quality, verifications need to be performed, although in a cost- and
time efficient way since not even the most well thought-out verification is
“nothing more than efficiently wasteful”, [Shingo, 1986]. It seems however that
modular products, due to their architecture and defined interfaces, would
contribute to increased quality; and decrease the cost and lead-time to perform
verifications and repair any defects.

7

Taiichi Ohno mentions that profit can only be obtained by reducing cost and that is the case at Toyota as well
in all manufacturing industries, p. 8.
Jan Olhager introduces his book “Produktionsekonomi” by saying that it is not enough today with a
competitive price; companies need to be good at quality, delivery performance and flexibility, p. 13. See also
further discussions at p. 41.
9
In 2004, 690 000 where employed in industrial production which is 18% of the total employees in Sweden
[Bengtsson et al., 2005].
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1.5 MODULARISATION, AN INDUSTRIAL CHALLENGE
Dellner Coupler AB (DCAB) has been studied for more than 4.5 years during
their implementation of a modular architecture. DCAB has faced new challenges
related to verifications on their modules. The intention is that all of DCAB’s
modules should be available from stock, thus reducing the lead-time from order
to delivery. In order to achieve the shortest possible lead-time to customer, (i.e. no
more than the time consumed for final assembly and delivery), the modules have
to be verified and approved before the final assembly, i.e. using a MPV approach.
Otherwise, the complete verification has to be performed after final assembly,
using a PPV approach, which will extend the lead-time. Specifically if any defects
are detected, the repair time is extensive and results in higher costs. Studies by
[Kenger & Erixon, 2005] also show that the design defects have increased in
DCAB during implementation of the modular architecture. The verifications and
defects indicate a need for a new way to verify the modules and to repair any
deficiency.
Today, the majority of the verifications take place when the product is completely
assembled, i.e. PPV. A change towards MPV would give DCAB both cost and
time benefits.
1.6 RESEARCH QUESTIONS AND INITIAL OBJECTIVE
The following questions capture some of the challenges DCAB faces. These
questions have also have been treated as research questions and used as a base for
this thesis.
•
•
•

What should be verified with MPV and PPV respectively? The answer should
support a company to evaluate the benefits of MPV compared to PPV.
How can verifications through MPV describe the complete product? The
answer should provide a way to evaluate how much of PPV it is necessary to
perform once all MPVs are done.
How to design modules for MPV? The challenge for DCAB is how to verify
at module level, but would modules designed for MPV increase the benefits
of module level verifications; in that case, how would this module design be
like? The answer to this question should provide companies with design
guidelines to decrease the amount of PPV.

The initial objective with this thesis was to develop a method for planning and
performing MPV in a cost- and time efficient way. The method should give
answers to the research questions, and be of practical use in industry.
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1.7 THESIS STRUCTURE
The thesis working area is an intersection between three subjects, namely:
•
•
•

Verifications
Quality
Modular products

The intersections are the main working area while verifications, quality, and
modular products are in symbiosis for the work, Figure 1-2.

Figure 1-2: Schematically, the intersection and symbiosis between Modularity, Verification and Quality
are the working areas behind this thesis.

The work behind the thesis is related to the Step Approach by [Sohlenius, 2000]
and [Yin, 2003], further discussed in chapter 2. These steps are related to chapters
and contents of this thesis, Table 1-1. In the first step, the engineering scientist
analyse current state (“what is”) in which an improvement may be required. The
second step reviews possible solutions to the problem (“what has been done”).
The objective is defined in the third step (“how should it be”). In the fourth step,
the engineering scientist develops the solution (“develop what has never been
done”); which are analysed in the fifth step (“analyse the result”). If the solution
to the problem is satisfactory, step six generalise the solution to be suitable for
similar problems (“generalise and extent theories”) and for further theorizations.
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Table 1-1: Research approach and contents of each chapter related to [Sohlenius, 2000].
Chapter
1
2
3
4
5
6
7
8
9
10
11
12

Research approach
“what is” and “how should it be”
Research methods, facts and
theories
“what is”
“what is”, “what has been done”
and “how should it be”
“what has been done”
“what has been done”
“what is” and “what has been
done”
“what has been done” and “how
should it be”
“develop what has never been
done”
“develop what has never been
done”
“analyse the result”
“analyse the result” and “generalise
and extent theories”

Contents
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1.8 TERMINOLOGY
A common and clear terminology has been found rather important during this
work since words such as “quality” and “module” carry a variety of meanings.
[Yin, 2003] wrote that “Most researchers will want to compare their findings with
previous research; for this reason, key definitions should not be idiosyncratic.
Rather, each case study and unit of analysis either should be similar to those
previously studied by others or should innovate in clear, operationally defined
ways.”
The working terminology in this thesis which needs special attention is listed
below:
•
•
•

Component: A piece (part, subsystem, subassembly, or module) of the
product which is assembled with other pieces to form something bigger,
developed from [Cambridge, 2003].
Defect: The Latin word for defect is “defectio” which means failure. Thus, a
defect is a failure (error or a non-intentional action) which causes the product
not to fulfil its properties.
Guideline: Information intended to advise and support personnel on how
something should be done, developed from [Cambridge, 2003].
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•
•
•

•

•
•

•
•
•
•
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Integrated architecture: Architecture with poorly defined interactions between
components. The integrated architecture’s components realize several
functions, [Huang, 1999], and are characterized by optimization of a certain
product’s unique performance.
Interface: The interacting area between two modules or between a product
and the user. Since a module is built up by a block of parts or a single part, the
interaction, at detailed level, takes place between the parts in the two modules.
Method: A specific way to solve problems and to gain new knowledge,
developed from, and inspired by [Holme & Solvang, 1997] and [Cambridge,
2003].
Module: A block of parts, or a single part, which has one or few but well
defined properties and company specific interactions between other blocks. In
Latin, module means “modus” and is similar to a measure or a standardized
measurement. Thus, a module should be well specified.
Modular architecture: Architecture where each of the product’s properties is
realized by one component which has few but well defined interactions
between other components (developed from [Huang, 1999]). A modular
architecture has the following two properties [Ulrich, K. T. & Eppinger,
2000]; (1) components implement one or a few functions in their entirety, (2)
the interactions between the components are well defined and are generally
fundamental to the primary functions of the product. A modular architecture
is characterized by optimization of a platform or family unique performance.
Modularisation: “the decomposition of a product into building blocks
(modules) with specified interfaces, driven by company specific reasons”,
(from [Erixon, 1998]).
Part: The smallest physical item building up a product. The physical item is
what remains when a product is disassembled until it can not be decomposed
any further. A part that contributes to the interface is also called an interface
element.
Product: Productum is the Latin word for product and means “to bring
forward” or “to bring out”. A product is a physical unit produced and
brought out to a customer to obtain profit.
Product architecture: The scheme of how the parts build up the product and
how these parts are arranged into components, and the components’
interaction, (developed from [Huang, 1999]).
Product development: “The sequences of steps or activities, which an
enterprise employs to conceive, design, and commercialize a product” [Ulrich,
K. T. & Eppinger, 2000].
Product family: The products that share a common platform and through
adding, changing or removing modules or parts, are given a family unique
product variant.

•
•

•

•
•

Product platform: “A set of common components, modules, or parts, that
form a common structure from which a stream of derivative products can be
efficiently created and launched” [Meyer & Lehnerd, 1997].
Property: A product’s physical characteristics, which can be perceived through
the senses or measured objectively by equipment. It is possible to assign a
measure (e.g. weight may have the measure kg), and a value (e.g. 5) to a
property. A property with a measure and a value is known as a specification.
The word property comes from the Latin word proprietas and refers to a
peculiarity or ownership (in this case inherent to the product).
Product verification: The defined activities a company performs to obtain
objective evidence of fulfilled properties. Verification is a universal term
which denotes activities such as quality control, test, and inspection.
Verifications can be performed using different kinds of equipment e.g.
fixtures, gauges, drawings, or the human eye or other senses. There are 9
types of verifications which denote the degree of realization of the product;
(1) supplier verification, (2) design verification, (3) part verification, (4) preproduction verification, (5) subassembly verification, (6) module verification,
(7) final assembly verification, (8) pre-delivery verification, and (9) customer
verification.
Quality: The degree of fulfilled properties. Quality comes from the Latin
word qualitas and is another word for property. Thus, a product with high
quality has a high degree of fulfilled properties.
Technical solution: The realization of a property through one or several parts.
For example, the technical solution “fan” is a realization of “blow air”.
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2

SCIENTIFIC

APPROACH

The start of every research is a problem or something which needs to be
accomplished. Other steps are to develop an objective and a way to verify
that the objective has been reached (or not). In these steps, facts and
theories are important ingredients. Sometimes even gut feeling and intuition
are necessary to move the work forward. This chapter describes how the
researched material behind this thesis has been obtained with regard to
interviews, case studies, and literature reviews. The research methods have
contributed to a higher degree of awareness of necessary components that
implicitly have enhanced the degree of scientific approach during the work.

2.1 THE PROBLEM AS A RESEARCH BASE
It is known that research starts with a problem, see [Ejvegård, 1996] and [Yin,
2003]. The problem may be an identified opportunity, a task to be carried out, or a
potential improvement. [Pahl & Beitz, 1996] describes problem solving as a
process with 6 stages. The first stage is confrontation of the problem and the
knowledge which is available. Secondly, more information about the problem is
gathered as well as information of how similar problems have been solved; some
solution principle may be identified. The third stage is problem definition in order
to set the objective and constraints. At this stage it is important that the problem
definition is rather abstract and solution-neutral because it should “open the way
to an unconstrained search for solutions because the abstract definition
encourages a search for more unconventional solutions” [Pahl & Beitz, 1996]. The
fourth, fifth and sixth stages are creation, evaluation and decision. A solution to
the problem is created, and, if there are several solutions, they are evaluated
followed by a decision about which solution to select.
[Yin, 2003] states that the research question is probably the most important step
in researching. The problem should be defined in a solution-neutral way to avoid
early constraints. The problem definition itself will also support the precision of
the final solution, the objective. A defined problem will reveal if the problem
actually is a symptom and therefore not the target of the research. Also, with a
defined problem the research objective can be defined. Furthermore, a defined
problem makes it easier to evaluate the research result (is the problem solved or
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not). A defined problem will also make the research ”transparent” and may be
criticized and evaluated since it is clear what the researcher’s objective and
intention were.
The problems that initiated this research (mentioned in chapter 1) were in the
form of research questions:
•
•
•

What should be verified with MPV and PPV respectively?
How can verifications through MPV describe the complete product?
How to design modules for MPV?

After the case studies and literature reviews, it was clear that the answers to the
questions were not available – and that main problem was identified (described
further in chapter 8).
The problem is that there are no methods or guidelines available which will
support a company when planning and performing module level verifications.
2.2 FACTS TO SOLVE PROBLEMS
To gather facts is a major part of the work behind this thesis, since the facts have
been the foundation of the MPV method development. [Chalmers, 1999] points
out that not all facts are relevant; and, what constitutes a relevant fact may change
during the development of the work. To gather relevant facts is deeply connected
to the question one tries to answer, or problem one tries to solve. Thus, relevant
facts are facts which help solve the problem. Consequently, the problem
statement is one of the most important parts of the research [Ejvegård, 1996], and
a vaguely defined problem may make the research impossible. [Chalmers, 1999]
discusses science and facts and writes that “Science is to be based on what we can
see, hear and touch rather than on personal opinions or speculative imaginings. If
observation of the world is carried out in a careful way then the facts established
in this way will constitute a secure, objective basis for science.”
However, the issue that [Chalmers, 1999] discusses is what facts really are. If
research should be based on empirical studies and observations, then the actual
observation should hold true independent of the observer. Here, [Chalmers, 1999]
claims that even if two people, with the same physical condition, viewing the same
phenomena the perception may differ. This difference is based on each
individual’s interpretation of what has been observed, or the observer’s past
experience. A simple example, in Figure 2-1 it is difficult to decide whether the
black point is on the front or the back of the wire box.
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Figure 2-1: Example of differences in observations, the black point can be claimed to be on the back or the
front of the wire box depending on the observer.

Furthermore, [Chalmers, 1999] also points out that knowledge about the actual
subject to be observed will increase the amount of facts from the observation10.
It is however not always the case that experience and knowledge increase the
potential to see what is to be seen. In one of the case studies in chapter 7 below,
the verifications caused a bottleneck in the end of the assembly line. This problem
had been tackled by the company for several years but no appropriate solution
had been found. A solution to this problem, which at least will decrease the
disturbance caused by the bottleneck, may be to separate the verifications into two
parts: instead of today where all the verifications are carried out after final
assembly. The separation can be made into one part, the first, where no
verification equipment is necessary (just manual inspection) which can be
performed by the assemblers; and the second part in which verification equipment
is necessary. Then, the assemblers can verify their own assembly, or some others,
according to a given schedule before sending the product to the final verification
station. The final verification (causing the bottleneck) will then be relieved from
the first part of the verifications; which now is performed by the assemblers at an
earlier point. This possibility to separate the verification has been available all the
time, however not “seen” by the personnel.
The point of the above example is that personnel at a company, seeing the same
phenomena each and every day, may not observe potential improvements even if
they are right in front of them. However, when someone outside the company
enters with “fresh eyes”, the potential improvements are observed almost
immediately. It is said here that even the most experienced observer may not see
the actual phenomena. It may even be that the experience from the day-today
work is a constraint and acts as a blindfold for what is actually there to be
observed.

10
On page 12 an example is given about a botanist. It is claimed that the botanist will collect far more facts from
a native flora than a person with no knowledge about botany. Thus, prerequisites about the subject to be
observed are necessary to actually “detect” the phenomenon.
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2.2.1 Interviews and questionnaires

To ask questions is one of the easiest ways to get knowledge regarding a person’s
thoughts, ideas, feelings, life situation, e.g. an everyday question is “hi, how are
you”? The question might come from a family member or a colleague at work,
and the answer will probably not be a subject for any deeper analysis. When the
questions become more structured and planned, and the answers more deeply
analyzed it can be called an interview.
During this work, personnel from 12 companies have been interviewed with semistructured interviews. Furthermore, 27 Swedish and 2 Norwegian companies have
answered a web-based questionnaire, see Table 2-1. [Lantz, 1993] defines an
interview as “a situation of interaction between two people with different and not
equal parts. One asks and the other answers. The interaction itself is based upon
voluntary participatin and it is the communication between the interviewer and
the respondent that is subject for the analysis”. [Gordon, 1971] also points out
that the interview always has a predefined purpose. An interview can thereby be
described as a voluntary interaction between two people where one asks
predefined questions with a specific purpose in mind, and where the answers will
be the subject of analysis.
Interviews may be classified into four study methods, see Table 2-1; among them,
the personal interview is claimed to be the most effective [Westlander, 2000].
Study method type A is the unstructured personal interview which allows the
interviewee to decide the subject for discussion. This means that even if the
interviewer (e.g. engineer evaluating product concepts together with potential
customers) wants to discuss the design of the product, the interviewee may
discuss something else, which may result in both a waste of time and costs. Study
method type B, semi-structured interview, is tied to a specific subject for
discussion. The study method considers the individual’s own view of the
discussion subject. Study methods C and D do not consider, to the same extent,
the interviewee’s own view on the subject and are considered as quantitative
interviews, compared to A and B which are considered to be qualitative methods.
Specifically study method D is not recommended at all when it is important to
consider the individual’s own perception of a phenomenon.
Since the phenomenon which the interviews in this work concerned may be seen
different by the respondents, qualitative interviews have been used. Foremost
study method B, semi structured interviews, has been used. This type of interview
contributes to understand the meaning of central themes through the eyes of the
interviewee.
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Table 2-1: Four types of interview methods [Westlander, 2000].
Study method
Type A:
Unstructured
personal
interview

Type B: Semistructured
personal
interview
Type C:
Structured
interview

Type D:
Printed
questionnaire

Role of the
interviewer
Wants to
investigate the
individual’s own
view of the
existential
situation

Role of the
interviewee
Decides what shall
be discussed and to
what extent

Interview aids

Notes taken freely
during/after the
interview, possibly
following a
predetermined frame,
tape-recording with
interviewee’s permission
Wants to
Has the freedom to
Interview guide + notes
investigate the
specify what shall be taken freely during/after
individual’s own
taken within the
the interview; tapeview of conditions frame of the topic
recording with
within each
(conversation theme) interviewee’s permission
subject area
Wants to access
Tied to the questions Interview form
and compare
posed by the
responses of a
interviewer
number of specific
questions set up in
advance
As “C” above
As “C” above
Questionnaire

2.2.2 Case studies

Case studies at industry have been one important source of information behind
this thesis. 11 companies have been studied and are presented in chapter 7. These
studies have provided empirical data and experiences which have improved the
precision in the MPV method. According to [Yin, 2003] interviews and
explorative studies are different applications of case studies. Literature studies are
not mention explicitly as a case study method; however, the case study method
has been applied to the literature studies as well. [Yin, 2003] say that “the case
study method allows investigators to retain the holistic and meaningful
characteristics of real life events – such as individual life cycles, organizational and
managerial processes… and the maturation of industries”. Irrespective of the
application, there are five fundamental components in a case study, [Yin, 2003]:
•
•

A question to be answered – who, what, how, etc. – the question should
capture the objective with the study
An initial proposition – guides the researcher to move in the right direction
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•
•
•

Unit of analysis – what the study should measure or analyze, e.g. time or
economic units
The logic linking the data to the propositions, and
The criteria for interpreting the findings

The last two components are not detailed by [Yin, 2003], although “pattern
matching” is mentioned as an approach for linking data to the propositions. One
or several studies can be matched against the propositions, thus it gives an
indication of the findings. Furthermore, interpreting the findings can be done by
analyzing how close the match is to the proposition. How close it should be to be
considered a match is however not clear. But, the design of the actual case study
should indicate what the researcher shall do after the data collection. According to
[Ejvegård, 1996], the purpose of the case study is to focus on one small part of a
large system. The case study is then let to represent this large system and the real
world. What is gained from the case study is that one does not need to study the
whole system. The weakness though is that one single study can never represent
the whole system and the real world [Ejvegård, 1996]. Consequently, the only
conclusions to draw from the case study are no more than indications. Further
research is necessary e.g. from literature studies and interviews to assign any value
to the indications; given that all further research indicate the same as the case
studies.
2.2.3 Literature reviews

The literature studies where made in accordance with the points above suggested
by [Yin, 2003]. The start of every literature review was a question or idea which
needed to be answered or surveyed. The literature reviews had as a starting point
well known authors. That is, the most published or cited authors were an initial
guide in which literature to read. For example in modularisation the work by
[Erixon, 1998; Pahl & Beitz, 1996; Ulrich, K. T. & Tung, 1991] are natural starting
points. When it came to quality, of the primary work was that of Juran. After
more texts had been read, more interesting and related authors were discovered;
one article or book led to other even more interesting literature. However, to
select among the enormous plethora of literature is a comprehensive work in
itself, see for example the amount of literature on modularisation discussed in
section 4.1.1. It is believed that a clearly defined problem and research objective is
the most important guide to which literature to read.
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3

VARIANT

COMPLEXITY AND LEAD-TIME

Today mass customization among companies is no longer valid only to
those that develop consumer products. Even highly industrial applications
such as train couplers and on-load tap-changers for energized transformer
windings need to adapt more rapidly to new demands. The importance of
shorter lead-times is discussed here, as well as product variant complexity.
The situation is that companies can no longer use single-product
development processes. Instead, they need to obtain economy in a variety
of products where a solution is to develop a modularised product
assortment.

3.1 MASS CUSTOMIZATION AND INCREASED PRODUCT VARIANTS
During the work with this thesis it has become evident that there are basically no
companies that produce only one product variant at a time. Companies are driven
towards an even broader plethora of product variants. For example, Sony
Ericsson’s mobile telephone portfolio contains too few variants (14 phones
variants) to gain market shares [NyT, 2005]. Sony Ericsson’s sales volume for the
3rd quarter 2005 was 14 million telephones compared to Nokia’s 67 million with
54 phone variants. These sales correspond to a 7% market share for Sony
Ericsson and 33% for Nokia.
In the literature as well in studied companies, see Table 3-2, one strives to deliver
customer unique products, and at the same time reuse as much as possible from
previous deliveries. For example, [Pine, 1993] mentions that companies no longer
focus on producing standardized products for homogeneous markets. He also
says that the old paradigm, Mass Production, see
Table 3-1, focused on stability and control. However, [Pine, 1993] says that there
is no stability and the market cannot be checked, thus Mass Production is no
longer an efficient way to be competitive. The new paradigm, according to [Pine,
1993], is Mass Customization, and to focus on variety and customization through
flexibility and responsiveness.
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Table 3-1: Mass customization versus Mass production [Pine, 1993].
Mass Production

Mass Customization

Focus

Efficiency through
stability and control

Goal

Developing, producing,
marketing, and delivering
goods and services at
prices low enough that
nearly everyone can
afford them

Key features

Stable demand
Large homogeneous
markets
Low costs, consistent
quality, standardized
goods and services
Long product life cycles

Variety and customization
through flexibility and quick
responsiveness
Developing, producing,
marketing, and delivering
affordable goods and services
with enough variety and
customization that nearly
everyone finds exactly what
they want
Fragmented demand
Heterogeneous niches
Low-cost, high-quality
customized goods and
services
Short product life cycles
Short product development
cycles

[Pine, 1993] discuss the adaptation from Mass Production to Mass Customization
in three basic ways; which are incrementally movement, more quickly via business
transformation, or by creating a new business firmly planted in the new market.
Incrementally movement is most appropriate for companies whose market
turbulence, although increasing, is still low enough and increasing slowly enough
that they are able to be effective under the old way of doing things.
Companies facing increased turbulence in the market on their way to mass
customization cannot wait for incremental improvement. They must move quickly
to get rid of the old ways of doing things, which means that they have to increase
flexibility and responsiveness throughout the entire organization. They must
transform the business, which is exemplified by the transformation of the
Motorola Pager Division. A company which is moving towards mass
customization is the one whose strategy is created specifically to provide variety
and customization at mass production prices. These companies are generally
focused on the application of new technologies to drive down costs while
increasing customization; they are creating new business.
Examples of new business companies’ creation can be found in the telecom
business. The economies of mass- production and customization are illustrated in
Figure 3-1. [Jiao & Tseng, 1999] state that mass production is beneficial at high
volumes where the sales volumes cover the cost of investments in equipment,
tooling and training. They also say that satisfying each individual customer’s need
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may be translated into an increased value. However, at low volumes, mass
production cannot cover the cost of investments with the return on sales. Mass
customization, on the other hand, allows companies to gain economies of scale
through repetition which reduces cost and time [Jiao & Tseng, 1999].

Figure 3-1: Due to economy of scope, mass customization is profitable even at low volumes. Mass
production demands larger volumes to be profitable in order to cover the cost of investments – illustrative
example from [Jiao & Tseng, 1999]. The curve “customers’ price” represents the price that the customer is
willing to pay for the product. Hence, at low volumes, mass production involves a loss per unit.

Table 3-2 shows the number of variants in five companies which need to manage
numerous product variants in order to deliver customized products. In addition,
at least one of the following activities is unique to create the product variant.
•
•
•
•
•
•

Design (a change in the design may be required)
Drawing (new tolerances, measures, or features)
Part manufacturing (e.g. welding, milling, drilling)
Painting (colours, type of colour, thickness, painting method)
Assembly (new parts, new positions, new assembly instructions)
Verification (new types verifications are needed)
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Table 3-2: An approximation of product variants in five companies during 2004.
Company
Dellner Coupler AB
ABB Components
Sepson AB
Bombardier
Remote Control

Available Variants11
~150
~790-1100
~64
~120
~1 000

Change12
+100-150 %
+50 %
+300 %
-100 %13
+100 %

In [Pine, 1993] a survey of 164 companies shows that both product variety and
customization increases, see Table 3-3.
Table 3-3: Changes in variety and customization, based on [Pine, 1993], (*1991 compared to 1980;
**compared to 1991).
Industry group

Amount of
variety*
Tele Communications
81
Information Technology 80
Automotive
76
Other Business Units
72
Defence
53
Commodity
51
All Business Units
70

Future
variety**
82
73
72
68
51
53
67

Level of
customization*
74
74
66
67
58
59
67

Future
customization**
78
69
66
65
58
58
66

Although the survey was done in 1991, the companies forecast an increase in
variety and customization in the future. In Table 3-3, 50 are considered the same
as the year in comparison, for example 81 is an increase by 31.
In [Warnecke, 1993] BMW is used as an example to illustrate the increase of
product variants in the car industry. According to [Warnecke, 1993] there are
several additional costs in direct connection to variety e.g. design and planning,
and quality problems. Since increase in variants decreases the production quantity,
the manufacturing cost per unit increases due to e.g. more set-ups, more
programming of machines, and a decrease in part order quantities from suppliers.
The increase in variants makes economy of scale difficult to reach. At the same
time, customers are not willing to pay the surcharge for the additional variants.

11
Companies were asked to estimate the number of product variants they can offer their customers. This is an
approximate number of product variants: it is difficult to estimate the actual number of variants because (1) the
definition of a new variant is not clear to companies, and (2) it is possible to offer additional variants, within a
reasonably short delivery time, in addition to the variants offered at the moment.
12
Companies were asked to estimate the change in product variants during the last ten years. The increase in per
cent is a rough estimation; however it indicates the direction which companies are heading – more variants.
13
Bombardier Propulsions and Controls have decreased their product variants by approximately 100 %. This has
been accomplished by standardization, outsourcing and a clear focus in their specific branch.
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Therefore, the increase of product variants forces companies to deal with “cost
reduction programs, of which suppliers are the favourite target” [Warnecke, 1993].
[Cox & Alm, 1998] mention that the Ford Motor company “still” offers black
cars, as well as 46 other colours, to their customers. The choices offered to Ford’s
customers today are numerous. According to [Cox & Alm, 1998] the Ford
Explorer has more than 2.5 million possible variants. The increased number of
variants offered to the market gives the customer more choices than ever, see
Table 3-4.
Table 3-4: Items and variant increase in the US, based on [Cox & Alm, 1998].
Item
Vehicle models
Vehicle styles
SUV models
SUV styles
PC models
TV screen sizes
Running shoes styles
Contact lens types
Bicycle types

Early 70s
140
654
8
18
0
5
5
1
8

Late 90s
260
1 212
38
192
400
15
285
36
31

Increase
86 %
85 %
375 %
967 %
40 000 %
200 %
5 600 %
3 500 %
288 %

Thus, if each consumer has a unique need, then the increase of product variants
can be related to each country’s growth in population, at least in capital-intensive
countries. Table 3-5 shows the population growth in three countries during the
same period as in Table 3-4. The population of the United States increased by
13.6% between 1970 and 1999, during the same period the increase of product
variants is between 85% (vehicle styles) and 40 000% (PC models). The difference
between population growth and the increase of product variants implies that each
consumer tends to obtain more and more differentiated buying behaviour.
Table 3-5: Population growth between 1970 and 1999 (Source: U.S. Census Bureau).
Country
Sweden
Japan
United States

1970
8043
104 345
205 052

1999
8910
126 494
279 295

Change
10.8%
12.1%
13.6%

3.1.1 Mass individualization the next step in Mass-X

The point of the population example is that the increase in product variants
cannot (in a linear function) be explained by the increase in population. For
example, Japan’s population increased by 12.1% while the bicycle types increased
by 288%. However, since we are all unique individuals and the population is
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increasing, there will be even more need for companies to increase variants and
maybe leave Mass Customization behind. As customization means to make or
change something according to the buyer's or user's needs, these needs often
being grouped into segments or application areas; there may be a need to focus on
“Mass Individualization” instead. Individualization is to make products suitable
for individual people regardless of which segment the customer “belongs” to, or
application area in which the product will function.
In fact, a survey presented in [Onori et al., 2003] revealed that 4 out of 7 European
companies forecast a need to produce more product variants. 2 of the 7
companies forecasted a need for the same amount of variants as today; and 1 of 7
forecast a need to decrease the number of variants. Further, [Erixon, 1998]
underlines the increase in product variants and states that there has been an
explosion of variants. This in turn is one of the major forces behind
modularization. Similar discussions can be found at conferences (for example
ICED, ASME, and the Design 200X), in journal papers (for example IJMASSC),
as well as in books in the modularity and product platforms field.
One of the aims of the research within modularization and platforms is to provide
the industry with methods for even more customized product development with
fewer resources and in a shorter time. There have been different paradigms in the
way to develop and produce products. Most commonly discussed in literature are
craft production, mass production, lean production and agile production, see
[Costanza, 1996; Hormozi, 2001; Olhager, 2000; Pine, 1993; Womack & Jones,
2003; Womack et al., 1990]. [Hormozi, 2001] states that agile production is the
ultimate requirement for world-class manufacturing performance. Where agile
refers to the organizations that produce a high quality and defect free products
with short lead times. The product is able to be upgraded and reconfigured, rather
than be replaced. The agile manufacturing organization integrates design,
engineering, and manufacturing with marketing and sales in such a way that the
products are customized to the exact needs of the consumer.” If agility is the next
way of producing products then the next mass-x (mass production and mass
customization) for adapting the product to this type of production would be mass
individualization. This mass individualization is shown in Table 3-6 where the
difference between the mass-x’s are compared.
Table 3-6 may of course be discussed. Who are the customers for such products
and what type of branch is this valid for? Is it possible to gain economies of scale
in mass individualization? The aim is not to answer these type of questions here.
The point is to trigger thought on where the trend is aiming and what companies
are facing – more variety. Furthermore, the work by [Pine, 1993] on mass
customization had the same point, to describe the situation for companies in
general with no specific branch in mind.
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Table 3-6: Comparing mass-x for the delivery of products, where the “x” denotes production,
customization or individualization. Developed from [Pine, 1993].
Focus

Goal

Mass Production
Efficiency through
stability and control
Developing,
producing, marketing,
and delivering goods
and services at prices
low enough that nearly
everyone can afford
them

Key
Stable demand
features Large homogeneous
markets
Low costs, consistent
quality, standardized
goods and services
Long product life
cycles

Mass Customization
Variety and
customization through
flexibility and quick
responsiveness
Developing, producing,
marketing, and
delivering affordable
goods and services with
enough variety and
customization that
nearly everyone finds
exactly what they want
Fragmented demand
Heterogeneous niches
Low-cost, high-quality
customized goods and
services
Short product life
cycles
Short product
development cycles

Mass individualization
Individualization through
market pull, late order
points, agile production
and “zero”14 lead-time
Developing, producing,
marketing, and delivering
price worthy goods and
services to each
individual.

Unpredictable demand
Each individual is its own
niche
Quality and cost
individualized to offer
price worthy products
Diminutive product and
development life cycles

It is however evident that the customization or individualization put companies in
front of great challenges. And that one of the foremost important challenges to
overcome is to develop methods or guidelines which support competitive quality
verifications for such a variety of products. For companies that compete with
mass individualized products, higher demands are put also on the way these
companies organize the verifications to achieve the quality goals. Thus, variety of
products means variety of properties and therefore also variety of verifications.
3.2 INCREASED PRODUCT COMPLEXITY
Since the number of product variants increase, the company’s situation also
becomes more and more complex. Complexity is difficult to define or describe,
and is sometimes only a gut feeling or a subjective interpretation. For example,
quoted from one of the engineers at one studied company, “a complex product
involves many steps that can cause a defect”. The steps the engineer referred to
are design, manufacturing and assembly. This was also confirmed in one of the

14

The customer designs the wanted product at the vendor
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products at the studied company in which, among other things, the pneumatic
system contains many parts and functions. The product was considered (perceived
by the personnel) more complex than usual and had 212 reported defects in the
project that produced the pneumatic system; the average number of defects was
96 in 15 studied projects. Complexity, together with increased competition, was
also one of the reasons that Scania initiated their work with their product
development process (PDP) discussed in [Kenger & Hagström, 2003].
[Magee & de Weck, 2004] quantify complexity and define a complex system as “a
system with numerous components and interactions or interdependencies that are
difficult to describe, understand, predict, manage, design, and/or change”. A
system is “a set of interacting components having well defined behaviour or
purpose”. According to [Magee & de Weck, 2004] complexity may also be related
to the amount of information needed to describe the system; or related to the
number of unique elements in the system and their interconnections.
[Hubka & Eder, 1988] suggest a classification of technical systems according to
their complexity, see Table 3-7. The low degree of complexity, parts or
subassemblies, is said to be more suitable for use in different applications
compared to high degree of complexity as production systems.
Table 3-7: Degrees of complexity [Hubka & Eder, 1988].
Level of complexity
I (Simplest)

Technical system
Part, Component

II

Group (of parts),
Sub-assemblies

III

Products

IV

Factories,
production
systems

Characteristic
Elementary system
produced without
assembly operations
Simple system that can
fulfil some higher
function
System that consists of
sub-assemblies and
parts that perform a
closed function
Complicated system
that performs a number
of functions and that
consists of products,
sub-assemblies and
parts

Example
Bolt, bearing
sleeve, washer
Gear box, brake
unit
Automobile,
cellular phone

Hardening
plant, car
assembly line

In [Bashir & Thomson, 1999] complexity is measured according to the number of
functions required for the product to meet the requirements. They mean that
complexity is proportional to the expected number of man-weeks required to
complete tasks. And, if the complexity increases then more resources are needed.
According to [Bashir & Thomson, 1999] one may estimate the resources needed
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to develop a product based on the number of functions. A product with many
functions is thus more complex than a product with fewer functions. A functional
tree, as in Figure 3-2, is used for the calculation of the product complexity (PC) in
Equation (1).
l

Equation (1)

PC = ∑ Fn j
j =1

Where Fn is the number of functions at level n, and l is the number of levels

Figure 3-2 illustrates Equation (1) by showing the number of functions at each
level (Fn) multiplied by the actual level (l) which give the product complexity 40.

Figure 3-2: Example of functions for a toaster arranged in a hierarchical functional tree for the calculation
of the design complexity, based on [Bashir & Thomson, 1999].

[Pugh, 1991] quantifies complexity using a complexity factor, Equation (2).
Equation (2)

Cf =

k
f

3

N p Nt Ni

Where:
Np is the number of parts, Nt is the number of types (unique) of parts, Ni the number of
interconnections and interfaces, f the number of functions, and k is a constant of
convenience.

According to [Pugh, 1991], if the complexity factor is low the reliability and
quality is high and the development cost is low. On the other hand, a high
complexity factor results in increased development costs and decreased reliability
and quality.
3.3 BENEFITS OF SHORTER LEAD-TIMES
Shorter lead-times in, basically, all activities in a company is important to staying
competitive. [Karmarkar, 1989] states that reduction in lead-time is similar to
production improvements and that shorter lead-time is related to improved
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responsiveness and flexibility. Just-in-time (JIT) principles are used by companies
to accomplish lead-time reductions by delivering exactly what is needed at the
exact time it is needed (further discussions of JIT can be find in [Costanza, 1996;
Eisenhardt & Brown, 1998; Smith, P G & Reinertsen, 1991; Womack & Jones,
2003; Womack et al., 1990]). Thereby, an overall cost reduction is reached by
decreased work-in-process (WIP) and storage handling [Karmarkar, 1989].
[Stalk Jr & Hout, 1990] say that it is necessary for companies to have not only
high quality and low cost, but also quick responsiveness to any market changes.
They give examples of companies which respond quickly to any change in
customer needs, see Table 3-8, and point out that a quick responsiveness makes it
possible to:
•
•
•
•
•
•

Offer a greater variety of products and services at lower cost
Replenish storages more often
Offer a more frequent delivery to its customers
Increase Productivity15
Increase prices to customer due to faster delivery
Reduce risks with over- and under forecast since long time forecasts can be
reduced

Table 3-8: Estimated performance of five US companies with fast responsiveness compared to its
competitors.
Company
Wal-Mart
Atlas Door
Ralph Wilson
Plastics
Thomasville
Citicorp

Business

Response
difference16
Discount stores 80%
Industrial
66%
doors
Decorative
75%
laminates
Furniture
70%
Mortgages
85%

Growth17

Profit18

3x
3x

2x
5x

3x

4x

4x
33x

2x
N/A

There is a lot of literature on lead-time and Figure 3-3 attempts to summarize the
benefits which can be read in [Costanza, 1996; Eisenhardt & Brown, 1998; Fine,
1998; Smith, P G & Reinertsen, 1991; Thomas, 1990].

15
According to [Erixon, 1998], for each 50% decrease in cycle time and doubling of WIP productivity increases
20-70 percent.
16
Responsiveness to customer needs compared to the average competitors
17
Growth advantage compared to the average competitors
18
Profit advantage compared to the average competitors
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The company with a short lead-time compared to its competitors responds faster
to any changes in the market or in orders. At point t1 in Figure 3-3, the company
with a short lead-time launches its products; this means that the company has had
a shorter period until the return on investments and sales. This return can be
spent on new product development or improvements to strengthen
competitiveness. Also shorter lead-times mean that there is less time spent on a
product in the production which means less WIP. WIP means tied-up capital and
stock handling. Also, at the end of the budget year, tied-up capital is seen as an
asset and is taxable [Andersson, M et al., 2003].
At the time between t1 and the slower t2, the faster company does not feel any
competition which makes it possible to set a high price on their products. Since
there are no similar products the customers are willing to pay more than if there
were several products from different companies. Companies that have a strategy
to copy other companies’ products will have less opportunity to obtain profit.
Since, at the time the copycats launch their low-priced copy, the company with a
short lead-time has already launched a new and improved original product.

Figure 3-3: Benefits from short lead-time based on [Costanza, 1996; Eisenhardt & Brown, 1998; Fine,
1998; Smith, P G & Reinertsen, 1991; Thomas, 1990].

At some point, the competitors launch their products which may even be slightly
better ones than the faster company’s products. However, since the faster
company had a monopoly on the market, the slower competitor’s products are
not known by brand name or look. Therefore, the slower company needs to set a
price much lower than the faster company’s products to gain any market share. A
hopeless situation finally occurs when the faster company launches their second
generation of products just as the slower company starts to gain market share.
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This was the case of the Sony Walkman product family during the 1980s. Sony
launched 20 new Walkman variants per year and close to 250 walkman variants,
[Sandersen & Uzumeri, 1995]. Competitors such as Toshiba, Panasonic and Sanyo
only had a third of Sony’s product variants in 1989-1990 which resulted in a larger
market share for Sony. The reason for Sony’s success with the Walkman was
among other a modular architecture and flexible, low cost manufacturing. This
resulted in a large incremental introduction of new Walkman variants, and many
times the incremental innovations of Sony were not even copied – there was no
point since a new variant would soon be launched.
3.4 PRODUCT
MODULARISATION
COMPETIVINESS

–

A

SOLUTION

TO

GAIN

Companies are in a situation where the development time constantly needs to be
decreased and the product life cycle time becomes shorter and shorter. Cost needs
to be decreased at the same time as quality needs to increase. More parts and
features are added to products yet products need to be designed, manufactured,
assembled and delivered with a higher delivery precision than before. For these
companies a general one-of-a-kind product development process is not enough.
[O'Grady, 1999] states that this traditional way of developing products has several
disadvantages:
•
•

•

•

19

Long lead-times – since the product development process involves several
stages, where each stage can contribute to considerable time delay.
Risk of obsolescence – the long lead-times can lead to poor forecasts which
may result in purchasing and producing the wrong parts. These parts may
then be obsolete and not needed in the production of today’s competitive
products.
High product development costs – the development costs are strongly
influenced by the number of personnel hours put into development. The
general product development teams are large19 and therefore contribute
considerably to the product costs.
Reduced profitability – the sales price will tend to fall the longer the product
is in the market, specifically high technology products. Thus, the more time
the team needs to launch a new product the less profitable the product will
be.

In [Ulrich, K. T. & Eppinger, 2000] the development team are described as the core team, while the extended
team includes all necessary personnel inside and outside the company. In total as many as 10 000 people can be
involved in developing products.
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•

Low quality – as the pressure increases to keep the order lead-time and to stay
competitive, quality tends to be given a lower priority and the risks increase of
launching defective products.

Thus, companies need methods which support the development of an
architecture which can be easily updated, rearranged and provide a range of
variants. This can, according to [O'Grady, 1999], be achieved by assembling
modules rapidly to deliver a wide variety of customized products with short leadtimes.
[Pine, 1993] states that customization through the standardization of components
not only increases variety while reducing manufacturing costs, it also allows
product development to produce new designs with even greater variety, and at a
higher rate. Modularisation of the product assortment has also proven to decrease
lead-time as a result of parallel activities in module assembly [Erixon, 1998],
instead of assembling the product part by part on a serial assembly line.
Numerous companies have seen modularisation as a solution to deal with product
variants, decrease the complexity of the product range, and decrease the time to
delivery. Since the 1980s, numerous methods for modularisation have been
developed to support companies to stay competitive and to handle product
variants, complexity and to reduce the lead-time.
3.5 VARIANTS AND LEAD-TIME AFFECTS THE VERIFICATION
The situation that companies are facing is that one needs to produce more
product variants to stay competitive. This means that companies need to obtain
economy of scope instead of economy of scale. The additional costs related to the
increased product variants are e.g. more set-ups and a decrease in part order
quantities from suppliers. However, the scope of the market is wider and thereby
a broader range of income is obtained.
The increased product variants do make an impact on the verifications as well.
But this has not been mentioned in relation to the literature which discusses mass
customization. Each new product variant may need new test routines and
equipment; or may even affect the complete production setup.
What is clear however is that even more variants may need to be produced to stay
competitive in the future. This means that the way the products are verified also
needs to cater for a broader variety of products than today. And, as the variety of
products increase, so does complexity. The complexity is the number of different
parts and properties which need to be verified. If one also incorporates the
importance of shorter lead-time, the verifications are facing the same situation as
the design manufacturing and assembly. Hence, the increased number of variants
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puts new demands on the verifications as well; to be cost and time efficient and
still cope with an increased variant complexity.
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4

DEVELOPMENT

OF MODULAR PRODUCTS

This chapter describes methods for modularisation and benefits from a
modular architecture. The purpose is to get an understanding of how
modularity improves product quality and the conditions for performing
verifications. The difference between a modular and integrated architecture
is discussed with the intention to clarify any differences in verifying the two
types of architectures. As shown in this chapter, there are numerous
methods for product modularisation. However, none of these methods
explicitly support verifications of modularised products.

4.1 MODULARISATION IN GENERAL
Modularisation is not a new way of designing products or processes. Basically, the
“modularity evolution” started the same time as industrialization in the early
1900s. For example Scania initiated their modular development of truck
components in 1939, [Olhager, 2000]. In 1964, IBM announced the first modular
computer, the System/360 [Baldwin & Clark, 1997]. One may even see Taylor’s
work in early 1900 as a predecessor to modularisation [Taylor, 1911]. His ideas on
standardized and repetitive work have analogies with today’s reasons why
companies develop modular products, for example common unit- and carry over
modules, see [Erixon, 1998].
Other reasons for modularizing are due to the process and/or organization reuse.
This was discussed already by [Radford, 1917] who said that if a task demands a
greater skill than the personnel possess it should be decomposed into smaller
subtasks. The subtasks are then easier to handle and should suit the capacity of
the personnel. The subtasks and division of personnel also increased quality since
there was less room for failures and the specific tasks were within each person’s
capacity.
Today, numerous companies have, to a varying degree, been able to generate
profits due to a modularized product assortment. [Baldwin & Clark, 1997], for
example, argue that “it is modularity, more than speedy processes and
communication or any other technology, that is responsible for the heightened
pace of change that managers in the computer industry now face”. They also
point out that “strategies based on modularity are the best way to deal with that
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change”. Also the word ‘product platform’ is known to the general public due to
media publicity on how the automotive industries build their cars. The platform is
built around an architecture where some of the modules are used across the whole
range of product variants. [Pahl & Beitz, 1996] state that a modular product
architecture reduces the cost of providing variety. This is done by having product
variants which are based on a combination of fixed individual parts and
assemblies. [Pine, 1993] mentions that Black & Decker use the same line of
motors for all of their 122 basic tools; only a change of wattage is needed.
The general idea with modularisation, according to [Olhager, 2000], is to create a
product which is built up of predefined part systems or building blocks, i.e.
modules. The reason for modularizing a product is that the cost to meet the needs
and demands should decrease, [Olhager, 2000]. The cost decrease lies within the
re-use of parts or modules, and processes from earlier designs. In some
companies this re-use of previous designs is considered to be second-rate work
and not so skilled or creative. In order to encourage designers to become more
“modular” in their work, some companies have implemented rewards such as
“The thief of the month” [Juran, J, M., 1992]. ‘Thief’ refers to the product
designer which can “steal” previous designs and utilize them in forthcoming
products.
4.1.1 Increased interest in modularity

To research the area of modularisation is, among other things, a work to select
among the increasing flow of new literature. This increase also shows the research
interest in modularisation. The database ELIN (Electronic Library Information
Navigator) provides search possibilities in 114 journals within production and
engineering management and, 118 journals within mechanics and mechanical
engineering, and 357 journals covering technology and engineering; including
publishers as IEEE, EBSCO, Springer and Elsevier.
Figure 4-1 and Figure 4-2 show the result from a search on relevant key words
and titles in ELIN. Compendex is also a literature database and is the most
comprehensive interdisciplinary engineering database in the world. Compendex
contains over 8 million records and references over 5 000 international
engineering sources including journal, conference, and trade publications.
Coverage is from 1969 to present and the database is updated weekly. Figure 4-3
shows the results from title searches in Compendex.
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Figure 4-1: Hit rate on journal articles from searched key words in ELIN (per 14 Oct 2005).
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Figure 4-2: Hit rate on journal articles from searched titles in ELIN (per 14 Oct 2005).
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Figure 4-3: Hit rate on title words in Compendex (per 15 Oct 2005).

Figures 4-1 to 4-3 show that during the second part of the 1990s there was an
increase in literature in the modular field. Specifically modularisation has been a
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frequent keyword and title in literature. Product family and platform had not been
used as a subject until late 1990 and the ELIN database shows a clear increase in
2000. Note that this increase cannot be explained by the new means of accessing
electronic publications since Compendex have scanned publications from 1969.
Also, a general search on modularisation got 29960 hits within the year 1981-2006
per 20 December 2005. Thus, there is a large interest in the subject of
modularisation.
4.1.2 Modularisation Terminology

A question one may ask is what modularisation means and when does a company
have modules instead of subassemblies or blocks of grouped parts? In Table 4-1
descriptions of a module or modularisation are shown:
Table 4-1: Definitions of a module or modular products.
A module or modular products
A standardized measure, technical term within technical and
scientific areas (translated from Swedish).
A pair of both grouped functions and associated grouped
physical systems as a subset of a product.
One of a set of separate parts which, when combined, form
a complete whole.
Can be combined together in order to form a complete
(assembly) system.
Machines, assemblies and components that fulfil various
overall functions through the combination of distinct
building blocks or modules.
A module is a standard or unit of measurement.
A module is a structurally independent building block of a
larger system with well-defined interfaces
Building blocks adopted to create good products. Modules
are formed with consideration and can be produced in
efficient production systems.
A module is a unit whose structural elements are powerfully
connected among themselves and relatively weakly
connected to elements in other units.

Source
[Nationalencyklopedin,
2005]
[Otto, K. & Sudjianto,
2001]
[Cambridge, 2003]
[Dini et al., 2004]
[Pahl & Beitz, 1996]

[Merriam-Webster, 2005]
[Hölttä et al., 2003]
[Hamvik & Stake, 1997]

[Baldwin & Clark, 2000]

As seen from Table 4-1 there are different terms to describe the same thing which
may cause misinterpretation. Therefore, to be consistent and clarify the meaning,
the following terminology is used to describe a module and modularisation.
•

A module is a block of parts, or a single part, which has one or few but well
defined properties and company specific interactions between other blocks.
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•

Modularisation is the decomposition of a product into building blocks
(modules) with specified interfaces, driven by company specific reasons
[Erixon, 1998].

4.2 MODULAR AND INTEGRATED ARCHITECTURES
The product architecture denotes the scheme of the functional elements of the
product, [Huang, 1999], and how these elements are arranged into physical blocks
(modules) and the blocks’ interaction. [Huang, 1999] further describes a modular
architecture as the architecture where the functional element is implemented by
one block which has few but well defined interactions between other blocks. The
integrated architecture is characterized by optimization of a certain performance.
The interactions between blocks in an integrated architecture are not as defined as
in the modular case, as each block embodies several functions.
There is however not a clear line with a modular architecture on the one side and
integrated architecture on the other side. This is discussed by [Baldwin & Clark,
2000] who state that there are degrees of modularity and the process of
modularisation proceeds incrementally, which may end in a fully “plug-and-play”
flexibility. [Ulrich, K. T. & Tung, 1991] and [Ulrich, K. T. & Eppinger, 2000] say
that modularity is a relative property and that “products cannot be classified as
modular or not”, they are just more or less modular. Basically no company has a
100% modular architecture in this sense. Therefore product architecture is a grade
of modularity ranging from 0% modularity (fully integrated) to 100% modularity,
Figure 4-4.

Figure 4-4: Schematically, the degree of modularity.
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Given the discussion in this subsection, a product can be called modular if more
than 50% of the product’s parts belong to modules. Otherwise the majority of the
parts in the product belong to vaguely defined components or subassemblies,
which then would be an integrated product.
Product architecture is further discussed in [Ulrich, K. T. & Eppinger, 2000], who
describe the architecture as the assignment of the functional elements of a product
to the physical building blocks of the product. In addition, the architecture of a
product is described as the scheme by which the functional elements of the
product are arranged into physical chunks and by which the chunks interact. The
most important characteristic of a product’s architecture is its modularity. A
modular architecture has the following two properties:
•
•

Chunks implement one or a few functional elements in their entirety.
The interactions between the chunks are well defined and are generally
fundamental to the primary functions of the product.

A mostly modular architecture is one in which each functional elements of the
product is implemented by exactly one physical chunk and in which there are a
few well-defined interactions between the chunks. This kind of architecture allows
changes in the design without changing or interfering with other chunks. The
opposite of a modular architecture is an integral architecture, which has one or
more of the following properties:
•
•
•

Functional elements of the product are implemented using more than one
chunk.
A single chunk implements many functional elements.
The interactions between the chunks are ill defined and may be incidental to
the primary functions of the product.

The verification of a modular or integrated architecture is different since a module
has more defined properties and interfaces. The integrated architecture can be
verified, e.g. at subassembly level, but the contribution to the final product can
not be evaluated with the same precision as with a modular architecture.
4.3 INTERFACES – THE CORE IN MODULARISATION
An interface may be seen as the connecting area created between two modules.
[Ulrich, K. T. & Eppinger, 2000] describe an interface as fundamental or
incidental depending on how necessary the interface is. An interface is planned
and needs to be well managed since it is fundamental to how well the product will
fulfil its properties. If the interface is incidental it is unwanted and may affect the
product’s properties in a negative way. [Ulrich, K. T. & Eppinger, 2000] suggest
that the interfaces should be well documented. Specifically the incidental ones
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since these are not visible on design drawings or specified in the same way as the
fundamental interfaces.
[Pahl & Beitz, 1996] wrote that “In order to minimize the costs of a modular
system, not only the modules themselves but also their interaction must be taken
into account.” This interaction must be managed in the verification of a modular
product, specifically if one intends to use MPV as a strategy. If one can specify
and verify the interaction at modular level, then the PPV may be reduced since the
compatibility between the modules is already known from the MPVs. This
interaction between modules takes place through the interfaces of the modular
product.
The aim, according to [Pahl & Beitz, 1996], is to reduce, standardize and simplify
the interfaces. By doing so, the number of connecting elements and assembly
operations are reduced, and the quality requirements on the interacting parts in
the modules can be reduced. Guidelines for good interface design are given on
page 345-347 in [Pahl & Beitz, 1996] which illustrate for example how to:
•
•
•
•
•

reduce connecting elements
use identical connecting elements
avoid dimension chains with tight tolerances
divide large interfaces into smaller ones
adapt standardized matching parts

[Erixon, 1998] describes the interfaces in detail, and suggest six different interface
types as connections between modules:
•
•
•
•
•
•

Attachment – a physical attachment between two modules
Transfer – fluids or other media are transferred between modules
Control and Communication – digital signals or wire connections
Spatial – two modules share the same space or require a physical space
Field – magnetic field or heat creates the interface
Environmental – the interaction with e.g. humidity, rain or sand

An interface matrix is used in [Erixon, 1998] to analyse and clarify the interaction
between the modules and the assembly order, Figure 4-5. In the interface matrix,
modules are put in assembly order followed by the types of interfaces between the
modules. The desired assembly order is “base unit assembly” or “hamburger
assembly” since these cause the least possible interactions and simplifies assembly.
The benefit from defined interfaces are also treated in [O'Grady, 1999] who says
that each module can be internally complex, but the interfaces are clearly defined.
This definition of interfaces also specifies how the modules interact. Here
[O'Grady, 1999] classifies an interface interaction as mechanisms which are either
mechanical, electrical or data or a combination of all three. In [Blackenfeldt &
40

Sellgren, 2000] robust design is used to find the most appropriate design of
module interfaces. They describe an interface as a black box which would leave
the interfaces unspecified as long as possible rather than fixing them early. The
benefit would still be parallel work with separate modules, but also leaves some
flexibility for the individual design teams.

Figure 4-5: Interface matrix for analysis and clarification of the module interactions, based on [Erixon,
1998]. The letters are the initials for the interface types given above.

[Reinertsen, 1997] say that interfaces are where the action is when designing
product architectures and that the reason for redesign of components can often
be derived to poor interfaces. One of the reasons for poor interfaces is that
nobody is responsible for the interfaces – some companies even have trouble in
naming the products’ interfaces. In order to improve interface management
[Reinertsen, 1997] state that one should define the interfaces early, assign clear
responsibility, an interface “freeze” schedule, and appropriate design margins. To
accomplish this, a four step approach is suggested:
1. Define the interface: this is accomplished by analysing what is the worst thing
the modules can do to each other. The next task is to prepare a matrix and list
each of the interactions. It should be noted that modules can interact even
though they are not physically connected.
2. Control the interface: a single point of control is suggested where a person is
responsible for the interface. A document is prepared which defines and
describes the interfaces and also specifies procedures for making changes in
the interfaces.
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3. Lock the interface: some way to lock the interface as early as possible is
needed as well as defined dates when this should be accomplished. There are
both advantages and disadvantages in locking interfaces early. The
disadvantages are that it constrains the design and it is difficult to reach the
optimum design. The advantages, however, are that the interfaces form the
boundary conditions and each modules can be designed without the risk of
destroying the work already accomplished.
4. Establish the right interface margins: this means that the interfaces must
permit changes. The interfaces cannot be too tightly specified or too loose. If
the interfaces are too tight then a small change or deviation may affect other
interfaces in the product. On the other hand, large margins are related to high
costs and poor performance. Thus, one should have loose margins around the
“risky” modules and small margins around the “safe” modules.
[Baldwin & Clark, 2000] state that an interface is a pre-established way of
resolving conflicts between interacting parts. They use the concept of visible and
hidden design parameters to describe what can be seen as the inner and outer part
of a module. The interface is common information which should be known
(visible) to all designers as a part of the product development. While, on the other
hand, the hidden information is for the specific module development team only.
This hidden information can be changed principally in any way as long as they do
not affect the visible information.
A good description of how to plan, perform financial calculations and document
interfaces is found in [Hamvik & Stake, 1997]. They say that the interfaces affect
the number of possible module combinations, manufacturing costs, the products
reliability, after sales costs, recycling costs, and cost of poor quality. The interface
is, according to [Hamvik & Stake, 1997], the system created between two or more
modules. A table is proposed in which the interfaces are detailed and documented,
Table 2-1. In this table the interface between module 1 and module 2 are shown.
The interface is divided into part interfaces, for example surface and screws.
[Hamvik & Stake, 1997] propose describing the interface as a form or energy
interface. The form interface is physical shapes and features while energy
interfaces are heat, oil or other types of fluid or transferred energy.
Table 4-2: Interface table, based on [Hamvik & Stake, 1997].
Interface
M1-M2

Part
interface
Surface
Screws
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Element

Base object
X

Variant
object 1
X

Variant
object 2
X

Form
Energy
Form
Energy

X

X

X

Base objects and variant objects are also used in Table 2-1. A base object is the
module onto which the variant objects (modules) are assembled. If the interfaces
are (or need to be) of the same type, then it is marked in the table. It is not
discussed however what happens when the base object, base module, has variants
itself or if the interface is generated by modules which are not physically
assembled. However the table is one way to clarify and document interfaces. It is
also said by [Hamvik & Stake, 1997] that e.g. the table is useful for consequence
analysis when new variants are introduced.
Further discussions on interfaces have been made by [Sundgren, 1999] with
practical examples from industry. He made a survey at a company that develops
material transportation vehicles. One finding was that the designers were able to
work in parallel once the interfaces were defined. Another finding was that errors
in the products were, among other things, caused by “insufficient robustness in
the interfaces”. Also, a notable observation from the company was that they were
able to reduce the assembly time by more than 30% after simplifying the
interfaces.
Interfaces are important to consider when verifying a modular product. Since
poorly defined interfaces also mean a poorly defined modular product. The
contribution of the module to the complete product is then difficult to obtain
from MPV only. To really be able to describe a module’s contribution to the
complete product, the interfaces need to be part of the MPV as well.
4.4 METHODS TO DEVELOP MODULAR PRODUCTS
Since a modular product assortment has shown great benefits to companies,
numerous methods have been developed to further enhance this benefit. Some
methods are comprehensive and some of them are simpler and act more as
guidelines. From an MPV standpoint, methods for modularisation are of interest
in order to obtain an understanding of how modular products are developed, but
foremost to see if, and how, quality issues are dealt with in these methods.
4.4.1 Functional decomposition and structure methods

Several modularisation methods are based on the idea of decomposing a product’s
overall function into sub-functions. [Ulrich, K T & Eppinger, 2004] propose a
four step method to create modular product architectures. The first step is to
create a schematic overview of the product. The scheme is represented as boxes
with sub-functions or previously existing physical elements. The second step is to
cluster physical and functional element chunks (modules). To support the
clustering, eight factors are suggested as reasons why one or several elements
should form a chunk. These factors can be compared with the 12 module drivers
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in [Erixon, 1998]. At least four of the factors from [Ulrich, K T & Eppinger,
2004] are the same as the ones from [Erixon, 1998], see Table 4-3.
Table 4-3: Similarity in reasons to form a module.
Cluster factor [Ulrich, K T
& Eppinger, 2004]
Capabilities of vendors

Module drivers by [Erixon,
1998]
Strategic supplier

Similarity of design or
production technology

Process and organisation

Localisation of change

Planned design changes

Accommodating variety

Variety

Meaning
Outsourcing reasons
suitable when a supplier
can provide good modules
Parts of the module use,
need or would benefit
from the same process or
organisation
A module is created with
parts that are planned to be
redesigned
A module which will
proved the product with
variety valuable to the
customer

In the third step, a rough geometrical layout is generated. This can be both two
and three dimensional drawings or even physical models. The reasons are to
consider and analyse the relationships between the chunks. The fourth step is then
to identify the interaction between the chunks. Each chunk will interact with other
chunks in both desired and undesirable ways. This interaction needs to be dealt
with by the team members who are designing the chunks. [Ulrich, K T &
Eppinger, 2004] suggest an interaction graph in which each chunk’s interaction
with other chunks is shown by a drawn line between the interacting chunks.
[Dahamus et al., 2000] also developed modular product architectures with a base
in functional decomposition. They use the same principle as in [Ulrich, K T &
Eppinger, 2004] and generate a schematic overview of sub-functions. [Dahamus
et al., 2000] suggest a seven step approach which is exemplified on hand-held
tools. A modularity matrix supports the final generation of modules in order to
create a suitable product family.
[Zamirowski & Otto, 1999] also propose a modularisation method based on
functional decompositions. They use a six step method which contains the
clustering of functions to compare and select the final architecture. [Otto, K,
2001] describes a three step process which leads to a modularised family of
products. First the required variety of products is determined. The second step is
to decompose the platform product into a functional structure based on the same
principles as in [Dahamus et al., 2000], [Zamirowski & Otto, 1999] and [Ulrich, K
T & Eppinger, 2004]. When appropriate modular concepts have been generated,
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the third step is to use a selection process to identify the most promising modular
architecture. [Otto, K, 2001] uses a selection matrix which is described in detail in
[Pugh, 1991] and in [Ulrich, K. T. & Eppinger, 2000].
4.4.2 Modular design to accomplish product variety

The paper by [Martin, M V & Ishii, 2000] describes a step-by-step method for
achieving product platform architectures by using a Generational Variety Index
(GVI) and a Coupling Index (CI).
Their method seeks a structured way which assists in developing the arrangement
of functional elements, the function-structure mapping, and the interface
specifications for a product family. This method should also aid engineers in
creating designs that leverage current design effort across future products and
thus reduce development costs. [Martin, M V & Ishii, 2000] first looked at the
factors external to the company which will make a product change over time.
These factors are called “drivers”, and an understanding of these will help
minimize design effort for future products and increase commonality in design
structures across generations. The “drivers” can be customer requirements, cost
reduction, regulations, and standards. A seven-step method is used to create a
GVI calculation matrix. The matrix gives an indication of how important each
component is to that particular property.
To better understand the couplings between components [Martin, M V & Ishii,
2000] developed the CI. They define a coupling as: if a change made to one of the
components can require the other component to change. The CI is a coupling
index which indicates the strength of the coupling between the components in a
product. The stronger the coupling between the components, the more likely a
change in one will require a change in the other. [Martin, M V & Ishii, 2000] state
that components which cannot be standardized and will need to change should be
modularized. That is, if the components in the module change it does not require
a change in other components which are not part of the module.
4.4.3 Modular Function Deployment

Modular Function Deployment (MFD) described in [Erixon, 1998] is a systematic
method consisting of five steps, going from customer needs to modular concepts.
Each step takes the product closer to a customized modular product concept. The
method is documented and illustrated with a product management map (PMM).
The PMM supports a common understanding of the modularisation work within
a company and acts as a tool for discussion. Furthermore, the PMM visualizes the
weighted relation between the customer’s needs and properties, and between the
properties and technical solutions. This in turn supports the development team
when pinpointing the most important customer needs, properties and technical
45

solutions. Thereby the development of a modularized product can give special
attention to what is really creating value to the product; both from internal
company specific needs, but also from the customer’s viewpoint.
The first step in MFD is Quality Function Deployment (QFD) which is a method
that has been discussed by many researchers in the last three decades. For
example [Sullivan, 1986] describes the QFD method as an overall concept which
provides a means of translating customer requirements into appropriate technical
requirements for each state of product development and production, i.e.
marketing strategies, planning, product design and engineering, prototype
evaluation, production process development, and production sales.
The second step in MFD is to select the proper technical solutions, which is done
by looking at the product from a functional standpoint. This step identifies a
number of functions and sub-functions in the product, which fulfil the demands
and the selection of the corresponding technical solutions. Erixon recommends
the Axiomatic Design (AD) method developed by Nam P. Suh [Suh, 2001] as a
structured method for performing functional decompositions. The technical
solutions are then related to the properties in a so called design property matrix
(DPM).
The third step involves the generation of module concepts generated in the
Modular Indication Matrix (MIM). The MIM is a matrix which relates technical
solutions one by one against 12 module drivers (Carry over, Technological
evolution, Planned design changes, Technical specifications, Styling, Common
unit, Process and/or organization reuse, Separate testing, Strategic supplier,
Service and maintenance, Upgrading, and Recycling). These module drivers are
company specific reasons why certain technical solutions should form a module.
A competed MIM indicates which technical solution has many or few reasons for
forming a module, and which have the strongest reason for becoming one.
The module driver separate testing means that companies should prioritize parts
to form a module if there are reasons to test the module separately. Typical
reasons may be when it is possible to gain time and money from fast feedback
from early detected defects.
The fourth step involves the question of which one of the new concepts to select.
Which effects do we get in the production or in the development? How much
better is the new modular concept compared to the existing design? For a
modular design, the interfaces between the modules have a vital influence on the
final product and the flexibility within the assortment. Therefore, an evaluation of
the interface connections will be important for the selection of the concepts.
These interfaces might be, for example, fixed, moving, or media transmitting i.e.
heat or signal.
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The fifth step in the MFD method is to improve each module. At this step,
different designs for X methods are used to further improve the modular
assortment. For example Design for Assembly and Manufacturing can be used to
decrease assembly time and manufacturing cost. [Erixon, 1998] points out that the
MFD-method should not be considered as a replacement for, or competitive to,
design improvements on part level. In addition, the MIM can preferably be seen
as an indicator for what is important for each module e.g. a module that is chosen
for technological evolution reasons should also be designed for easily
replacement.
4.4.4 Stepwise modular system development

[Pahl & Beitz, 1996] suggest a stepwise development of modular systems. The
first step is to clarify what the modular system should fulfil. Specifically important
is to clarify the variants needed to meet the customer’s needs. The second step is
to establish function structures which mean that the clarified requirements should
be divided into sub-functions. The sub-functions should be interchangeable in
order to provide variants for the complete product. The third step is to find
solutions to the sub-functions generated in the second step. It is suggested that
the designers should aim to provide product variants which do not require any
changes in the basic design or working principles. For example [Pahl & Beitz,
1996] say that one can reach several functions from one single module which can
be completed by final machining in various ways depending on the customer’s
needs. The fourth step is then to select and evaluate the modular candidates which
the designers have generated. At this step, the financial factors are important as
well as how well the modular concepts fulfil the excepted customer needs. This
means that the designers need to estimate both production costs and the overall
modular system cost even at this early stage.
In the fifth step a solution has been selected and the actual design starts. At this
stage it is of equal importance to consider the actual modular design as well as the
production requirements. [Pahl & Beitz, 1996] underline this importance and write
that “In the design of modular systems, production and assembly considerations
are of paramount economical importance.”
In this fifth step guidelines are given for the number of modules to be developed,
and, for example, the following should be given attention:
•
•
•

Requirements and quality must be maintained. For example, the greater the
number of parts, the greater the number of assembly operations.
Overall function variants must be created by simple assembly operations.
Modules may only be broken down to a level which can be financially,
qualitatively, and functionally justified.
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The sixth step is the documentation for the execution of orders. For example,
drawings need an appropriate part-numbering system so that individual parts and
assemblies can be tied to specific modules; and so that individual modules can be
combined into product variants.
4.4.5 Modularisation and reconfiguration using operators

In [Baldwin & Clark, 2000] operators are used to obtain and change a modular
design. The operators are given below and should be seen as a list of what can be
accomplished by a modular design:
•
•
•
•
•
•

Splitting
Substituting
Augmenting
Excluding
Inverting
Porting

Splitting means that one should obtain what is called a block-interconnected
design. In principle, a design with interdependent parameters is converted into a
hierarchical design with a core of independent modules. To accomplish this
splitting a four step guide is suggested:
1. Accumulate and
interdependencies

organize

knowledge

about

specific

parameter

2. Perceive that the time is right to develop a modular design
3. Formulate design rules specifying architecture, interfaces and tests
4. Enforce design rules for the duration of the design process, so that the
structure does not collapse back into interdependencies
The possibility of substituting is strongly affected by the financial situation of the
company. Substituting means that if two or more equally good modules are
available (but it is not clear which is the best module) then the modules should be
tested against each other to identify the best suited module. Basically, if a better
module is on hand, this should replace the present module. The operators
augmenting and excluding are each others opposites. They are used to modify
already modularised systems. The exclusion of modules takes place in two ways,
either because all modules are not necessary for a specific customer or that the
customer may choose another module to configure the product in a desired way.
The augmenting operator means that a module can be added to the original
product to obtain a certain property.

48

The inversion operator means that a part of a module is moved up in the product
architecture hierarchy and may become a module in its own right or become
useful to other parts of the product. The operator porting means that a module is
“released” from its defined part of a modular product and is able to function in
other product configurations as well. The book by [Baldwin & Clark, 2000] where
these operator are described in detail is related to the computer industry, both
software and hardware development. Specifically numerous examples are given
from IBM.
4.4.6 Modular products through dendrograms

The work by [Hölttä et al., 2003] describes a method for modularising products
using similarities between modules which are represented in a dendrogram. Their
findings are that most methods for modularisation are for single products and not
families. Therefore, the idea with the method is to better form a base for product
platforms.
The starting point for the method is the input and output from the modules. This
input-output relation consists of energy, material and information which are
similar as in [Pahl & Beitz, 1996; Ulrich, K. T. & Eppinger, 2000]. The method is
built up of five steps:
1.
2.
3.
4.
5.

Enumerate all modules (called black boxes)
Characterise the modules by their input and output
Find potential groupings (done by two equations).
Calculate a distance metric (which are represented in a matrix)
Build a dendrogram

When all the steps are carried out it is possible to use the dendrogram to identify
similarities among the modules. This similarity can be used (1) to design a new
module which can replace two or more modules, or (2) to identify modules which
differentiate from others.
4.4.7 Literature reviews on modularity and platforms

The work by [Fixson, 2003] discusses a literature review of 134 references on
modularity. He says that the conceptual part of modularisation is rather
straightforward, e.g. the decomposition part where functions are tied to physical
components. However, the difficult part is to develop the concepts into complete
modular products. [Fixson, 2003] has identified three types of how the functions
are allocated to the components (modules):
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•

•
•

The parametric allocation – this considers the parameters of the product
structure as fixed and the product changes its characteristics within the
boundaries of the module. Only one or few design parameters are changed,
e.g. replaceable cover on mobile telephones.
Configuration allocation – small building blocks are arranged or rearranged
into larger modules. An example of a vacuum cleaner is given where the
motor and fan are an example of configuration.
Fundamental allocation – this is designs that are truly differentiated by the
way functions are allocated into modules. For example, the keyboard for a
computer is changed to a touch screen. The function is the same – “data
input” – however the components are different.

In the work of [Fixson, 2003] nothing is mentioned about how quality can be
improved or what new demands a modular architecture puts on verifications.
[Simpson, 2004] has reviewed 248 texts on platform design and says that there are
two ways of developing product families. The top down approach where a
company manages and develops a family of products based on a platform. The
other is a bottom-up approach where the company redesigns and standardizes its
products to gain economy of scale. Common to these two approaches is the
development of a module-based product family. The family is created by adding,
substituting, or removing modules. In the comprehensive literature nothing is
mentioned on how modular products will improve quality or how to perform
verifications. It is mentioned however that testing can be reduced but no
description is given of how this should be accomplished.
[Huang, 1999] reviewed 61 texts on modularity and presents definitions, module
types and methods. It is mentioned that testing at module level ensures that no
defective modules are assembled into a product. An oscilloscope is used as an
example and it is said that module testing reduces the final test and calibration
time. No detailed description shows how this can be done in either practice or in a
method approach.
Another literature review on modularity was made by [Jose & Tollenaere, 2003]
who summarise the contents from 78 texts. They do not mention anything
regarding module verifications or any beneficial relation between modularity and
quality. However, a good table of classified work in relation to modularity is made
which supports any search for specific types of modularisation. A similar table,
even more comprehensive, can be found in [Simpson, 2004].
4.5 MODULARISATION OF TRAIN COUPLERS
Dellner Couplers AB, here after called DCAB, develops and manufactures
couplings for personal railway vehicles and is located in Dalarna County, Sweden.
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DCAB employs approximately 200 where half of the employees work with
development, design, and administration. DCAB manufactures and develops
couplers with the emphasis on quality and flexibility. The business concept is
based on the individual needs of each customer, who will receive the exact coupler
they order.
DCAB will in the future offer their customers a modularised product assortment
of railway vehicle couplers. This module assortment conveys new durability tests
in order to fulfil demands from customers and regulations. The goal at DCAB is
to perform these tests at module level, e.g. MPVs. The gain would be defect free
modules supplied to the final assembly, and reduced time consuming tests after
final assembly. The advantages and disadvantages of MPVs on couplers, and how
it should be accomplished, were not completely known at the start of the modular
implementation.
DCAB is a supplier company and competes internationally foremost with three
other companies. Once an order is obtained, the total delivery time can range
from 6 months to several years, depending on the order size. The length of the
delivery time is also dependent on how frequently the train builder (the customer)
would like a coupler.
4.5.1 From integrated to modular architecture

The work to modularise the train couplers started in 2001. At this time the work
behind this thesis was initiated and so was also the start for this study of DCAB.
The intentions with this research have been, among other things, to support
DCAB with the development of a functional MPV strategy.
For DCAB the goal was to decrease the lead-time and part numbers but increase
the quality and variety. A consultant company was hired to implement the new
design and management methods which would result in a modularised coupling
and an appropriate work organisation. DCAB’s first challenge was to find the
right personnel internally who could be part of the core that should initiate and
run the modularisation project. Once the project was launched, DCAB needed
additional personnel to run the development of both the new modularised coupler
and the old integrated coupler.
For the first two years, there were double the number of designers who in parallel
developed the old and the new couplers. The second challenge was to find the
extra personnel needed for this parallel development. The solution was to hire
design consultants from different companies. The core group for the modular
development was internal personnel so that the attained competence would stay
inside the company. The design consultants were given the task of developing the
old couplers which would still be delivered, as well as perform changes on
drawings. The internal personnel were still part of the old development to lead
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and support the design consultants. After approximately 3 years some of the
modules are part of the orders and replace components of the old integrated
couplers.
During the later part of 2004 a completely modularised coupler emerged, although
still with improvements to be made. Also in 2004, the first modularised coupler
was sold. In 2005 further improvements were made and the coupler became more
and more modularised, see Figure 4-6. One of the objectives is to have the
product assortment 80% modular and 20% customer unique. At the same time
this means approximately that the 20% unique couplers will demand 80% of the
total effort. However, the experience at DCAB is that, despite the relative stable
train branch, there are still new technologies and materials to adapt to, as well as
new unique customization which not could be foreseen in the development of the
modularised coupler. However, the more modular the coupler becomes, the easier
this adoption is.

Figure 4-6: A modularised train coupler with twelve modules, courtesy of Dellner Coupler AB.
4.5.2 The experience at DCAB

DCAB have invested in both time and financial effort to obtain a more
modularised coupler. But after some time both the design hours as well as the part
numbers were substantially reduced. As a result, the majority of the design
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consultants were not necessary anymore. As with many companies, there are
always personnel who are afraid of, or have a natural resistance to, changes. So
has also been the case at DCAB, even at the higher management level. A solution
to this was to visit other companies which have successfully implemented a
modular assortment. By doing so, both personnel and management were
converted into “modular believers” since they had seen with their own eyes, and
heard the practical experiences from others.
Nine key people were interviewed during 2004 and 2005 regarding the experience
of the modular development so far at DCAB (the head of design, one project
manager, the module project manager, one design engineer, one production
engineer, two test engineers and two assemblers). The following eight questions
were discussed:
1. What are your own experienced benefits of modularisation?
2. What are the future benefits from modularisation?
3. What are your own experienced disadvantages from modularisation?
4. What are the future disadvantages from modularisation?
5. What are the differences in design or production with the modular couplers
compared to the integrated couplers?
6. How has the design adaptation been made, if any, in order to verify at module
level?
7. What can be gained from MPVs?
8. Are there any key factors for successful modularisation?
Experienced benefits

The personally experienced benefits from modularisation at DCAB are that there
are less engineering hours needed to complete a project. The overall function of
the coupler has been improved which is safer for the customer. Even the coupler
itself looks nicer and has a more impressive design. One of DCAB’s customers
has said that “We did not believe that a coupler was something special, but yours
are a delight to the eye, like a work of art”. The quality has been better and the
overall lead-time has decreased (no quantitative measure has been used to show
this so far; it is more of a feeling among the personnel). It is easier to make things
fit together (as a result of defined interfaces). Any performed prototype tests are
more financially feasible since they are performed for a range of products instead
of a one-of-a-kind product.
Previous projects needed up to 90% redesign, even though the sales department
says that the same product has been sold. Today, if a complete modularised
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coupler is sold, no changes are necessary. Also with the previous integrated
coupler, the customer could make changes on it to the last minute before delivery.
This caused expensive changes and delays (see similar problem described in 7.3.2).
Today, increased demand is put on order specifications. The customer’s benefit is
that it becomes clearer what they buy and how the coupler works.
Future benefits

In the future (when the product, production and suppliers are all tuned completely
into modularisation) it will take less time to deliver than today. The coupler is new
and more efficient. Also fewer parts are needed and handled, which among other
things results in less occupied space. The through-put time will decrease,
specifically the design time which today is approximately 1/3 of the total leadtime. It will also be possible to purchase larger batches with parts and raw material
since the economy of scale increases (fewer parts will be used but in more variants
and larger volumes). It is also believed the overhead costs will decrease as a result
of more efficient use of machines.
Experienced disadvantages

The most difficult part was to get everything up and running, and to get
everybody to understand the motivation behind modularization. In some cases the
modules become more complex than previous integrated couplers. One tries to
“design-in” many functions in the same module so it will fit in many coupler
variants. Therefore the weight and size have increased in some modules. And, in
some sense the modules are difficult to design. These “over-specified” modules
may not be financially justified, but it is believed that it is easier to scale down
than scale up. It has also been difficult to reorganise the company. Since the
module project is done in a matrix organisation20 it has been a challenge to
implement this into the line organisation used at DCAB. The same experience has
been found on the shop floor where new tools, programming and tasks have
demanded extra parallel effort to be implemented. It may be necessary to actively
convince the customer of the benefits from modularisation and why the customer
cannot get, in detail, what they specify.
Future disadvantages

Possible disadvantages in the future (when the product, production and suppliers
are all tuned completely into modularisation) are that the designer has less

20

See [Ulrich, K. T. & Eppinger, 2000] page 27 for further reading on matrix organisations, or [Kenger &
Hagström, 2003] for practical use at Scania.
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stimulating work. Also, standards and branch praxis are normally defined for
complete products and need to be kept in mind even at module level. As with the
experienced disadvantages, the future disadvantages may be heavier and larger
couplings. However, since DCAB is aware of this disadvantage, it is already being
dealt with on a continuous basis. Since the couplings need to fit couplings from
competitors, a future challenge is to design interfaces so that modular couplers are
profitable to DCAB and its customers, but at the same time fit other coupling
brands. One of the interviewees could not see any future disadvantages at all.
Difference in design and production

The difference in design and production is that it is easier to steer everything in a
modular architecture. It is possible to “lock” good conditions because of the
interfaces. Since the product configuration is based on combining variants of
modules it puts higher demand on handling variants and variables during design,
production and assembly. There will be less work in general but time will be spent
on locking CAD drawings and reducing and merging 400-500 part numbers down
to 50-100. Drawing changes at the highest level (the complete product) will be
simplified since fewer part numbers are used in more product variants.
Design adaptation to MPV21

The most important thing has been simple interfaces which lead to simplified
verifications and MPV. The MPV has been in their mind throughout
development, as a result they have strived for simple interfaces. It is also
important that each module should be complete in its own right. That is, the
modules should not be dependent on other modules. For example, the old valves
could not be assembled if they were not assembled on the mechanical coupling. In
the old valve case MPV is not possible even though it is preferable.
Gains from MPV

Any defects can be detected earlier. It is too costly to detect defects late since
many of the expensive parts have been assembled late in the old integrated
coupler. Fewer people in the development process need to redo things if any
errors or defects are made. Further gains are that it is easier to detect any defects
since there are fewer parts to verify, but it is also easier to adjust any defects. For
example, it is said (as a rule of thumb) that it is three times costlier to detect a
defect at the next “step” than to repair it at the place where it occurred. It is also

21
MPV has been known to DCAB during the years of this study and any detailed explanation to the interviewees
was not necessary.
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possible to perform verifications that are not possible at later stages. Further gains
are that the verifier becomes much more of an expert on their module compared
to a complete coupler.
Key factors for success

It is now more than four years since the start of the modularisation project and
there have been several key factors identified for a successful implementation.
One needs to be stubborn and have a clear vision of what should be
accomplished. It is of major importance to define the interfaces, the sooner the
better. Other key factors have been to really analyse the market situation and
identify what demands this puts on the couplings. The same analysis needs to be
made on the company’s own product to pick the best parts and develop these into
modular architectures. It is also important to allocate personnel resources in an
appropriate way. It is better to have one person with 100% allocation to the
modular project than to have 10 people with 10% each. At the very least, the
involved personnel should devote 50% of their time to the modular project. The
personnel should also stay in the project and not be replaced by others after a
certain time. It is also important that people in the project have the authorization
to affect and make decisions in other parts of the organisation.
4.6 BENEFITS FROM MODULARISATION
There are numerous known benefits from modularisation, and probably even
more company specific benefits not discussed in the literature. Basically all text on
modularisation mentions some of the benefits from it. For example, [Pahl &
Beitz, 1996] say that the benefits for a company can be found in almost all areas.
Some of these benefits are that one develops several products at one time,
simultaneous use of new technology and parallel development teams, [Larsson,
2005].
At Scania the modules increase the potential for combining basic ranges into
different configurations, “a Scania truck can be tailored to fit the transport needs
of each individual customer” [Scania, 1999]. Another advantage is that a modular
product assortment decreases the number of parts, resulting in increased profit
even in smaller production series. The quality improvements and upgrades reach
the market more rapidly due to simultaneous upgrades. New variants are also
introduced onto the market more quickly than might otherwise be the case
[Scania, 1999]. More specifically [Olhager, 2000] mention that for Scania the part
numbers are approximately 8 000 compared to the previous approximately 12 000.
For its complete truck assortment Scania uses half the part counts compared to
other truck developers. The range of Scania cabin variants is discussed in [Erixon,
1998] who mentions that eight different cabin types can be built from cabin
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modules, all with several variants in each. The changeover from one variant to
another is done in almost no time at all.
At DCAB a potential increase of 6700 variants (theoretically possible variants) and
a decrease of 7000 parts after two years of modular implementation, Table 4-4,
see also the discussions in section 4.5.
Table 4-4: Potential improvements at DCAB.
Product architecture
Integrated
Modular

Years
30
2

Variants
300
7 000

Number of different parts
10 000
3 000

[Teknik, 2005] reports that the new cabriolet C70 model from Volvo shares the
same platform as Volvo S40, Volvo V50, Ford Focus and Mazda 3. This platform
has made it possible to double the volume, thus the lead-time per car has
decreased. The platform itself is accomplished by a modular architecture in which
the interfaces from different car module variants are compatible with, and share,
the same platform. [Pahl & Beitz, 1996] write that the overall scheduling is
simplified and thereby it is possible to improve the delivery dates. They also say
that the production can be run in parallel which reduces the through-put time.
This parallel performance of tasks is also mentioned in [Baldwin & Clark, 2000]
who say that the time savings can be dramatic when the independent modules can
all be worked on simultaneously. The same discussion is presented in [Ulrich, K.
T. & Tung, 1991] who state that modularity allows the order lead-time to be
shorter than the lead-time for individual (integrated) products. The same authors
say that the independent modules can be completed in parallel.
Larger batches are produced at Scania from fewer unique parts. Economy of scale
has been reached due to fewer set-ups and larger production volumes of the same
parts [Olhager, 2000]. This decreased part number can remain reduced even if
new variants need to be developed. Since, the next generation can be “copied”
easily from the previous version [Ulrich, K. T. & Tung, 1991].
[Olhager, 2000] says that at Scania the average time to maintain the trucks has
decreased from 100 hours/year in 1968 to 25 hours/year from their latest truck
variants. Concurrent with the decrease in maintenance time, the repair time has
decreased by 50%. [Hubka & Eder, 1988] suggest that companies should divide a
technical system into less complex partial systems. The benefits from this is
according to [Hubka & Eder, 1988] that the degree of complexity in finding
solutions for a design is proportional to the complexity of the technical system.
Thus, it is easier to find a design solution for a technical system with a low degree
of complexity than for one with a high degree of complexity; Table 3-7 may serve
as an example. In addition, less complex designs will cause less defective products.
Further benefits than those mentioned here can be found in [Ulrich, K. T. &
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Tung, 1991] who specifically point out the good and bad points of modularity.
Similar discussions to those in [Ulrich, K. T. & Tung, 1991] can be found in
[Huang, 1999]. A list of benefits can also be found in [Jose & Tollenaere, 2003]
and in [Kenger et al., 2005].
4.7 POTENTIAL DISADVANTAGES WITH MODULARISATION
Just as there are benefits, there are also disadvantages with modularity which are
company specific and not mentioned in the literature. On the other hand, the
ones mentioned are in some cases product and branch unique. For example,
[Ulrich, K. T. & Tung, 1991] mention that it is easy to copy a modular design
since the components are clear and well defined. However, if the product is worth
copying, material, production and supply costs need to be advantageous as well.
Just because a product is modular is not reason enough for copying it.
According to experiences documented by [Larsson, 2005], the disadvantages with
a modular development of a product platform can be threefold if one designs it in
the wrong way. First, which is common to all product flaws, the income from
sales will not appear. Secondly, it is not possible to utilise the modules for other
product families, thus the investments in the synergy effect do not pay off.
Thirdly, the mindset and design solutions used in other projects are affected as
well.
Another disadvantage can also be that unique customer adaptation cannot be
made easily since this normally means tailored designs, [Pahl & Beitz, 1996]. From
a customer perspective, [Pahl & Beitz, 1996] give two examples where
modularisation may a disadvantage:
•
•

When special quality requirements are required – they may be better met by
specially designed products
The weight and volume may be greater since each module is designed for a
range of products

The same disadvantage for product optimisation is mentioned in [Ulrich, K. T. &
Tung, 1991]. They also mention that the innovation can be hindered by the
defined architecture (the designer cannot step outside its given boundaries). This
was mentioned as a future potential disadvantage at DCAB as well.
[Pahl & Beitz, 1996] say that product changes can only be considered in the long
term, because “once-and-for-all development costs are high”. However, this
argument does not withstand what has been discussed in section 4.3 regarding the
interfaces. If the interfaces are well specified, then any changes can be made
within each module. Therefore, even shorter term design changes than previous
can be made since they occur at module level. The increased design complexity
was part of DCAB’s challenges as well. This had to do, among other things, with
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an endeavour to make as many modules as possible a common unit to the product
family.
The development of a product platform can take as much as ten times the time to
develop than a one-of-a-kind product, [Ulrich, K. T. & Eppinger, 2000]. The extra
time is spent on figuring out how many products shall be derived from the
platform, the life length of all these products, and interface design between all
modules building the platform. This work effort was also evident at DCAB during
their implementation. This resulted in a need to hire consultants to be able to
cover the extra need for personnel.
4.8 VERIFICATION
STRATEGIES
MODULARISATION

-

A

MISSING

LINK

IN

In the literature on modularisation, there are vague or even no descriptions of
what form a good strategy should have in order to utilise the modules to also
obtain quality by cost and time efficient verifications. [Jiang & Allada, 2001] have
however dealt with product platforms and the improvement of the robustness of
modular products. They applied robust design to estimate how far from the
quality target (customer needs) the product platform is. They also developed a
quality index called Quality Characteristics which quantifies a complete product
family’s robustness. Even though several assumptions are made in the article, their
work is a contribution to the quality area. However, they do not deal with
verification of modular products.
The testability of modular mechatronic products is discussed in [Chun-Che &
Kusiak, 1999] who developed an algorithm to determine testability values and
access paths in modules. They suggest that the testability of modular mechatronic
products can be improved:
•
•
•

If the transparency of the test is increased so one can observe the input and
output relation
By incorporating built-in self tests which observe and evaluate their own
functionality
By inserting points of control at the boundaries (interfaces) which control the
interaction with other modules

The article is a contribution to ways of improving tests of electronic circuits but
do not provide any further description for non-electronic products or how to
evaluate if modular tests are better than product tests for a specific company. It is
said by [Chun-Che & Kusiak, 1999] that even for electronic subsystems, the
literature does not consider testability.
There can be several reasons for this lack of description of MPV approaches in
the literature. For example, the reviewed literature treats this area poorly for
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natural reasons since most texts focus on the modularisation phase and not how
to obtain qualitative products. More rational reasons may be that the area is not of
interest, or it is self evident how quality should be treated. Whatever the reason,
no method is available which supports a company to obtain its own strategy for
how to perform verifications in the presence of modular products.
From the literature review in this chapter and the case study at DCAB there is
however several things which can be used to develop an MPV approach. The
defined modular architecture gives the possibility to perform verifications in such
a way that one can evaluate the product’s total properties. That is, the interfaces
are defined which specify the way in which the modules interact. Since this
interaction is known, as well as the properties, it should be possible to evaluate the
module’s contribution to the complete product. Also, the interfaces of the module
should be described at element level as in [Hamvik & Stake, 1997], and by
interface type as in [Erixon, 1998]. By doing so, the verification of the module
can incorporate the interface interaction.
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5

THE

COSTS OF POOR PRODUCT QUALITY

MPVs are performed to obtain objective evidence of fulfilled properties.
Or, in a broader sense, MPVs are performed to obtain evidence of fulfilled
quality. The conception of quality control has been discussed for at least
nine decades and numerous methods have since been developed. The main
objective is to reduce the costs of poor quality, which is discussed in this
chapter. Methods to reduce these costs of poor quality are reviewed as well.
Until now, one focussed on planning, controlling, detecting, and repairing
individual parts, or managing quality at a corporate or organisational level.
There may be much to gain for doing the same at module level. However,
the methods do not consider how to obtain quality at module level.
Nevertheless the main question this chapter tries to answer is: what can be
learned from previous work in quality and how can this be applied to a
modular verification strategy?

5.1 QUALITY IN A HISTORICAL PERSPECTIVE
According to [Juran, J M et al., 1962], the first literature on quality control was
probably G S Radford’s paper “The Control of Quality” published in 1917. In the
paper, [Radford, 1917] discussed how to achieve quality in a somewhat pragmatic
way. Radford believed that each employee should be paid according to the quality
output from each performed operation. For example, the lathe personnel should
get their raw material for shafts in a box at the central stock. When the material
had been lathed it was returned to the same box in the central stock. The
inspector inspected the shafts and would pay the worker for the shafts that were
within the defined tolerances.
However, quality has been checked and discussed long before the early 1900s.
[Juran, J M et al., 1962] say that the primitive form of industry where when the
producer consumed its own products, called a “usufacturer”. At this time, there
was no need to specify the quality of the product. The early craftsmen knew how
to design a product and then produce goods that conformed to the design. This
gave, according to [Sandholm, 1997], the craftsmen an advantage over the
customer. At the end of the 1890s and the beginning of the 1900s, when
companies moved from craft production to mass production, the quality work
changed and became concentrated to smaller parts of the total process [Sandholm,
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1997]. The result was that one could not obtain overall control of quality and
companies started to inspect the produced units. The inspectors during the 1920s
were organized into departments [Sandholm, 1997]. At the same time, the Bell
System in US begun to use statistical methods for quality control. The statistical
methods were wide spread and are still today used in numerous companies. Tools
to support the statistical quality controls, such as control charts, were invented at
the Bell Telephone laboratories, [Sandholm, 1997].
The complexity of the products increased the risk of severe defects which were
the driving force behind Reliability Engineering. Initially, in the 1950s, [Sandholm,
1997] says that it was foremost the military and the space branches that applied
reliability engineering. In addition, [Juran, J M & Godfrey, 1999] say that Japan’s
quality revolution started during the 1950s and is “the most spectacular twentycentury demonstration” regarding quality performance. Today, Japan is seen as
the predecessor in quality and has gained a competitive advantage discussed
frequently in the literature; for example in [Ishikawa, 1985] and the two books by
James Womack [Womack & Jones, 2003; Womack et al., 1990]. During the 1950s
companies also started to estimate the costs related to quality. [Gryna & Juran,
1980] wrote that this cost estimate was among other things due to:
•
•

“Growth of quality cost due to growth in volume of complex products…”
“…great growth of long-life products with resulting high costs due to field
failures…”

Later on, companies realized that it is not enough to pin-point the quality work to
specific functions. Therefore, companies planned their quality to cover all
functions. As a result, the total quality concept was initiated in the 1960s,
[Sandholm, 1997]. [Sandholm, 1997] also mentions that the term quality assurance
was introduced in the late the 1960s; and that the 1970s were focused at making
products safe and reliable.
In the 1980s, top managers were more and more affected by the presence of the
Japanese quality improvements as well as the customers’ increased quality
awareness. According to [Sandholm, 1997], this led to national campaigns which
in Sweden led to the start of the Swedish Institute for Quality (SIQ) in 1990.
5.1.1 Quality - an increasing field of interest

To compete with qualitative products is more important than ever. For example, a
survey of companies in Europe presented in [Onori et al., 2003] shows that 93%
of the companies mention quality and cost as important issues. European
companies need ongoing development of their quality and equipment in order to
keep the production at “home”.
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The importance of, and interest for, quality can also be seen in the number of
publications within the subject. Figure 5-1 shows the result from a title word
search in Compendex. The results show that the number of publications, with the
title words used, has increased more than 400% in 30 years. Specifically, during
the period 1971-1975 to 1981-1985 the increase was nearly 250%.
3000
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Figure 5-1: Hit rate of titles for publications in Compendex (per 15 Oct 2005).

5.2 DEFINING QUALITY
A question which arises is what is quality? After all, the verifications take place to
deliver high quality products to the customer. The term quality is commonly used
by researchers, practitioners and laymen, but what does quality mean and how is it
reached? If a modular product shall be interpreted as qualitative in the eyes of
customers, as well as being an internal development target, a clear understanding
of the meaning of quality is necessary.
Quality is a moving target [Juran, J M et al., 1974], thus, to have a generic term for
quality is difficult, and so far no one has succeeded in creating a commonly
accepted term. Quality is a broad and commonly used word and it may be
therefore that Juran’s ‘fitness for use’ has gained many supporters. Fitness for use
“is the extent to which a product successfully serves the purposes of the user” and
“is a universal concept applicable to all goods and services” [Juran, J M et al.,
1962]. Fitness for use is achieved by the quality characteristics (the properties) of
the product, such as:
•
•
•
•
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Technological: material, pixels
Psychological: taste, instils pride
Time oriented: reliability, maintainability
Contractual: guarantees

•

Ethical: courtesy of sales personnel

There are four major parameters that build up the concept of fitness of use. These
parameters are the quality of the design, quality of conformance, availability and
field service. In the 2nd edition of the Quality handbook [Juran, J M et al., 1962],
Juran had not yet mentioned the fitness for use as a definition of quality. Instead
he describes 13 definitions, among other things that quality means “the degree to
which a specific product conforms to a design or specification”. This definition is
used by several authors as a definition. For example [Crosby, 1980] mentions that
quality is conformance to requirements. By this he means that quality needs to be
measured in order to be practical. [Smith, G F, 1993] underlines the issue of
measuring quality by saying: The next time someone says someone or something
has ‘lousy quality’, interrogate that person until you can determine just exactly
what he or she means
Although fitness for use and conformance to requirements or specifications have
their followers, they also has their opponents. [Smith, G F, 1993] state that Juran’s
fitness for use is not applicable when the product is not really in use by the
customer, as is the case with art. Moreover, [Smith, G F, 1993] says that it is
difficult know what the customer (user) really wants, normally this is easier after
the product is already available for the customer to evaluate. Also, it is impossible
for one product to please the need from all potential users. In his paper [Smith, G
F, 1993] also criticizes quality as conformance to specifications. The definition is
in order when the product realizes the user needs, thus, the specifications can be a
measure of quality. On the other hand, [Smith, G F, 1993] points out, when the
specifications are developed without knowing the customer’s need the definition
is inadequate. The work by [Garvin, 1987] suggests eight dimensions of quality
(performance, feature, reliability, conformance, durability, serviceability, aesthetics
and perceived quality). He means that quality needs to be described in a broader
sense and in several dimensions.
In [Juran, J M & Godfrey, 1999] the term fitness for use was set aside to the
benefit of two other meanings of quality. The first meaning is that quality is the
features of products which meet the customer needs and thereby provide greater
customer satisfaction and income. The second meaning is that quality is freedom
from deficiencies. The product should be free from defects that require rework or
that result in field failures or customer dissatisfaction, see Table 5-1.
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Table 5-1: Two meanings of quality, [Juran, J M & Godfrey, 1999].
Product features that meet the customer
needs
Higher quality enables companies to:
Increase customer satisfaction
Make products saleable
Meet competition
Increase market share
Provide sales income
Secure premium prices
The major effect is on sales
Usually, higher quality costs more

Freedom from deficiencies
Higher quality enables companies to:
Reduce error rates, rework, waste, field
failures, warrant charges, customer
dissatisfaction, inspection and test
Shorten time to put new product onto the
market
Increase yields and capacity
Improve delivery performance
The major effect is on cost
Usually, higher quality costs less

It is clear that terminology in the area of quality will continue to have numerous
definitions and descriptions. Authors create new terms, which in the end definitely
do not lead us forward in the quality area. Even [Juran, J M et al., 1974] spend
chapter 2 explaining his standpoint on quality terminology. He states that one of
the steps which has weakened quality was the reliability engineers’ creation of the
term “quality and reliability”. In 1974 Juran ask for a “single short phrase to
designate fitness for use in all situations”, and to agree upon the terminology.
Today, more than 30 years later, similar discussions are still ongoing. In fact, the
viewpoint of Table 5-2 is that one still puts effort into describing what quality is.
And, in some sense the work today is overlapping what has already been done.
Table 5-2: Literature showing an excerpt of the work in quality.
Year
1917
1931
1951
1966
1986
1993
1997
2001

Literature titles
Control of quality [Radford, 1917]
Economic control of quality of manufactured product [Shewhart, 1931]
Quality control handbook [Juran, J M, 1951]
Zero Defects - A new dimension in quality assurance [Halpin, 1966]
Zero Quality Control – Source Inspection and the Poka-yoke System
[Shingo, 1986]
The meaning of quality [Smith, G F, 1993]
Total Quality Management [Sandholm, 1997]
What is quality? [Hoyer & Hoyer, 2001]

In the context of this section it seems as though the work to define quality and to
agree upon a terminology is going in the opposite direction. More terms (for the
same meaning) arise and more territory claims are made. In the end, the work to
achieve higher quality in design, manufacturing and assembly is not supported by
even more terms. The only reasonable way ahead is to define or explain what
quality is in relation to the actual real situation. Thus, in that way the operative
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personnel, which are the ones that “give” the product its quality, know what to
do.
One can say that the word quality is similar to the word weather. To say that
something is of quality and to say that there is “weather outside” does not mean
anything. The company does not know what to strive for to improve their
products and one does not know how to dress. Unless someone defines quality or
weather one does not know how to act. In fact, [Juran, J, M., 1992] wrote that
“many companies have arrived at other definitions which they feel are consistent
with the needs of their industry and with their own dialect”. [Onnias, 1992] agrees
with Juran’s opinion and says that companies need to develop their own definition
which reflects the current market and requirements of its products.
5.2.1 Quality – the degree of fulfilled properties

From the above it is clear that an agreed and common definition of quality is not
available, specifically not when it comes to planning and achieving quality at
module level. Therefore the working terminology is that quality is the degree of
fulfilled properties. This term is not intended to replace any other terminology or
definition, nor to further complicate or confuse quality practitioners. It is rather
the other way around; it is believed to be useful within this thesis. Since, the
verifications are the activities that a company performs to obtain objective
evidence of fulfilled properties. When all the properties are fulfilled the product is
said to be of high or good quality. If the product is defective then the product
does not fulfil its properties, and then the product is of poor quality. There is
however not just good or poor quality, the properties can be fulfilled to some
degree and thus so can quality. A similar description of quality was made by
[Hubka & Eder, 1988] who say that quality is “the suitability and appropriateness
of the perceived and measurable values of properties”.
5.3 THE COST OF POOR QUALITY
A common justification for verifications is that they should result in a decrease in
the cost of poor quality (COPQ). [Juran, J, M., 1992] and [Juran, J M et al., 1974]
describe the COPQ as “costs which would disappear if no defects existed” or as
“the costs which would disappear if our products and processes were perfect”.
This description was further developed by [Sörqvist, 1998] who defines internal
and external cost of poor quality as follows: “Internal failure costs are losses
caused by deviations from the desired quality level discovered before delivery to
an external customer. External failure costs are losses caused by deviations from
the desired quality level after delivery to an external customer.”
The COPQ has been discussed in the literature for several decades. For example
[Juran, J M et al., 1962] mentioned that the COPQ can be avoided by simple, low
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expense changes, but sometimes the cost of the remedy is more than the cost of
the disease. [Juran, J M et al., 1962] also coined the expression that the COPQ is
the “cost that would disappear if there were no defects whatever”. These costs are
referred to as “gold in the mine” since there is a lot to be gained by extracting
them. As shown in this thesis (referring to chapter 7 below and the percent figures
on COPQ below), there are still a lot of companies with unexcavated “gold
mines” since defect rates and COPQ are substantial financial consumers. The
COPQ is in general divided into prevention-, appraisal-, and failure costs, which is
known as the PAF model, see [Gryna & Juran, 1980; Juran, J M & Godfrey, 1999].
5.3.1 Prevention costs

The prevention costs are normally associated with the proactive activities a
company performs to keep quality at a certain level in a cost effective way. In
[Juran, J M & Godfrey, 1999] the prevention costs are for exampe:
•
•
•
•
•

Quality planning: create the overall plan and procedures.
New products review: applying reliability engineering and other activities in
relation to new product introduction.
Process planning and control: capability studies, inspection planning, inprocess inspection and tests.
Quality audits: evaluating execution of activities in the overall quality plan.
Quality training: preparing and performing quality related training.

[Gryna & Juran, 1980; Juran, J M & Godfrey, 1999; Oakland, 1993; Sandholm,
1997] say that prevention cost is special activities of planning and reviews for
quality and should not be mixed with general product and process design or
similar.
5.3.2 Appraisal costs

Appraisal costs are the proactive and/or real-time activities to determine if the
quality requirements have been reached. These costs can, according to [Gryna &
Juran, 1980; Juran, J M & Godfrey, 1999; Oakland, 1993], be for example:
•
•
•
•
•
•
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Receiving inspection of incoming material
Inspection equipment: the calibration and maintenance of equipment used
Vendor rating: the assessment and approval of suppliers
In-process inspection and test: in-process evaluation of fulfilled requirements
Final inspection and test: the final product’s fulfilment of requirements
Document review: preparation and review of the quality document sent to
customer

5.3.3 Failure costs

The failure costs are all reactive work in order to adjust a defect. Normally failure
costs are divided into internal and external costs. The internal costs are costs to
the company when the defect is detected before the product is shipped to the
customer. While, in the worse case, external costs are related to costs incurred by
defects detected by or at the customer. [Andersen & Moen, 1999] mention among
other things the following list as failure costs:
•
•
•
•
•
•
•
•
•
•

Waste: doing unnecessary work or holding stocks as the result of an failure
Scrap: defective products or parts which cannot be repaired.
Rework: rework any defective product or part to fulfil the requirements
Re-inspect: the product or part needs to be inspected again
Downgrading: usable but defective products are sold at a lower price
Warranty claims: repair or replace defective work due to warranties
Returned products: product which has been returned from customers and
needs adjustments
Customer defections: customers who switch to competitors for quality
reasons
New customer losses: potential customers which are lost due to poor quality,
thereby decreasing the sales revenue.
Failure analysis: analyze and document the defect to determine the causes

There have been discussions though on the COPQ and if it should be classified
according to prevention, appraisal and failure costs. Specifically the difference
between prevention and appraisal can be hard to distinguish. The point of
[Sörqvist, 1998] is that prevention costs are almost impossible to separate from
the day-to-day work.
5.4 COST ESTIMATES OF POOR QUALITY
According to [Roden & Dale, 2001] the COPQ may be impossible to estimate;
however their study revealed that one customer withdraw a contract worth
£50 000 from a subcontractor due to poor quality and delivery performance. The
subcontracting company has 120 employees and the contract was relatively large.
[Crosby, 1980] showed two practical examples in a printing company and a
chemical plant. In the printing company the COPQ was in total $ 1.7 million, of
which only 2% were prevention costs. Other authors have reported that the
COPQ is:
•
•
•

5%-30% of total turnover, [Juran, J M et al., 1974]
Over 25% of sales [Juran, J M & Godfrey, 1999]
10%-30% of sales [Crosby, 1980]
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•
•
•
•
•
•

20.2% of sales, a case in [Oakland, 1993]
10-15% of the turnover [Maycock & Shaw, 1994]
20-40% of the total cost [Sandholm, 1997]
20-30% of the total turnover [Sörqvist, 1998]
11-13% of direct cost, 12%, 10%, 7% and 9% of the turnover; from five cases
in [Juran, J M & Godfrey, 1999]
30%, case study, see chapter 7 below

The list above shows that the COPQ cost has a major impact on companies’
turnover and that there is much to gain by improvements such as cost and time
efficient verifications.
5.4.1 ABC applied at poor quality cost

When it comes to cost accounting the production industry has generally applied
the direct cost principle to labour or machine cost. Nowadays this direct cost is
not applicable since companies have more automated processes and computer
systems. According to [McConville, 1993] the direct cost today may be as low as
5% to 25% and the overhead cost 75% of the product’s cost. The solution is
therefore to apply costs which are related to the activities which generate the
overhead cost; the ABC method (activity based costing). The principle behind
ABC is that each cost driver, for example “verification of a module”, is multiplied
by the number of times the modules are verified. Then, each driver is located to
the produced products; and one can see that specific products utilize different
cost drivers. Thus, a more precise total cost for a specific product can be
achieved.
[Cooper & Kaplan, 1991] state that ABC also supports companies in tracking the
value-added work since the overhead cost is divided and allocated to the activities
which really are performed. At one company discussed in McConville’s paper, the
non-value-added turned out to be 60% of the total activities. Now the personnel
get cost accounting support to reduce the non-value-added activities by asking
themselves: “Would the customer pay for it if they knew we were doing it?” Other
examples of improvements from using ABC is presented in [Cooper & Kaplan,
1991] who discuss Kanthal, a producer of heating wire. Kanthal discovered that
20% of the customers generated 225% of the profit, 70% of the customers
generated approximately zero profit, while the last 10% caused a negative 125% in
profit. From the ABC analysis Kanthal discovered that the customers which
generated the greatest losses where the ones with the largest orders. This
discovery made them change their prices and minimum order sizes, and turned
the unprofitable customers into profit contributors. A simple way to estimate the
COPQ is shown by [Sörqvist, 1998] who presents a unit cost method. The COPQ
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calculation in Equation (3) is based on the failure frequency (F), the average cost
per failure (C), and the number of produced units (n).
n

Equation (3)

COPQ = ∑ Fi ⋅ C i
i =0

5.4.2 COPQ and customer detected defects

The highest COPQ, regarding one single defect, is when that defect is detected
after the product has been shipped to the customer, here called customer detected
defect. The reason for the high cost is that the company needs to send personnel
to repair the product, reclaim the product, replace the defective product, or
provide spare parts so that the customer can repair the product.
However, it may be difficult to estimate the actual COPQ for a customer detected
defect. The rule of three and the rule of ten mentioned in chapter 1 above means
that it is more expensive (three to ten times) to repair the product at a later stage
than when it occurred. These rules imply that customer detected defects are the
most costly defects since they are detected in the last stage.
Customer detected defects often get published in the media, see Table 5-3, not
only as a warning to users but maybe foremost because of the news value itself.
The publicity then causes additional harm to the company, over and above the
actual repair cost, due to the bad publicity which in the end may result in a
decrease in sales.
It is not unusual that the stock price also declines as a direct result of the negative
publicity. And, if the company is a supplier, then the defective product is
purchased and assembled in another company’s product which will have COPQ
and bad publicity as well. This was the case with the ignition system of Opcon
installed in the SAAB 9-3 and 9-5 models. The cost for the repair in the 288 000
recalled cars was estimated at 800 million SEK, [DI, 2005a]. With Table 5-3 in
mind it is clear that the number one issue is to verify products so that any defects
do not slip through and are detected by or at the customer.
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Table 5-3: Customer detected defects and COPQ.
Company
Opcon and SAAB
automobile

Defect
Over heated
ignition system

VOLVO cars

Steering gap due to
wrong inertia in
nuts
Risk of fire in air
condition products

Electrolux
Toyota
BMW and supplier

Apple and LG
Chem

Ford Motor
General Motors
Delta and Sony
Ericsson

Front wheel
suspension
Fuel valve and
electronic fuel
pump
Overheated
batteries in their
Powerbook
computer
Motor defect when
driver decreased
speed
Short circuits
Mobile charger may
give an electric
shock

COPQ
Source
Recall of 288 000
[DI, 2005a]
cars; a cost of 600
million SEK.
Opcon’s stock price
decreased 6%.
Recall of 105 000
[DI, 2004e]
cars
Recall of 5 800 air
condition and
heating units
Recall of 880 000
cars
Recall of 23 000
cars; a cost of 27
million SEK
Recall of 28 000
batteries; stock
price decrease by
1,7%
Recall of 363 440
cars; stock price
decrease by 2,4%
Recall of 630 00
SUVs
Recall of 350 000
chargers

[DI, 2004b]
[DI, 2005b]
[DI, 2003a]

[DI, 2004a]

[DI, 2004c]
[DI, 2004d]
[DI, 2003b]

5.5 METHODS OF ACHIEVING QUALITY
Since the COPQ is something companies aim to reduce, numerous methods or
guidelines to follow in order to improve the quality have been developed. These
methods and guidelines have their roots in the early 1920s, e.g. [Radford, 1917;
Shewhart, 1931]. After the Second World War several well known books were
published, e.g. [Juran, J M, 1945] and the 1st edition of the Quality Control
Handbook [Juran, J M, 1951] the 5th edition of which is available today. Here
some of the methods or guidelines are mentioned.
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5.5.1 ISO 9000:2000 and ISO 9001:2000

The ISO 9000 series is frequently discussed in the literature and has become the
quality standard for many companies. ISO 9000:2000 described in [SIS, 2000b]
consists of eight principles for quality management:
•
•
•
•
•
•
•
•

Customer focus – one should understand current and future customer needs
and be able to both meet and exceed those needs.
Leadership – to accomplish a unity in the organisation and obtain a working
environment in which all are involved in reaching the organisation’s objective.
Involvement of people – to accomplish involvement of all people and their
abilities in order to become a better organisation.
Process approach – an organisation obtains better results if a process
approach is used in activities and related resources.
System approach to management – one should see all activities in a system
perspective since this contributes to effectiveness and efficiency.
Continual improvement – the organisation’s overall performance should be
improved on a continual basis.
“Factual approach to decision making – effective decisions are based on the
analysis of data and information”.
Mutually beneficial supplier relations – the supplier and the organisation are
interdependent and mutual relations create value for both sides.

According to [SIS, 2000b], these eight principles “can be used by the top
management to lead the organisation towards improved performance”.
Requirements for the organisation’s quality management system is described in
[SIS, 2000a]. This requirement has a process approach and supports an
organisation to obtain customer needs and deliver a service or a product which
fulfils or exceeds the customer’s expectations. The ISO 9000 series is a set of
guidelines and requirements for managing quality in an organisation. However,
nothing is available which can support companies to manage quality at module
level explicitly, nor how to evaluate any benefits from module level verifications.
5.5.2 Quality Function Deployment

Every product is developed for a specific customer or a segment of customers. It
is therefore important to consider these customers in the development of the
product. To relate the customer needs and properties, the methodology called
Quality Function Deployment (QFD), also known as the House of Quality, are
often used. In the QFD, customer needs and properties are related by using 1 for
weak relation, 3 for some relation, and 9 for a strong relation. The QFD method
was developed in Japan in the end of 1960 by Shigeru Mizuno and Yoji Akao, see
[Mizuno & Akao]. The car industry is often mentioned as a precursor, but the first
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report of a product development project which used QFD did not occur until
1975 at Hino Motor Co, a subsidiary of Toyota and Toyota Autobody Co
[Bergman & Klefsjö, 2003]. [Bergman & Klefsjö, 2003] describe the QFD as a
process which starts with customer requirements and expectations and the
consideration of the concurrent products, and continues with systematic
derivations of demands on the company’s own product characteristics and
construction parameters, along with the development process.
5.5.3 Total Quality Management

Total Quality Management (TQM) is described by [Oakland, 1993] as a way to
move the quality focus from outside each employee to within. By doing so each
individual should be responsible for their own performance. Further, ideas for
improvement should come from those who have knowledge of the company’s
processes. The book by [Oakland, 1993] is a collection of guidelines and known
quality tools where the aim is to be customer oriented. He specifically points out
that “quality must be the direct operational responsibility of the management”,
and that individual responsibility should be shown on line charts and detailed in
job descriptions. [Sandholm, 1997] distinguishes between quality and total quality
and says that managing total quality includes all processes, all people, and both
internal and external customers. To accomplish total quality [Sandholm, 1997]
uses four strategies.
1.

Hands-on leadership for quality

2.

Extensive training in quality

3.

Market orientation of the business

4.

Programs for quality improvement

Tools to obtain these strategies are described which include QFD and statistical
process controls. TQM is also discussed in [Bergman & Klefsjö, 2003] who say it
is based on six cornerstones; (1) focus on customer, (2) base decisions on fact, (3)
focus on processes, (4) continuously improve, (5) motive employee commitment
as well as (6) committed leadership. One may see TQM as an umbrella to achieve
high quality which encapsulates a number of tools and guidelines. The common
goal with these tools and guidelines is to have total quality which means “a
constant endeavour to fulfil, and preferably exceed, customer needs and
expectations at the lowest cost, by continuous improvement work, to which all
involved are committed, focusing on the processes in the organisation”, [Bergman
& Klefsjö, 2003].
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5.5.4 Statistical process control

Statistical process control (SPC) has as its aim the identification and reduction of
variations in processes. One divides these variations into assignable variations and
random variations [Bergman & Klefsjö, 2003], where the first objective is to
reduce the assignable variations. When these variations are reduced the process is
stable and it is possible to predict the process outcome. The work with SPC
means that defects, disturbances and machine variations are collected and analysed
using various statistical tools described in [Bergman & Klefsjö, 2003; Frennelius,
1999; Johnson, 2000]. The most commonly used tools are the sample average
charts which are used to control one characteristic at a time [Juran, J M &
Godfrey, 1999]. The chart for averages is used to control the sample mean of a
process while the range chart is to control any variations. For each of the charts
an upper and lower control limit is calculated. See further details p. 45.5 to 45.10
in [Juran, J M & Godfrey, 1999], or [Bergman & Klefsjö, 2003].
5.5.5 Six Sigma

Six Sigma is said by [Bertels, 2003] to describe the process improvement strategies
to meet or exceed the customer needs, and to obtain profit for the company. Six
Sigma is a statistical tool in the sense that it strives to measure variations just like
SPC. The argument is that “in order to improve, we must first measure where we
currently are”, [Bertels, 2003] and that one should improve those things that are
critical to quality (CTQ) in the eyes of the customer. The core in Six Sigma is that
any deviations from CTQ are measured by ±6 standard deviations (±6σ) instead
of (±3σ) which is commonly used in SPC tools. The reason for this σ extension
has its origin in Motorola during the 1980s where it was decided that one should
not produce more than 3.4 defects per million opportunities even if the process
drifted 1.5σ [Bertels, 2003].
In order to reach 3.4 defects per million opportunities a complete set of guidelines
and methods are available. Foremost DMAIC (Define, Measure, Analyse,
Improve and Control) are used for process improvements and DMADV (Define,
Measure, Analyse, Design, and Verify) for product design. Even in Six Sigma,
QFD and SPC tools are used for improvements as well as DFM (Design for
Manufacturability), see [Boothroyd et al., 2002]. To steer a company towards Six
Sigma and to learn Six Sigma approaches, the personnel go through different
stages of training to achieve different belts, see chapter 4 in [Bertels, 2003]. The
green belts, black belts, and master black belts undertake training programs which
position them on different improvements assignments after completion. The
results from the assignments are then compared to their previous σ level to
evaluate the degree of improvement.
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5.5.6 Robust design to decrease the COPQ

[Taguchi et al., 1989] state that quality in a product is a product that is robust to
noise factors. These noise factors are either internal or external. The internal noise
factors are wearing out of parts and springs, and manufacturing processes that
produce outside any tolerances. External noise factors are for example humidity
and temperature which influence the product. Products that are not robust to
external and internal noise factors have an inherent potential to contribute to an
increase in COPQ.
Quality loss function

[Phadke, 1989] says that products which barely meet the specified properties are,
from a customer point of view, similar to a product that is just outside the
specifications. That is, only products with a response exactly in line with the
specification are the ones which perform the best. The consequence of not
performing exactly to the specifications will be a quality loss in the eyes of the
customer; which in turn can affect sales volumes and a company’s reputation. This
loss can, according to [Taguchi et al., 1989] and [Phadke, 1989], be approximated
with a quadratic function, see Figure 5-2.

Figure 5-2: Quality loss function adopted from [Phadke, 1989].

In Figure 5-2, m±∆0 is the specification range for the properties, y is the property
and m the specification target. The loss of quality due to deviations from the
target m is then,
Equation (4)

L( y ) = k ( y − m) 2

Where:
L(y) is the quality loss
k is a constant called quality loss coefficient

To determine the coefficient k, the functional limit is considered which is where
half of the products would fail to fulfil the customer needs. In Figure 5-2, this is
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the limit m±∆0 and the cost to repair or replace the product is A0. The coefficient
k is then,
Equation (5)

k=

A0
∆20

Together, Equation (4) and Equation (5) give the quality loss function set in
Equation (6).
Equation (6)

L( y ) =

A0
( y − m) 2
2
∆0

Design of experiments

One way to be robust and eliminate the COPQ is to analyse how different design
parameters affect each other. When the set of parameters most suited to a certain
design have been identified then the product can be more robust during its
working operation; given that this is what one strives to accomplish. In [Bergman
& Klefsjö, 2003] design of experiments (DoE) is described as a tool to analyse
how different parameters influence each other. A one-factor-at-a-time experiment
is not suitable when one strives to obtain information on how several parameters
affect each other. Therefore full factor experiment, or full factor design, is
recommended where different combinations of the parameters can be analysed
[Bergman & Klefsjö, 2003]. Consider a design in which there are three parameters
x, y and z which are of interest. Furthermore, these parameters all have a high and
low value. It is then necessary to conduct 23 experiments to investigate the
parameters’ interaction. The experiment design is shown in Table 5-4, where each
experiment’s high and low value is denoted 1 and 2 respectively.
The result from the experiment is a number of design properties from which the
most suitable is selected. A number of standardized orthogonal arrays for the
design of experiments are available in the software MINITAB as well in the
appendix of [Phadke, 1989]. These standardized arrays are many times, according
to [Phadke, 1989], used directly in experiments.
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Table 5-4: Example of an orthogonal array L8(23), adapted from [Bergman & Klefsjö, 2003; Phadke,
1989].
Experiment
1
2
3
4
5
6
7
8

x
1
2
1
2
1
2
1
2

y
1
1
2
2
1
1
2
2

z
1
1
1
1
2
2
2
2

Result from experiment
Design property 1
Design property 2
Design property 3
Design property 4
Design property 5
Design property 6
Design property 7
Design property 8

Signal to noise

Even if a set of design parameters is found to be the most suitable for a certain
property, the product may still not be robust. Thus the combination of design
parameters has to give the desired property regardless of any noise factors,
[Bergman & Klefsjö, 2003]. In order to obtain the desired properties the signal,
noise and design parameters need to be optimised, see Figure 5-3. The signals are
the parameters which are chosen by the user of a product or the operator of a
process. The parameters are originally set by the designer. An example is the
speed setting on a table fan, [Phadke, 1989]. According to [Phadke, 1989] the
noise is uncontrollable or unpredictable parameters and thus cannot be checked
by the designer. The noise will cause the response to deviate from the signal
factors, the desired properties are not obtained and will contribute to COPQ. The
control parameters are set by the designer, and it is the designer’s responsibility
that these parameters are optimised to withstand noise.
The relation between the signals from the user or operator and the noise is known
as signal-to-noise ratio (S/N ratio). [Phadke, 1989] and [Taguchi et al., 1989]
mention three S/N ratios: the smaller-the-better, nominal is best and the largerthe-better. These ratios are the target against which the design parameters should
be optimised.
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Figure 5-3: Signal, noise and design parameters which all influence a product or process to give the desired
response – the fulfilled properties, developed from [Ulrich, K T & Eppinger, 2004].
5.5.7 Further guidelines for managing quality

The Juran trilogy described in [Juran, J M & Godfrey, 1999] is built on three
fundamental steps: quality planning, quality control and quality improvement. The
planning of quality starts by establishing the project, identifies the customers and
ends with the development of process controls which are transferred to the
operational part of the company. The planning step includes an approach similar
to QFD, the actual product design, assembly and manufacturing planning, and the
identification of which features should be checked. The control of quality is built
up in six steps with a feedback loop. The purpose is to maintain stability of a
process by controlling the performance and comparing it to quality objectives and
taking measures on the difference. The last third of the trilogy is to improve the
quality. That is, any mismatches between the quality objective planned in the first
step and the actual performance of the process checked in step two. The
improvements are made in projects where the aim is to reduce the waste (the
COPQ). [Deming, 2000] says that the “western style of management must halt the
decline of western industry”. This crisis in decline is in the need for an awakening
in which [Deming, 2000] proposes 14 points to transform management upwards
again. These 14 points for transformation are to be accomplished by man and not
any hardware, thus it is pointed out that a company cannot buy its way into
quality. More guidance on quality tools and methods can be found in copious
literature. For example, the book by [Bergman & Klefsjö, 2003] covers a relatively
large area of the work which has been done in quality including TQM, COPQ,
QFD and the seven quality tools.
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5.6 THE QUALITY PARADOX
The methods described above to achieve a high degree of quality makes one
realise that investments need to be made to implement the methods, educate
personnel and reorganise. The option is to “invest” in repair costs instead. In
principle, the more you spend on prevention and appraisal activities the less one
should need to spend on failure costs. On the other hand, the less one spends on
prevention and appraisal activities the more one needs to spend on failure costs;
see [Omachonu et al., 2004] p 27, [Robinson et al., 1990], and [Baudin, 2002].
Also, only defect free products undergo the full process of verifications [Baudin,
2002], which in turn means that the products which are defect free (and passed all
verifications) also caused lead-time delays and costs related to verifications. In
principle, this means that there may be more to gain from disposal of a defective
product than to first repair it and then re-verify it again.
Since verifications may be seen as waste, companies want to spend no more than
necessary to prevent any defect slipping through the net. The situation which
companies are facing is paradoxical22, a quality paradox in two degrees.
The first degree quality paradox is the preferable one of the two paradoxes. Spend
money and time on verification (prevention and appraisal), and gain it back via a
low failure and defect rate; or the other way, spend less money and time on
verifications and set up the production to handle a high defect rate. Thus, the
company needs to decide which should be the down side in the scale, see Figure
5-4. Or, identify the equilibrium which suits the activities in the company. The
paradox is that in order to gain from fewer defects one needs to invest in
prevention and appraisal. Today, for example, pre-delivery verifications are
performed at Audi using automated robot inspections [Dahlquist, 2005]. Audi has
gained in quality but the investment costs were high and time consuming. The
time to test has increased, but most importantly the lead-time has decreased and
quality has increased.

22
A paradox is a situation or statement which seems impossible or is difficult to understand because it contains
two opposing facts or characteristics.
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Figure 5-4: The quality paradox as a balance between verifications and defective products. The COPQ is
caused by preventive and appraisal (verification), and/or by failures (defects).

The second degree quality paradox is the worst situation, but yet evident in many
companies. Even though they spend resources on verifications, failure and defect
cost does not decrease, sometimes they even increase. This was the case in one
department at ABB. They invested in more efficient verifications; however the
defect costs increased due to more detected defects. The pre-delivery verification
was a bottleneck and more personnel and equipment was invested to open-up the
flow. However, the assembly personnel were stressed by the increased work flow
which contributed to more defects. This paradox is also discussed in [Liker &
Meier, 2006] who say that inspection, or other types of verifications, is waste and
that the trade-off is to inspect enough to prevent greater waste from occurring
later on.
5.7 QUALITY AT MODULE LEVEL IS NOT CLEARLY MANAGED
Even if companies have implemented modular product architectures during the
last decades, it seems that the quality area as such has not adapted to these kinds
of products. Much literature has been devoted to quality in organisations as a
whole, such as TQM or ISO9000. Or, the literature describes control methods
such as SPC and Six Sigma which measure quality in part manufacturing. Six
Sigma covers a broad range of how to achieve and manage quality; for example
through Design for Six Sigma and DMAIC as in [Bertels, 2003]. However, none
of the reviewed literature mentions modular products as part of the application
area. There is however much to obtain from the quality literature in how to plan
and perform improvements relating to quality, specifically the robust design
principles. But, a company such as Dellner Coupler AB is not explicitly supported
by the literature on quality in general; and any support to manage quality at
module level is not attained.
However, the reviewed literature shows that the COPQ is related to three main
areas: Planning, Appraisal, and Failure. The COPQ can be between 5-30% of the
total costs for a company. Apparently, there is much to be gained for companies
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just in the quality area itself. One area is the verification of the product which can
be related to the Planning and Appraisal COPQ in a company. If the verification
is performed in such a way that the defects were detected earlier, then the Failure
costs could be decreased.
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6

PRODUCT

VERIFICATIONS AND STRATEGIES

There are several interrelated factors which affect how and why products
should be verified. The major reason why companies test and inspect their
products is that we are human and humans make defective products.
Human errors are discussed in this chapter as well as how to classify these
errors. The different steps that build up the activities of verifications are
described, followed by the factors which bring together a verification
strategy. Online verification and repair is said by several authors to be the
best strategy which complies with MPV. Finally, a section is devoted to
explaining why the focus should be on verifying properties in the first place
rather than the technical solutions.

6.1 VERIFICATIONS IN GENERAL
To perform verifications is not a newly invented activity in companies. From an
anthropological23 view, humans have for thousands of years used their five senses
to verify whether something is good enough for its purpose. For example, to
evaluate if something was eatable, taste and smell were used for “manual
inspection”, see [Sandholm, 1997]. Some of the first published verification
methods were the work of [Radford, 1917]. He suggested that each worker should
be awarded according the output quality of their work. Quality was at this time
related to how near each manufactured part was to a given geometrical measure
which was checked by simple gauges. The inspection department (performing the
verifications) was arranged so that the inspectors were inspected by other
inspectors. First there was a superintendent of inspection, and under him the chief
inspector, and under him the inspection team. In order to delimit the influence of
personal judgment, one should preferably employ inspectors with no skill in
mechanics. The best results were achieved using females and bench inspections in
the actual workshops, and a central inspection storage where workers received and
returned their raw material and machined parts. Since this time (approximately
100 years ago), the technology, methods and organizations have come and gone.
However, two things are still valid (1) we are only humans and (2) humans cause
23
Anthropology is the study of human race, its culture and society and its physical development, [Cambridge,
2003]
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failures. [Shingo, 1986] claims that “it is impossible to be free from errors as long
as humans perform operations”. Therefore, to approach zero defects or zero
failures a continuous and untiring work is necessary. Today, the approaches for
reducing defects and how to repair vary, which gives companies numerous tools
and methods to use. The concept of zero defects, originating from the US missile
industry in the early 1960s [Halpin, 1966], is out of reach in industry even today.
In fact, the very meaning of the concept – a constant, conscious desire to do a job
right the first time - is for some companies “light years” away. Thus, perfection in
industries has not been attained. The experience assimilated is that there are no
companies which are endowed with a defect-free design, manufacturing or
assembly system; see also [Shingo, 1986], [Garvin, 1987], [Baudin, 2002] or [Katz
et al., 2002]. In fact, the success of Six Sigma tools, discussed in [Bertels, 2003],
which measure how near (or how far) companies are to 6σ quality may be proof
enough of defective products or processes.
Verification should start early in the development of a product; the verifications
can be performed at a full scale working prototype, a computer model for
simulation, or an appropriate concept as discussed in [Ulrich, K. T. & Eppinger,
2000]. Although, early verification of products gives an estimation of the
properties, the product has not been given its final properties. Therefore it may be
necessary with verifications of the assembled product when all parts have been
put in place. Verification is a search for defects, where the intention is to detect
defects as early as possible at a desired point, without jeopardizing the final
property, and before the product is shipped to the customer. Here, a defect is a
failure (error or non-intentional action) which causes the product to not fulfil its
properties, i.e. the product does not work or look as it should. Defects themselves
are a symptom of poor designs, machining, and assemblies or other routines
where the defect origin is always human. Even the actual assembly time has been
shown to influence the defect rate. In [Barkan & Hinckley, 1994] a relation
between defects and increased manual assembly time is discussed. They mention
that longer assembly times are related to difficult assembly tasks which increase
the probability that a defect may occur.
6.1.1 Defective products and human errors

Companies that deliver defective products to their customers may soon go out of
business due to claims for damages, bad will or high costs related to the
adjustment or replacement of the defect. Hence, to deliver unverified products is
not an option. There is however other reasons why companies need to perform
verifications, Table 6-1. One can claim that the overall reason would be the
customer’s needs, however the reasons in Table 6-1 is a decomposition in order
to separate, for example, legislative reasons from customer needs (or wishes).
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Table 6-1: Reasons and examples why products must be verified.
Reason for verification
Legislative
Standards
Constitutions and directives
Customer need
Company specific – Internal needs

Example
Product liability law [Höglund, 2003]
Quality Management Systems, [SIS, 2000b]
EU-directive [Fontaine & Vandenbroucke, 2001]
“The product should be robust”
“Check all screws at subassemblies”

Eliminating verifications results in increased risks of having defect products
shipped to the customer and may not be an option. Still there are sometimes
financial interests which make companies deliver (to a customer) unverified
products. An example of this came out during an interview with a production
engineer. At this subcontracting company, in which the production engineer
worked, the verification is comprehensive and may last from one to several days,
depending on the product variant. Since a clause in the contract forces the
subcontracting company to compensate the customer for late deliveries,
verifications have in some cases been left out. This type of clause is not unique for
the case just mentioned. Another company with a similar clause need do withdraw
0.5% of the invoice amount, of the order value, for each week of delayed delivery.
Furthermore, if the delivery is delayed more than 15 weeks, the customer has the
legal right (due to the clause) to withdraw the whole order. However, if any
defects occur on the unverified product, the subcontractor’s repair cost may be
less than the penalty cost for late delivery. On the other hand, if no defects were
detected the subcontractor has kept the delivery time, and quality.
Furthermore, the delivery of unverified products are “supported” by Swedish tax
rules [Andersson, M et al., 2003]. The costs a company has for warranty claims
from customers are deductible; giving companies at least three reasons to deliver
unverified products:
•
•
•

To avoid late delivery compensations
To stay loyal to its customer through on-time delivery (but maybe defective)
Warranty repair of defects are tax deductible

Defect definition

There are several definitions of a defective product. For example, [Juran, J, M.,
1992] define a defect as “any state or condition of unfitness for use”, or “nonconformance to specification”. In [Reason, 1990] a product deficiency is a “nonconformance to the quality goals”. In this thesis the terminology used is that a
product is defective when a failure (error or a non-intentional action) causes the
product not to fulfil its properties.
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This definition is tied to the work by [SIS, 2000a] and how humans make errors
discussed in [Reason, 1990]. Also, a failure does not necessary cause a product to
be defective. The rate of which a product is defective can be measured as the ratio
between the actual number of defects and the opportunities for defects [Fontaine
& Vandenbroucke, 2001], and is described in Equation (7):
Equation (7)

Defect rate =

Number of defects
Opportunities for defects

However, Equation (7) is one of many ways of measuring the number of defects.
Depending on what measure is important to the company, other defect rates can
be calculated. These measures can be:
•
•
•
•
•
•

Defects per assembly line
Defects per part
Defects per design
Defects per product variant
Defects per week, day or hour
Defects per employee

Human error

For many companies, the cost of preventing defective products reaching the
market is a major part of the turnover. This COPQ is due to the human potential
to make errors which may lead to defects. For example, in the nuclear industry the
work to improve safety through new products and processes, and proactive and
reactive work is top priority. The nuclear industry has even gone so far as to build
nuclear plants which can withstand a meltdown, i.e. one “assumes” an error will
cause defects to occur. French nuclear plant designers have taken a step further
from “only” preventing, through proactive work, a meltdown from occurring, to
reactive work in handling a meltdown, [Agerberg, 2004]. The French designers
have developed a special chamber under the reactor tank into which the
meltdown can pour and cool down. As a part of the every day work, the Swedish
nuclear industry puts effort into reducing any potential allowing human errors to
interfere with safety and performance. For example, in order to reduce the risk of
foreign material entering products and processes a checklist was developed. The
work is described in detail in [Kenger & Karlsson, 2006] which among other
things identified common areas where potential errors can occur.
Human errors may be defined as “a discrepancy between the operator’s actual
performance and the performance desired of him” [Meister, 1989]. Furthermore,
[Reason, 1990] uses error as a generic term which “encompasses all those
occasions in which a planned sequence of mental or physical activities fails to
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achieve its intended outcome…” According to [Meister, 1989] there are numerous
ways to describe and classify errors. For example, an error may be classified
according to:
•
•
•
•
•
•

The nature of the error, e.g. lapse
The working stage in which the error occurred, e.g. during welding
The behavioural function, e.g. decision making
The equipment with which the error is associated
The presumed cause of the error, e.g. lack of motivation or skill
The consequence of the error

Furthermore, [Meister, 1989] writes that errors also have inborn dimensions such
as frequency and importance. The same author says that errors are to a varying
degree noticeable and to a varying degree reversible. Another classification is
active and latent errors, [Reason, 1990]. Active errors are made by, for example,
assembly and machine operators. Latent errors, which are more dangerous and
difficult to detect, are made by, for example, product designers and managers. The
fundamental difference between active and latent errors is that active errors may
be detected close to their origin while latent errors may be detected long after they
were made.
Slips, lapses and mistakes

[Reason, 1990] distinguishes between intentional, unintentional and nonintentional (involuntary) actions. Reason states that errors can only be applied to
intentional and unintentional actions (non-intentional actions with a negative
result may be called accidents). Furthermore [Reason, 1990] says that errors
depend upon two kinds of failure; the failure of actions to go as intended (termed
slips or lapses) and the failure to achieve the objective with the action (termed
mistakes), see Figure 6-1. This figure can be used as a support to follow or to
describe a person’s error behaviour. For example, if an assembler did not have a
prior intention (a plan) to assemble a part or an intention to assemble, then the
action is non-intentional. Thus, this action is not classified as an error but more an
accident-like action. On the other hand, if the assembler had intentions to
assemble the parts, it is classified as a spontaneous action. Furthermore, let us say
that the assembler had a prior intention to assemble two parts (a planned action);
however the assembly did not proceed as planned and is then either a slip or
lapse.
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Figure 6-1: Human error and the variety of intentional behaviour, [Reason, 1990].

[Reason, 1990] says that slips and lapses are “errors which result from some
failure in the executing and/or storage of an action…” Slips are like an instant
moment of “actions-not-as-planned”, [Reason, 1990], while a lapse is related to
ones memory and storage of information which, for example, guides the
assembler to do the right things. If an action did not achieve the desired objective
it is classified as a mistaken action. [Reason, 1990] defines mistakes as
“deficiencies or failures in the judgmental and/or inferential process involved in
the selection of an objective or in the specification of the means to achieve it…”
Mistakes are more dangerous than slips or lapses due to their complexity and the
difficulty in detecting them.
Team errors

The research by [Sasou & Reason, 1999] describes how human errors may occur
in teams or in a group. Compared to individual errors, team errors are also
influenced by the team’s internal relations and the members’ strive to maintain a
good team working atmosphere. Shared errors (within the team or group) can be
dependent or independent. Dependent errors occur where the information
available to the team, in order to carry out operations, was incorrect. Independent
errors occur when all information is available and the error occurred independent
of the information. [Sasou & Reason, 1999] also describe the repair of a team
error as involving three stages, (1) failure to detect, (2) failure to indicate, and (3)
failure to correct. Stage 1, failure to detect, basically means that if the team fails to
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detect an error, the error will turn into an effect and may cause a defective
product or process. Stage 2, failure to indicate, means that the error has been
detected but the team fails to indicate or report the error. Here, [Sasou & Reason,
1999] say that “An error that is detected but not indicated will not necessarily be
recovered and the actions based on those errors are likely to be executed”. Stage
3, failure to correct, occurs during the correction of the error. If the team fails in
repairing the error, the detection and indication has been of no use and the error
is turned into an effect.
Design errors and defects

There is a relation between design and assembly defects, see [Kenger, 2004] but
there is a clear difference in how they occur. Design defects can be said to occur
over a period of time, somewhere during the design process between the
gathering of customer needs and the detailed design. The design process at a
studied company often involves several designers, the design team, who together
design the product. Design errors can be detected by the designers themselves; the
design team acts as a net which detects defects in time, before the repair becomes
much more costly. Design defects, passing the net, can be called consequential
design errors, originating from having the “wrong thinking” within the team.
Consequential errors denote that the “wrong thinking”, which caused the defect,
follows the design all the way through the design process. These consequential
defects occur even if there is one designer working on the development of the
product; each time the designer starts a new working day, or opens up the CADsoftware the defect is overlooked and designed “into” the product. Consequential
design errors can be difficult to detect since each designed part, sub-assembly, or
module may possess a design defect which is not revealed until the product is
virtually assembled, simulated or, worse, manufactured and assembled as a
physical product. The designer(s) guilty of the “wrong thinking” may therefore
not be aware of the design defect until the product actually physically exists.
However, the frequency of design defects is related to the maturity of the product.
Given that the design team is made up of the same members, during the period of
design and delivery of the product the design team learns from previous “wrong
thinking” and consequential design defects, as well as being more and more
familiar with the intended function of the product or its parts. This in turn
explains the decreased defect rate at higher volumes shown in [Kenger, 2004].
Manual assembly errors

Assembly operator errors are made more immediate compared to design errors.
The probability that an error will become a defect is also larger in assembly
compared to design. It is during assembly that most of the final inspections are
made which makes assembly the last chance to detect and correct any defects
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before the product is shipped to the customer. For example, inserting a part can
be done the right way or the wrong way, where the actual assembly error (wrong
insertion) is made at the same instance as the part shall be inserted. The assembly
error is not made by systematically having the wrong thinking to the same extent
as design error, but more of the presence and the experience the assembly worker
possesses. Therefore assembler errors may be classified as action slips or lapses
more than mistakes and are therefore difficult to prevent since one needs to plan
and inspect the “action-not-as-planned”. The findings from a company were that
individual assembly performance differs to a great extent. This difference will
further increase the prevention difficulty with manual assembly, Figure 6-2. And,
since one does not want to perform more or fewer inspections than necessary to
detect any errors, the variation in assembler performance makes the inspection
level difficult to set.

Figure 6-2: Manual assembler performance. Each bar corresponds to one assembler and the number of
defects per product the assembler caused. For example, the left bar shows that one assembler caused almost
9 defects on one product. Each bar is an average of three checked assemblies.
6.1.2 Steps in verifications

The process of verifying a product, module, subassembly or a single part is
described in Figure 6-3. The figure is based on case studies and literature
described and discussed in this thesis and the Juran trilogy in [Juran, J M &
Godfrey, 1999]. The verification starts with the question whether the product
fulfils its properties or not. That is, has the quality level been reached? To find
out, a company needs to perform a set of activities, which are here called
verifications. The verification activity then continues with the planning of how the
verifications should be performed. This is where a company selects the
verification strategy, which will be further detailed in section 6.5. That is, should
the product be verified manually or automatically, should all products be verified
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or a sample of the products; should the verification take place off- or on-line; and
at what level should the product be verified?

Figure 6-3: A generic verification process.

The verifications are performed using different verification equipment. For
example, manual control of screws, inspection of painting and labels, and
performance tests in a fixture. After verification, the results are evaluated and
compared with the goal values set for the verification. The goal values are
objective measures which should provide evidence of fulfilled product properties.
If the verified product complies with the goal values, the product is passed and
then delivered. If the goal values are not reached, measures are taken on the basis
of the product and failure. If the design was defective the repair is made by e.g.
changing drawings, material or working principles. If the assembly is defective it is
reassembled in the right way. Defective parts are either scrapped and replaced, or
reworked, or returned to suppliers. The verification can also be defective, in the
way it is performed or that the wrong things are verified. Once the defects are
repaired the product needs to be verified again.
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[Berglund, 2006] describes the verification process as a lifecycle model with back
loops, Figure 6-4. The model describes the different stages the product goes
through from early customer needs to when the product has served its purpose
and is disposed. After each stage, shown as pointer blocks, verification takes
places, shown as a block. A validation of the verified stage is made in order to
judge whether it is allowed to pass to the next stage or not.

Figure 6-4: A verification lifecycle model with gates and back loops, from [Berglund, 2006].

[Berglund, 2006] states that long backward loops should be avoided since they are
more costly than short ones. This implies that any defects should be detected at
the stage where they occurred.

6.2 NINE TYPES OF VERIFICATIONS
Verification is a defined activity which is planned and described in some way, for
example a test document. However verifications can be performed at different
levels of the product and at different levels of the lifecycle.
1.

Supplier verification: This type of verification is carried out by the supplier
of the unit. The benefit is that time and money is saved which is normally
spent on verification and repair of any defects. However sometimes the
company specifies in detail how the supplier should perform the
verifications. This is the case at Electrolux Vascator. In a modular
architecture, whole modules can be outsourced and the verifications of the
modules are then made by the supplier. This reduces the verification costs
for a larger unit, specifically if the module is supplied and verified by a
company located in a low-cost country.
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2.

Design verification: The design of the product can be verified through
several types of verifications e.g. drawings, concepts and prototypes. In the
literature, verifications can act as go-no-go gates between the different stages
of the product development process, see e.g. [Pahl & Beitz, 1996; Pugh,
1991; Ullman, 2003; Ulrich, K T & Eppinger, 2004]. Also Scania’s product
development process has certain types of verifications before the
development can enter into the next stage. The design verifications can be of
a “verify-improve-verify” iteration which some times can be based upon adhoc approaches.

3.

Part verification: This type verifies single parts which are machined, cast,
forged or made by any other type of manufacturing. Since a single part does
not move or perform several functions, verification is delimited to e.g.
measurements and surface tolerances.
Pre-production verifications: These take place before production ramp-up,
i.e. before full-scale production. The purpose is to detect any defects in the
working principle of the product, that it can be assembled as intended, that it
complies to any need and demand from customers, standards, laws and
directives. Normally pre-production verification involves a physical test in a
fixture or a real usage situation where the product is used to its maximum
capacity, or even overloaded to identify or to evaluate any safety margins.
Sub-assembly verifications: This type of verification can include the use of
basically all types of equipment. Since a subassembly can contain several
parts, moving parts and sub-functions can be verified.
Module verification: This type of verification can, as with subassembly
verifications, include all types of equipment. Defined properties of the
product can be verified as well as how the module performs in variants of
products.
Final assembly verification: This type of verification is performed by the
assemblers on the completely assembled product. This can involve
comprehensive tests on fixtures or the checking of all screws and fasteners.
Pre-delivery verification: These types of verifications are made after the
product is finally assembled, but not in direct relation to the final assembly
station. Normally the product is moved from the final assembly to a specific
verification area. Or, the product is moved to the loading ramp where
personnel from the quality department inspect the complete product before
shipment.
Customer verifications: This type of verification is “outsourced” to the
customer. Meaning that it is the customer who uses and judges whether the
product fulfils its properties or not. This is common in software
development but also with physical and mechanical products such as those
within the truck and the winch industry. The feedback from the customer is
then used to improve or adjust the product.

4.

5.
6.

7.
8.

9.
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These steps can be combined with each other or performed as single verifications.
The norm in industry is that both part and final assembly verifications are used.
Sometimes even the same things are verified several times. For example the train
couplings from DCAB undertake comprehensive verifications at part level,
module level and pre-delivery. Later, at the train assembly at Bombardier, the
coupler is also subject to customer verifications (Bombardier is the customer of
DCAB). The customer verifications test the same things, but under other
conditions, than at DCAB. For example the pneumatic coupling controls.

6.3 EQUIPMENT FOR VERIFICATION
Equipment for verifications refers to the means which are used to obtain
objective evidence of fulfilled properties; i.e. the means of performing any
verifications. For example, the verification of a product’s performance can be
performed using a test fixture. Or, the verifications of a certain dimension can be
performed by different gauges or templates. Equipment also includes eyes, ears,
and hands since these are means of verifying properties. One can distinguish
between manual, semi-automatic and automatic verification:
•
•

•

Manual – the equipment is operated by manual force only. This can be, for
example, the human senses, or a wrench.
Semi-automatic – the equipment is operated with the support of manual
operations. This can be pneumatic nut drivers which signal at the obtained
moment of inertia, or manually operated test fixtures but with pneumatic or
hydraulic gauges.
Automatic – the equipment performs the complete verification activity on its
own without human interaction.

To select the equipment and the degree of automation is however a
comprehensive task. The area has been treated by many researchers such as
[Johansson, 2002] who looked at SME and automation possibilities. [Gröndahl &
Onori, 2000] evaluated an assembly system with the possibility to gradually replace
manual work by automatic assembly stations. [Onori et al., 2005; Onori et al.,
2003] developed system architectures for what is called evolvable assembly
systems as well as underlining the necessity for European companies to automate
to stay competitive. The degree of automation is not part of this research;
although there are several known benefits from increasing the degree of
automation even in the verification; see the examples from Audi and SAAB
below. However the degree of automation in verification seems to be dependent
of the degree of assembly automation. For example, none of the 12 companies
studied during this work have the combination of manual assembly followed by
automatic verifications.
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Automatic verification of Audi dashboard instruments

Audi and other car producers have had problems with all the different instrument
components for the interior dashboards. The problems lie in that the different
components from different suppliers do not work together as intended and thus
the instruments become defective, [Andersson, N, 2005]. The defects are not
detected in some cases until hundreds of thousands of cars have been delivered.
And for Audi, who compete in the higher segment with qualitative and luxurious
cars, this means a loss of fastidious customers and reputation. Audi has therefore
implemented automatic verification of the dashboard and interior electronics. For
each car model’s electronics, test benches are built which run through the entire
range of properties of the electronics. Audi also installs robots in the driver seat in
completed cars. The robot performs PPV 24 hours a day and tests all possible
combinations on the instrument panel. For example the climate control, and starts
and stops the engine. The new test facility has increased the test hours but not the
actual lead-time since the robots and test benches also run during the night when
the personnel have gone home. In fact, Audi has managed to decrease the leadtime to delivery since quality issues are detected in time.
Automatic verification at SAAB Automobile Powertrain

At SAAB gear box production the manual inspections have been replaced by a
robot and vision system, [Dahlquist, 2005]. Previously, the inspection has been
performed manually by using hands, eyes and coloured marking with pens. The
different set points for verification, between 60 and 70, were first marked with
pens and then inspected. The actual inspection was done at a conveyer where the
assembled gear boxes are transported to be verified in accordance with a checklist,
and then shipped. Some of the set points are located under the gear box and the
personnel needed to turn the gear box manually in order to complete the
inspection. Since the gear box is relative heavy, the set points under the gear box
sometimes were poorly inspected. Approximately 700 gear boxes are produced
each day which further increases the work load for the personnel. Thus, a robot
and vision system has been implemented to increase the quality. The robot lifts
the assembled gear box from the pallet and turns and twists it in front of three
cameras. The cameras take pictures of approximately 70 pre-programmed set
points in 40 seconds. The pictures are then analysed in accordance with the preprogrammed values for the set points. Typical set points are threads, bolts,
fasteners and assembled details. When the pictures are analysed and approved the
robot replaces the gear box on the conveyer.
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6.4 ON- AND OFFLINE VERIFICATION AND REPAIR
In the literature, different approaches have been discussed on how to verify and
repair products. [Baudin, 2002] discusses inspection and verification sequencing
and points out that only a defect-free product passes all verification stations. It is
also mentioned that repair of assembly defects should be made by the station on
which it occurred (on-line repair), which implies that it is beneficial to have the
verification station close to the assembly. The benefits from having workers
repairing their own mistakes is that tools, assembly instructions and fixtures are
already available at the assembly station, but also there should be a decreased
defect rate due to awareness of possible defects, which is also pointed out in
[Robinson et al., 1990]. The disadvantage with repair of defects at the assembly
station where they occur is that special disassembly tools may be needed. Also in a
line flow assembly, the defective units can interfere with the normal flow.
In [Baudin, 2002] offline repair in three variants is discussed. In all three offline
repair stations the defects are repaired at the end of the line. In these three
variants, the defect needs to be repaired within takt time. The first variant is
shown in Figure 6-5. The assembly stations are arranged in a continuous flow
where the product is built up gradually at each station. Each assembler inspects
their own work or the work done by the previous station. If any defects are
detected or made by the assemblers themselves they are repaired at interspersed
repair stations along the line, [Baudin, 2002]. Depending on the defect, the
defective unit is not assembled anymore until it is repaired. This type of
production set-up requires that the repair is made within takt time. But also that
the repair station can catch up with the assembly work not being done previously
due to the defect.

Figure 6-5: Assembly line with online repair, based on [Baudin, 2002].

The second variant discussed by [Baudin, 2002] has buffers where defective units
wait to be repaired, Figure 6-6. Each assembly station performs inspection of their
own work or work done by the previous station. To avoid interruptions in the
flow caused by defects, a buffer with a repair station can be used. If the defect
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makes the next assembly operation impossible, the defective unit passes through
each station without further assembly. The units which are defective are then
conveyed into the repair buffer while the perfect units follow the flow. This set-up
gives the repairer more time to repair and to catch up with the lost assembly work.
However, the repair and catch-up of lost assembly work still needs to be
completed within takt time.

Figure 6-6: Assembly line with buffer zone for repair, based on [Baudin, 2002].

The last variant discussed by [Baudin, 2002] is shown in Figure 6-7. The
assemblers do not perform inspections on their own or the previous station’s
work. Instead a test station is placed at the end of the line. The station can be
manual, semi-automatic or completely automized. If any defects are detected they
are conveyed to the repair buffer. The repaired units are then returned to the test
station for retesting.
The options for online repair and test are to stop the line for online repair; offline
repair; and offline tests. [Dooyoung & Hokey, 1995] discuss line-stop and offline
repair and state that the benefit from offline repair is that it will not interfere with
the flow. However, the line-stop strategy will provide higher quality in the long
run since attention is on the actual problem source. The study made by
[Dooyoung & Hokey, 1995] showed that the line-stop strategy is the preferable
one. This was based on four scenarios where cost and time was related to each of
the scenarios. The first two scenarios are offline strategies with a minor and major
repair. The third and fourth scenarios are line-stop strategies. The third was a
scenario with the longest processing time at the assembly station, and the fourth
was a scenario that corresponds to the sum of all processing time for the assembly
station.
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Figure 6-7: Assembly line with test station and repair buffer, based on [Baudin, 2002].

In [Robinson et al., 1990] the asynchronous line with buffers between each station
combines the benefits from online repair with the benefits from offline repair.
They say that the online repair strategy makes the assemblers “aware of the causes
and effects of defects, leading to an overall reduction in the defect rate”. While the
offline repair results in longer repair time it does not stop the flow. Therefore the
combination of online repair and offline repair would bring the best of both
worlds; which is achieved by a buffer between the work stations, similar to that
discussed by [Baudin, 2002] in Figure 6-6 and Figure 6-7. This buffer makes it
possible for the assemblers to work asynchronously to each other and repair
online without interfering with the flow.

6.5 THE VERIFICATION STRATEGY
Several authors have discussed and described approaches, methods and strategies
on how to repair defects in a cost and time efficient way. Questions on how to
repair defects, and demands on how and what to verify, formulate the verification
strategy. [Nevins & Whitney, 1989] say that a strategy should include possible
faults which can occur and their cause; what tests are possible, and how many
tests to perform; where in the assembly sequence faults become testable, and
where to test them; whether to change an assembly sequence or change the actual
test. Hence, the verification strategy should reflect what the company aims to be
specifically good at. For example, if the company competes with low cost this
means that the verifications should specifically consume few resources,
equipment, and time. While, on the other hand, high tolerance products may
require more investments in automation. There are also products with extreme
tolerances and safety issues, such as the nuclear fuel rods discussed in [Kenger &
Karlsson, 2006]. In this branch it is not considered an option to first get defect
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statistics and then reactively adjust processes and routines. Instead one needs to
build barriers and working procedures in such a way that any possible error, e.g.
foreign material falling into the rod, will be removed before it ever comes into
play. The strategy for the nuclear branch is therefore highly proactive measures
where it is important to decrease the cost and time for verifications, but it is not
the number one priority.
It is possible to distinguish between qualitative and quantitative selection of
strategies, [Nevins & Whitney, 1989]. The qualitative strategy selection is based
the following:
1.

The detailed assembly sequences

2.

A list of defects which are related to the assembly where the defect becomes
viable

3.

Defect statistics for each fault which are ranked in accordance with its defect
rate and severity

4.

A list with suitable tests where each test is associated with the assembly states.
For each test one needs a list of defects which the test will detect.

After these four points are completed [Nevins & Whitney, 1989] say that the
people who select the test strategy should use judgement and qualitative
knowledge to choose the strategy which minimizes the total costs.
The quantitative selection of verification strategy is based upon variable and fixed
costs which according to [Nevins & Whitney, 1989] includes:
1.

The cost of testing

2.

The cost of diagnosis

3.

The cost of repair

4.

The cost of customer detected defects

5.

The cost of warranty repair

The qualitative way of selecting verification strategy relies on each person’s skill
and knowledge as well as on defect statistics. However, defect statistics are not
always available, specifically when new products are developed. The qualitative
way to select strategy is based on the costs associated with testing. However for
many companies, the lead-time is more important than the cost. Hence, to base
the strategy solely on costs is not enough.
So far, several researchers and companies studied agree that the product
verifications should be as early as possible in all activities. This has been discussed
by [Baudin, 2002; Berglund, 2006; Nevins & Whitney, 1989; Robinson et al., 1990]
and is the desired strategy at companies such as Microsoft, Ericsson AB and
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DCAB. However just to say that one should verify as early as possible does not
give much support to a company who strives to verify in a cost and time efficient
manner. There needs to be a strategic link between the factors such as type of
verification, equipment, and the on- or offline verification and repair (production
set-up). Thus the type of verification is connected to the product’s architecture
and any potential defects one should detect at a desired point. The equipment is
related to the properties of the product which should be verified. Further, the onor off-line verification is related to the production setup as well as the products
architecture, illustrated in Figure 6-8.

Figure 6-8: The verification strategy as an interplay between production set-up, verification level and
equipment.

For each of these factors, the time and cost for any possible combination should
be evaluated. The desired strategy should be such that one minimises both time
and cost and maximizes quality and the utilisation of personnel and equipment
resources.
Apparently, online verification is more sensitive to time variations in the activities.
Since the intention with a line is to have a continuous flow, it is important to keep
the balance between the different operations. In addition, the more product
variants to verify online the greater the work to keep the balance since both
assembly time and verification time can vary between the variants. Furthermore,
the more parts added to the product the longer time is spent on verifications.
Thus, many product variants with many parts make it difficult to maintain the
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balance with on-line verifications. In order to keep the line’s takt time one needs
to standardize the work which for [Liker & Meier, 2006] means:
•
•
•

Repeatable work.
Line and equipment must be reliable with minimal downtime.
Products with minimal defects and consistent with their key parameters.

Modules meet these standard requirements better than a complete product,
specifically compared to one-of-a-kind integrated products. A module can have
e.g. three variants while a complete product can have numerous variants.
Therefore module assembly should suit online verification better than the
assembly of an integrated product. This in turn gives a modular product more
options for the verification strategy.
MPV implies online verification since the modules are verified at the station
where it is assembled. Authors such as [Baudin, 2002; Dooyoung & Hokey, 1995;
Liker & Meier, 2006; Robinson et al., 1990] have all favoured online repair with
either a repair buffer or line-stop. This means that MPV would be even more
preferable since the verifications and repair are done online, but at the same time
much earlier compared to a completed product.
6.5.1 The verification of properties

Regardless of the chosen verification strategy one needs to start by identifying
what one should verify in the first place. Verifications take place to make sure that
the product is delivered to its customer with high quality. And since quality is the
degree of fulfilled properties the verification is the defined activities which should
verify the properties of the product. A property is described by a verb and noun,
for example heat air or enable coupling. Properties have been discussed by many
authors but the terminology and classification diverge. [Hubka & Eder, 1988]
define products as technical systems where the properties (attributes) of the
technical systems “are all those features which belong substantially to the object the object owns the property (it is proper to the object).” They classify properties
into 12 classes, e.g. function properties and aesthetic properties. The purpose of
the design process is to give the technical system a set of external properties
which are those that “the customer can judge and see”.
Product characteristic is another term for property which is described in the ISO
9000 series. According to [SIS, 2000a] a characteristic is a distinguishing feature of
the product and can be divided into classes such as:
•
•
•
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Physical (e.g. mechanical, electrical or chemical)
Sensory (e.g. smell and taste)
Behavioural (e.g. honesty and courtesy)

•
•
•

Temporal (e.g. reliability and availability)
Ergonomic (e.g. physiological and human safety)
Functional (e.g. maximum speed of a vehicle)

Product specifications are discussed in [Ulrich, K T & Eppinger, 2004], and are
defined as specified properties. According to their book, product specifications
are set in two steps. First the specifications are set as target specifications which
act as guidelines for the development team. When the product becomes more
developed and the most promising concepts have been selected the final
specifications are set. The final specifications are then set as the goal value which
needs to be accomplished to stay competitive. The final specification can be set to
be at a nominal value or within certain values. These final specifications have a
mean and value so that the specification can be measured and quantified. For
example:
•
•
•
•
•

At least X: “Brew coffee in at least 240 seconds”
At the most X: “Brewing time should be no longer than 360 seconds”
Between X and Y: “Brewing time should be between 240 and 360 seconds”
Exactly X: “Brewing time shall be 300 seconds”
Discrete values: “Coffee maker can brew 2, 4 or 6 cups”

The benefits

There are several benefits with verifying properties instead of aiming at the
technical solutions:
•

•

•

Verifications may need to be planned and discussed during design even
though any technical solutions have not yet been selected, specifically to
integrate activities between product design, manufacturing and assembly as
discussed by [Andreasen & Hein, 1987].
Standards may not point out a specific technical solution in order to conform
to the standard; thus, the products need to have a specific property and not a
specific technical solution, see for example [RGS, 2000] and [SIS, 2000b].
And, this property needs to be verified to conform to the standard.
Similar to standards, customers may just have a conception or a wish of how
the product should perform, what it should look like, or what specific features
it should encompass – and may not point out a specific technical solution.
Yet, the customers’ conceptions or wishes need to be verified.
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•

•

If modules are outsourced, it is preferable to specify to the subcontractor
what the module’s properties should be, instead of certain technical solutions.
This was the case at one of the studied companies who outsourced one of
their modules with certain specifications on measurements and proof loads.
This is also the intention with the module driver strategic supplier described
in [Erixon, 1998].
Companies use documents which specify the verification procedures for the
products. For example, pre-delivery tests at one studied company specify that
the “control of centring ability and pivot angle” should comply with certain
angles. That is, the product’s property is verified, and not the technical
solution to accomplish the centring and pivot angles. For practitioners at
companies, it is therefore preferable to describe verifications in terms of
properties.

However, as the product becomes more detailed, some verification may become
tied to specific technical solutions, but it is still a specific property that these
technical solutions embody. However, even though a technical solution is verified,
the underlying properties need to be considered. After all, a train coupling may
have the property “automatic coupling” but the technical solution for that
property may vary. If the property “automatic coupling” is verified and approved
the technical solutions is verified simultaneously.
6.5.2 Module verification in stead of product verification

Verifications performed at module level (MPV) need to consider the same issues
as in product level verifications (PPV). For example, human error needs to be
considered. Since the action to verify is intentional the potential error types are
slips, lapses or mistakes. These error types need to be reduced in the verification.
Specifically any latent errors should not be given the chance to occur or be
undetected. Latent errors in a modular product can be hidden in the interfaces.
That is, the module is verified on its own and not in its specific place in the
product. Any interface interaction errors which can cause a defect may not be
detected until final assembly (or worse, at the customer). It is therefore important
that the module is suitable to be verified at module level, and that the verification
equipment can verify what needs to be verified. One way to reduce the impact of
the human errors is to use semi-automatic or automatic verification equipment.
However, this type of equipment is related to reduced flexibility and increased
investment costs.
Further, each MPV needs to be planned, performed, and validated. Based on the
validation the modules can be shipped to final assembly or a small stock; and if
the module is defective it needs to be repaired or scrapped. Verifications through
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MPV should also comply with standards, legislation, customer needs and
directives as well as any internal demands on the product.
Also, verifications performed when, or after, the product is assembled are more
sensitive to any errors; since the verification of an assembled product might be the
last chance to detect the defect. Specifically these verification refer to subassembly-, module-, pre-delivery, and final assembly verifications performed at
running production. Therefore, MPV needs to be well planned and performed.
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7

VERIFICATIONS

AND DEFECTS IN INDUSTRY

Case studies of product verifications have been performed at eleven
companies. The objective with the case studies was to increase
understanding of how the companies verify their products and the time and
effort spent. The studies show that companies invest both time and
equipment to perform the verifications. The studies also show that
companies with a more integrated architecture perform the verifications
mainly at product level; while the companies with a more modular
architecture can choose the most suitable verification strategy. Three studies
are also presented which focus on defect rates. Finally, the results from a
web-based questionnaire answered by 29 companies are discussed. The
three cases and the questionnaire show that all companies produce
defective products and need to invest in both planning, appraisal and failure
costs to delivery defect free products.

7.1 VERIFICATION OF INTEGRATED ARCHITECTURES
This chapter describes the findings from case studies made in 11 companies. The
studies are separated into integrated architectures and modular architectures.
However, any thorough analysis of the degree of modularity has not been made
on the products as a basis for the separation. The separation is therefore based on
the company’s own interpretation of their product architecture.
7.1.1 Winches at Sepson AB

Sepson AB design, manufacture and assemble winches for civil and military use,
Figure 7-1. The winches are mainly used on different types of rescue vehicles. The
winch family consists of 6 main sizes, but 64 variants are available to customers,
Table 7-1. During the last 10 years the number of variants has increased by
300%24. The winches are produced in 1500 to 2000 units per year and are built up
of more than 300 parts. Most of the winches are hydraulic but one electrical 3.8
ton variant is available.

24
Companies were asked to estimate the change in product variants during the last ten years. The increase in
percent is a rough estimation; however it shows an increase in product variants.
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Figure 7-1: Electrical winch, 3.8 ton pulling capacity.

This type of product (pulling/lifting) is strictly governed by standards and
directives and the winches comply to 31 standards [Sepson, 1999]. For example,
EN 418 Safety of machinery - Emergency stop equipment, functional aspects Principles for design, and ISO 6687 Machinery for forestry - Winches Performance requirements. DIN standards are frequently applied but the winches
also comply with the EU machine directive and CE marking. According to the
personnel, there is a need for a specific standard for winches.
Table 7-1: Pulling capacity and variants of Sepson winches.
Pulling capacity
3,8 ton
5 ton
7 ton
10 ton
15 ton
20 ton

Variants
1
5
6
3
1
48

Design verifications

Design verifications are performed by e.g. computer aided gear wheel calculations
and stress calculations by hand. The company also employs consultants to
perform finite element analysis.
Pre-production verifications

The pre-production verification is test pulls performed on every new product
variant. The winches for military purposes may have additional tests performed by
the military and not by Sepson. However, the test machine can perform any tests
that the military performs, and normally test results from Sepson are accepted as
well by the military. For the pre-production test, the winch is assembled in the
assembly workshop and transported to the test machine, Figure 7-2. The winch is
then mounted in the test machine by the test engineer. The test engineer performs
the test according to a test document prepared by the designers. During the test,
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the winch pulls 50% to 100% over load, i.e. 1.5 to 2 times more than it is designed
for. After the test, the winch is disassembled and each part is inspected manually;
cracks, deformations and other signs of anomaly are looked for. After the
inspection, the winch is reassembled and prepared for shipment to the customer.
Parts that have been subjected to any stress or wear during the test are replaced.
During the test, the test engineer and two designers are present. For the test
engineer, the test takes at least 1 day from start to finish. Sometimes the designers
themselves perform the test. Due to the relatively few new variants (even though
there has been a 300% increase in the last ten years), 3 to 5 pre-production
verifications are performed each year. One winch per new variant is subjected to
pre-production verifications.

Figure 7-2: Left – the winch is placed on the plate seen at the bottom of the figure; the wire is hocked to
the drums in the centre of the figure. Right – the pulling force and speed on the drums is adjusted and
controlled via an instrument board.
Assembly verification

The winch is assembled manually which takes approximately 6 hours. There are
several complicated assembly operations which need precision and accuracy,
Figure 7-3.
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Figure 7-3: Difficult assembly operations on the 3.8 ton electrical winch.

The actual assembly verification is performed by manual self inspection in
succession with the assembling of parts. No document with assembly verification
procedure or any check forms are used. The assembly is inspected based on the
skill and experience possessed by the assembler.
For “small” redesigns the design- and pre-production verification is not necessary.
Here experience is an important possession among the personnel. That is, the
designer decides if any new verification should be done on the new design; or, if
the old verifications on a slightly similar design are still valid. In order to make this
decision, several years of experience are needed. After the verifications, the results
are documented and filed and sometimes submitted to the customer. The
verification results are available if they need to be considered during new- or
redesign. Old results are also used “unconsciously” during new design- and preproduction verification.
Since this study was done (in 2003), new equipment and routines have been
implemented.
7.1.2 Train couplers at DCAB

DCAB is also discussed in section 4.5 regarding the modularisation of the train
couplers. Also, section 7.2.8 where their modularised couplers are discussed. Their
products are strictly ruled by demands from laws, standards and customers; thus,
no defects are acceptable and the products must always work properly year after
year. However, fulfilment of these demands is costly and time consuming and
extends the lead-time to delivery.
Pre-production verifications

The lead-time extension is among other things caused by the necessary work at
the tests department where the following pre-production verifications are
performed:
1.
2.
3.

A test document is written and sent to the customer, specifying how the test
will be carried out and what will be tested.
The customer accepts or rejects the test document (if not, the procedure
starts again at 1).
On acceptance, a more extensive test document is written which specifies
the following:
a. Pre-assembly, and test and measurement of all parts
b. Design of new fixtures
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4.

5.

6.

The type test is performed (taking approximately 3 days and involving two
people). If any defects are detected it takes 2-3 days to redesign if the parts
are made in-house, approximately 2 weeks if the parts are purchased
externally.
Internal FAI (First Article Inspection), which is a complete inspection and
functional test of a fully assembled and painted product. The internal FAI
takes 3 hours and involves 1 person from the quality department, 1 test
engineer, and 1 project designer, 1 from after sales, the project leader, 1
assembler, 1 production engineer, and 1 purchaser. If any defects are
detected the whole group meets again, once the defect is repaired, for a new
internal FAI.
External (customer) FAI, similar to the internal FAI but where the customer
is present. The external FAI takes 1-2 days and involves the project leader, 1
project designer, 1 person from the quality department, 1 test engineer and
the customer.

In Table 7-2 an approximation is made of the tasks, lead-time and cost of
performing the pre-production tests and approving the product.
Table 7-2: Average time and costs to perform pre-production tests (given a defect free design).
Verification activity
Write test documents
Design fixture
Receive fixture
Perform type test
Perform internal FAI
Perform external FAI
Total

Lead-time (days)
5
8
40
3
0,4
1,5
57,9

Man-hours
40
64
24
24
48
200

Costs ($)25
3360
5376
150026
2016
2016
4032
18300

It takes 1-2 weeks for the test engineer to finish the tests and write the test
documents. Furthermore, it takes 1-15 days for the test engineer to design a new
test fixture, depending on size and function. It takes approximately 8 weeks until
the test fixture is manufactured and ready for use. The fixture itself costs on
average $1500.
Sub- and final assembly verifications

During the assembly of the coupler several smaller verifications are performed. At
subassembly level the assembly is inspected using an ITC list (Inspection and Test
Checklist). The assembler also performs a test to verify moving parts and to
25

Based on a cost of 600 Swedish crowns per hour which corresponds to approximately $84 (dollar rate as per
30th May 2005)
26
This is the cost to purchase the fixture
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verify that the assembly complies with the drawings and assembly instructions. To
indicate that the tests and inspections have been performed a label is signed and
delivered with the coupler.
Pre-delivery verification

The routines for pre-delivery verifications differ depending on the type of coupler
and the customer’s specifications. It takes 1-3 hours for pre-delivery verifications
where two automatic couplers are verified simultaneously. Common to all predelivery verifications is that time is spent on preparation and documentation.
Since couplers weight over 300 kg, overhead cranes are used to move the coupler
to the verification equipment and to attach the couplers to the fixtures, see Figure
7-4. Once the test is completed the coupler is moved to the packaging area by
overhead crane. The pre-delivery verifications follow a pre-delivery test document
which works as a checklist for the verification personnel. To perform the predelivery verifications means, among other things, to inspect and test:
•
•
•
•
•
•
•
•
•

Measures according to drawings
Centring tolerances for horizontal and vertical loads
Mechanical and electrical functions
Secured attachments
Circuits and cablings
Pneumatic components
Cable assembling
Corrosion protections
Grease nipples

Once the verification is completed, the document is signed and the decision is
made to approve the coupler for delivery.
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Figure 7-4: Pre-delivery verification of two automatic couplers.

This study was based on gathered material and interviews conducted between
2002 and 2004; changes regarding verifications and the product architecture have
been made since this time.
7.1.3 Drive mechanism at ABB Power Technology Products

ABB Power technology products (ABB PT) produce motor-drive mechanisms for
on-load tap-changers.
Figure 7-5 shows the motor-drive mechanisms and the on-load tap changer. The
on-load tap-changers are used for changing tapping on energized transformer
windings. ABB PT have produced this type of product since early 1910 and have
over 30 000 products in use all over the world. The case study was delimited to
two types of motor-drive mechanisms called BUE and BUL.
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Figure 7-5: On-load tap-changer with motor-drive mechanism [ABB, 1997].

The objective was to study how the assembly verifications were performed which
included personnel resources, lead-times and equipment. In total 7 people were
interviewed. The assembly line is built up of 25 stations with one person at each
station. The motor-drive mechanisms are built up by subassemblies supplied to
the final assembly. At the final assembly, time is spent on wire couplings, but also
assembling the subassemblies on a steel chassis. Each motor-drive mechanism is
uniquely adapted to each customer specification.
Assembly verification at ABB PT

There are 5 verification stations located 15 meters from the final assembly. There
are 6 people who work at the assembly verification. One person prepares for the
verification by printing out the test document for the specific motor-drive
mechanism. This person also supports in general with the operation of the crane
and packaging. The other 5 people are devoted to the verifications alone. One
person can verify 1 to 1.5 motor-drive mechanisms per day. This means that 25 to
37.5 motor-drive mechanisms can be verified per week. When a motor-drive
mechanism, Figure 7-6, shall be verified it is picked with an overhead crane from
the final assembly stock shelf.
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Figure 7-6: Motor-drive mechanism, type BUL.

The motor-drive mechanism is hinged on a fixture with a vertical shaft similar to
the one in Figure 7-5. The verification fixture is connected to a control board
which can simulate certain operations. When the verification starts the personnel
get sings, labels, addresses and coli numbers and the verification document for the
specific product and its verification. The verification is then performed which,
among other things, contains the following tasks:
•
•
•
•
•
•
•

Isolation and electrical tests (using the control board)
Position indicator tests (using the control board)
Time check of positions (using a timer and control board)
Over and under current (using the control board)
Mechanical control that everything is in place (using hands, eyes and hand
tools)
That everything complies to the drawings and specifications (using drawings,
order specifications, and eyes)
Overall inspection (using small mirrors to reach tight areas, flashlights, hands
and eyes).

When all the tasks for the verification are performed, the test results are
documented which accompany the motor-drive mechanisms to the customer.
7.1.4 Train assembly at Bombardier Transportation Rail Vehicles

Bombardier Transportation Rail Vehicles (BTRV) in Kalmar manufacture,
assemble and test complete trains. Many parts and components which are
assembled need overhead cranes due to the weight and size, see Figure 7-7.
Approximately 600 000 hours are spent on designing a train and approximately
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3000 hours on manufacturing depending on the number of carriages. The design
solutions from previous trains are reused as much as possible which puts demand
on the geometrical interfaces.

Figure 7-7: Front chassis assembly.
Assembly verification

The assembling of each railway carriage is done at 5 stations with a 7-day pace per
station. 4 of the stations are assembly stations while 1 station is for verifications
only. This means that 5 days (a working week) is spent on verification and 80
hours per week with 2 people doing the verifications. Approximately 15-20
defects per carriage are detected and an average of 2 hours per day are spent on
repair. Some defects may require even more effort since one needs to order
electrical coupling schemes and to get authority to make the adjustments.
One example is the overheating protection located inside the wall of the railway
carriage. The overheating unit is verified in Spain and then assembled into the
railway carriage. After the overheating unit is assembled the interior and the seats
are assembled. When a defective overheating unit was detected, 6 hours were
spent on adjustments by the verification personnel. The seats and interior were
disassembled to reach the overheating unit which was time consuming for the
assembler as well; thus, the station where the unit was assembled was interrupted
as well as the verification station.
Assembly verification of the train couplers from DCAB

BTRV purchase train couplings from DCAB. As shown above, DCAB puts a lot
of effort into delivering high quality couplers. However, the couplers are verified
again at the assembly station at BTRV. 2 hours are spent on coupler verification
and another 8-10 hours when the coupler works together with the rest of the
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equipment. Several of the verifications aim to check similar things that have
already been checked at DCAB, e.g. mechanical coupling and the pneumatic
system.
This study was done in March 2004 and changes at the company may have been
made since then.

7.2 VERIFICATION OF MODULAR ARCHITECTURES
7.2.1 Traction converters at
propulsion and controls

Bombardier

Transportation

–

Propulsion and Controls at Bombardier Transportation (BTPC) produce traction
converters for passenger trains. BTPC produce approximately 3000 units annually.
The assembly and pre-delivery verifications are performed in accordance with
internally developed strategies which are part of a large and well developed quality
system. BTPC is certified to ISO 9001:2000 and the verification strategy is
therefore in accordance with the ISO standard as well.
Assembly verifications

The assembly verifications are made by manual self-inspection and checked via
nut runners with torque control. Both the sub-assembly and final assembly are
verified according to the same procedures, see Figure 7-8. Internal documents
specify in detail how the products should be tested and inspected. A brief
description of the verification activities follows. First the assembler performs
100% self-inspection of each screw. Furthermore 100% of the M6 screws or
larger for electrical joining and torque are checked; screws smaller than M6 are all
checked with a wrench. Each checked screw is marked with a green felt pen. After
the assemblers’ self-inspection an authorised inspection is performed. This
verification checks 30% of all (or a minimum of 10) screw joints. Electrical screw
joints which are M6 or larger are torque checked. All electrical assemblies are
verified as well. The assembly verification takes approximately 4 hours which
corresponds to 40% of the assembly time. The authorised inspection is done by
specially trained personnel. They have the authority to fail or approve the verified
products. No one can instruct an authorised inspector to approve a product, this
guarantees that only defect free products are passed onto the next station or onto
the customer. After the product has been approved by the authorised inspection,
a green label is attached.
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Figure 7-8: The assembly and pre-delivery verification strategy at BTPC.

BTPC keep statistics of assembly defects and classifies them according to class 1
defects which are severe defects and class 2 which are “general” defects.
Depending on the frequency and severity, measures are taken to improve routines
and/or the product, as well as used equipment.
Pre-delivery verifications

The pre-delivery verifications consist of a 100% check of the product’s properties.
This means that each function is checked according to a schedule. This check
takes approximately 4 hours. When the product is approved, a white label is
attached to it. As in every company that has been studied, defects are made.
However, at BTPC the trend is that whenever a quality meeting has been held, the
defects decrease. Also, each individual assembly performance is monitored. This
has contributed to an increase in quality since is the assemblers are aware that they
are being monitored which in turn increases their presence in each operation.
This study was made in December 2005 and changes at the company may have
been made since then.
7.2.2 Assembly systems at ABB Automotive & Manufacturing

ABB Automotive & Manufacturing (ABB A&M) in Sweden develops and
produces automatic and semi-automatic assembly systems for e.g. heavy diesel
engines and gearboxes. An assembly line for heavy diesel engines is a complex
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system consisting of pre-assembly lines for e.g. cylinder head and pistons, and a
major assembly line for the engine block. The lines are built up from a conveyor
system for transportation of the product and stations for the assembly operations.
The station may be a robotic cell or an automatic specialized machine. The
production in the lines is synchronised together as a certain cylinder head belongs
to a certain engine block. A heavy diesel engine line may consist of more than 50
automatic stations (assembly modules). Nine typical modules for engine assembly
are shown in Table 7-3.
When a customer outside Sweden makes an order for an assembly line, they
usually want some manufacturing of the system in their own country. For
example, for an assembly line where the customer is in China, the parts and
modules may be manufactured in different countries. This way of manufacturing
contributes to different problems, specifically regarding assembly line verification.
When ABB manufactures a line, the stations are assembled at the ABB A&M
factory. Different parts of the station are manufactured by chosen suppliers of
ABB which are delivered and assembled together at ABB A&M in Sweden.
Depending on the size of the system, parts or the whole system is put together at
the ABB A&M factory for a so-called FAT, Factory Acceptance Test, where the
customer can see the system and also test it. For example the screwdriver stand,
should have an up/down stroke of 200mm, 2-10 spindles, 600Nm torque, and a
movement of 1200 mm. After the FAT the system is disassembled and shipped to
the customer’s factory. The system is built up again and a SAT (Site Acceptance
Test) is performed.

118

Table 7-3: Engine assembly modules from ABB Automation and manufacturing.
Valve sealing

Measure line diameter

Measuring of valve dept

Turning station

O-ring feeder

Leak test of valves

Marking unit

Conveyor

Screwdriver stand

The benefit of module tests

The order value for ABB A&M can be worth 10-13 million US dollars which ties
up a lot of capital and each lead-time extension means a delayed return on
investments. The lead-time, from order to the complete installation at the
customer, is long since a lot of customized adaptations have to be done to comply
with the customer’s wants. Almost every assembly station is customized and
adapted to product unique assemblies. These customizations are necessary to
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receive orders, but quality is one of the foremost competitive weapons. In total,
verifications are necessary but both the FAT and the SAT may be decreased if a
more module level verification can be used. The benefit with module level
verification would be to manufacture any station anywhere in the world, and then
be sure that each station fulfils its properties and fits together with the other
stations without any FAT. It is a matter of development of standard solutions and
modules, but also a matter of verifying properties on module level and already in
that stage ensure the whole assembly system’s properties.
The advantages for ABB A&M would be shorter lead-time which would enhance
their competitive advantage, and decrease the amount of tied up capital in
assembly systems. Another advantage would be to delimit the FAT, or totally
eliminate the test, which would decrease the costs of verification labour and
equipment. There would also be a possibility for more flexible manufacturing and
assembly solutions since suppliers would be able to ship their stations directly to
any customer, at a lower cost and shorter lead-time than today.
This study was done on several occasions during 2004 and 2005 and changes at
the company may have been made since then.
7.2.3 Trailer couplings at VBG

VBG produce trailer coupling systems and have approximately 140 employees.
Until the early 1990s, there were major problems with internal material supply,
numerous unique part numbers and the trailer couplings were produced in
functional workshops. At this point they started to modularise both the products
and production system. As a result, the number of shafts was reduced by 75% and
the part assortment by 60%, and major improvements in on-time delivery were
obtained. Foremost, they reached a major profit of 48 million SEK. With today’s
three main modules, VBG main assortment consists of 24 product variants and
covers all coupling applications. However, the theoretical number of possible
product variants is far greater due to defined interfaces. As a base for the modular
couplings is the module mechanism in Figure 7-9. The mechanism is part of the
three main modules in the size 40, 50 and 57 mm axis.
One of the benefits was that VBG is able to handle quality issues at module level
through MPV. The decrease in shafts and part number, and standardized work
tasks have made it possible to invest in fixtures for MPV, which have increased
the overall quality.
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Figure 7-9: Trailer coupling and the module mechanism.

The module assortment has made it possible to make the orders directly to the
final assembly. This is in line with the discussions in [Karlsson, 2002; Onori &
Karlsson, 2000] and the Assembly Initiated Production concept which brings
reduced time from order to delivery and creates less work-in-process. As a result
of this decreased order to delivery the main stock rate of turnover increased by
100%. Furthermore, there have been major reductions in the design of CNC
fixtures since today’s fixtures cover a larger range of coupling variants; and the
majority of the fixtures are redundant.
Most important for the success with modules at VBG have been the definition
and design of good interfaces. Other success factors are, among other things:
•
•
•
•
•
•
•

Putting product design, purchase, production and sales in the same office or
the same building to enhance fast decisions.
Pull-production with Kanban material supply.
Product modularity.
Production modules with standard machines.
Increased automation.
Robust design and production.
Continuous reduction of lead-times.

This study was carried out in May 2004 and changes at the company may have
been made since then.
7.2.4 Atlas Copco Tools and Assembly Systems

Atlas Copco Tools and Assembly Systems (ACT) develop and manufacture
handheld industrial pneumatic and electric tools. They assemble 2600 models in
20 different product families and deliver 200 000 units annually. The production is
steered by a form of electronic priority Kanban from the central stock in Hoeselt,
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Belgium. One delivery per day is made to the central stock with a 48 hour delivery
time on standard products. Today many of their products are built up by
intelligent “subassemblies” (modules) which can be combined into final products.
Previously, the assembly were different than today. The products were assembled
in batches according to a priority list which was updated on a daily basis.
Assembly was initiated at the beginning of the week and a large portion of the
production was delivered at the end of the week. The assemblers took the parts
themselves from the main stock and brought them to the assembly lines, see
Figure 7-10. The benefits with the previous assembly were that the assembly
operations were broad and alternating – the assembly, material supply and
planning was done by the same people, including balancing of operations. It was
relatively easy to bring in new variants to the assembly. The disadvantages with
the previous line were that one needed to assemble large batches since the
material were supplied fewer times. Larger batches though did tie up large
amounts of capital in the form of WIP. The planning and overview was poor
since several assemblies were initiated at the same time. It also took a relatively
long time to learn new personnel the assembly operations

Figure 7-10: The previous assembly layout (schematic view).

Through the disadvantages several improvement potentials were identified. ACT
wanted to shorten the lead-time and batch size in assembly which then would
allow more frequent delivery of every product variant to the central stock in
Hoeselt and thereby to customers who were supplied from Hoeselt. A general
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increase in productivity and capacity was sought, as well as a broader competence
to assemble different product families.
The key for ACT was to review the products to see if the assembly could be
organized with the use subassemblies (modules). After a thorough investigation
modules were identified and divided into high and low volume modules. These
modules are part of a large number of products, and high volume modules are
placed in limited Kanban buffers, Figure 7-11. The final assembly can then in
many cases be made by a set of preassembled modules. Increased quality is one
of the many benefits with the new product architecture and assembly layout.
Previously, defects made at the beginning of the week were not detected until
Friday. The long time between the defect being made and feedback from where it
was detected meant that a large number of products could be defective. Today,
many modules are verified before they are put in the module Kanban stock and
the ambition is to increase this verification to as many modules as possible. Thus,
an increased degree of quality is reached by verifications between subassembly and
final assembly. This results in faster feedback of any defective parts or assemblies.

Figure 7-11: The new module adapted assembly layout (schematic view).

This study at ACT was done in 2003 and changes at the company may have been
made since then.
7.2.5 ERP systems at Microsoft Business Solutions

Microsoft is a global company and perhaps the most well known brand in the
world. Therefore, low quality products will have a big impact on the customer’s
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interpretation of Microsoft. High quality is therefore not a trade-off, and large
investments are made to ensure competitive software.
The following description of Microsoft is not based on an actual on-site study, but
on a semi-structured interview with a director of development conducted in 2005.
The description is made at a “high”, generic level; thus more work on tests are
made at Microsoft business solutions at a detailed level, and deviations occur
depending on the type of program. This specific department of Microsoft
develops software business solutions for manufacturing companies, so called ERP
systems (Enterprise Resource Planning). For this type of software, as many as
10 000 employees can be part of the development, this also includes manuals,
language translations, service solutions and upgrading.
Software development starts on unit level (modules) where several units are
developed in parallel. During the module development bugs or issues to resolve
are generated. The programmers develop the program at module level and also
write the first test program in order to test the module, see Figure 7-12. Today
one strives to write the test program even before the actual program exists.

Figure 7-12: Bugs and issues related different tests during an ERP program development.

As development continues even more bugs and issues are generated at the same
time as other bugs and issues are resolved. When the modules are tested and a
certain acceptable level of bugs and issues has been reached, the specific tester
takes over, see Figure 7-12. At Microsoft Business Solutions a five grade scale is
used to classify the severity of the bugs and issues. The worst is “0” and the least
severe is “4” as follows.
0. The bug/issue will make the program shut down
1. The bug/issue is critical to the program
2. The bug/issue is bad for the program
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3. The bug/issue is of medium severity
4. The bug/issue is of minor severity
The specific tester uses two kinds of tests. One is made according to an
acceptance specification which is the customer’s needs and Microsoft’s own
demands on the program. The other is an automated test which mimics a user in
every possible and impossible situation. With the automated tests, approximately
three months of a user situation can be simulated in two hours. The objective with
the automated tests is to discover any side effects.
When the specific tester has tested and resolved bugs at module level, integration
development takes over, which means that the modules are integrated into a
whole program. During this period of development, new bugs and issues are
generated which need to be resolved. In order to detect these bugs and issues,
integration tests are performed, see Figure 7-12, as well as acceptance tests and
automated tests. The integration tests may discover what is called a “dead-lock”
which means that two modules await each other to perform any event.
The development of the program continues and at a certain level a TAP
(Technology Adaptation Program) is given to a customer which Microsoft has a
specifically good relationship with, see Figure 7-12. The TAP, which is also
commonly known as a β-prototype, is used in order to get feedback from field use
in actual manufacturing situations. During the TAP, bugs and issues are resolved
while new ones are detected by the customer. If the bugs and issues do not reach
a certain severity level and a certain number during the stabilization test period of
the TAP, the program is terminated or redesigned.
During the entire development and the different tests (module test, specific tester,
integration test and stabilization test), people with general knowledge of this type
of program are involved. This is called a “monkey test” and does not refer to the
behaviour of the animal but to the curiosity. The “monkey test” will give
important feedback on things that the program developers and testers have not
thought of. Since the testers and program developers may become blinded by
their own work, it is important to use people who can elaborate with the program
even in a way it is not intend to be operated. All-in-all, to develop a large program
such as an ERP and to ensure 100% uptime of the program, approximately 2/3rd
of the development time is spent on testing.
7.2.6 Washing machines at Electrolux Vascator

This study was done in December 2005. Electrolux Laundry Systems Sweden AB
(from here on Electrolux) produces washing machines for commercial and
industrial use. Their factory, located in southern Sweden, has just over 500
employees which generates an annual volume of approximately 35 000 washing
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machines. They compete globally but specifically in the USA, Japan and Western
Europe. Due to its history Electrolux has its biggest market share in Sweden and
the Nordic countries. What differentiates Electrolux’s industrial washing machines
from regular household washing machines is, among other things, the washing
capacity and durability; Table 7-4 shows other differentiating criteria.
Table 7-4: Examples of differentiating criteria between Electrolux’s industrial washing machines and
household washing machines.
Differentiating criteria
Number of washes
Life length
Price range
Drum Volume

Industrial
30 000
10 years at 8h/day
20 000-300 000 SEK
53 l – 1100 l

Household
2 500
5-10 years at 1h/day
2 000-20 000 SEK
<75 l

Electrolux modular product family

Electrolux implemented a modularized product assortment approximately 5 years
ago. The major reason for modularizing was to more efficiently handle the
thousands of product variants needed to feed the market with customized
washing machines. Today, the Electrolux product range is seen as 100% modular,
and all parts belong to one of the approximate 25 modules. The ca 2500 product
variant combinations are built from 4 major platforms. The biggest platform
consists of 20 main washing machines models differentiated by capacity and
extraction performance; Normal Spin, Medium Spin and High Spin.
The high spin model range, derived from the platform, consists of numerous
variants where typical customized options can be:
•
•
•
•
•
•
•
•
•
•
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Voltage: Around 50 different combinations of voltage, phase and frequency
are available
Language: Signs and manuals in 15 different languages
Styling: Panels in different colours or stainless steel
Controller: Semi programmable with fixed programs, or fully programmable
Wash programs: Choice of around 60 fixed wash program packages
Weighing: Automatic or integrated
Drain: Water pressure operated valve, electrically operated valve or electric
pump
Detergent supply: Powder box, liquid supply, liquid supply and 4 extra pump
signals
Water inlet: Cold water inlet, hot and cold water inlet, third water inlet
Heating: Electric, steam or dual heating

•

Machine access system: coin mechanism, chip card reader, prepared for
central payment system, prepared for communication with central booking
system

Each of these points are standard, optional or not available to the product
variants. One of the main washing machines is illustrated in Figure 7-13 with 8
modules including some of the options pointed out above.

Figure 7-13: Schematic illustration of a high spin washing machine, model W3850H, and eight modules
and positions. The dashed lines mean that the module is not visible or located just at the place pointed at.

The module variants are created by, among other things, swapping and adding
different features, or using mecatronic or electric. A major contributor to their
wide assortment is the size range of the drum module. The drum volume is
changed by either changing the depth (long or short) or the diameter; or both.
The shorter variant is used for high spins (up to 480 g) and uses a spring and
damping hinge. The longer drum variant is used for normal spin (up to 220 g).
Product verifications at Electrolux Laundry systems

The common understanding at Electrolux is that all modules produced by
suppliers shall be tested before they arrive at the factory. The tests are fully
specified by Electrolux which is necessary in order to stay in control of modules
produced externally. For example, one Italian supplier of the motor controller run
100% tests in a test bench for all of the 10 000-20 000 controllers supplied
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annually to Electrolux. If the tests were done on a completely assembled product,
any quality deviations would be very costly to repair. Since the yearly production
volume is 35 000 washing machines, approximately 160 are produced per day
(calculated on 220 working days per year). A late detected defect, at final
verifications, may then mean that hundreds of washing machines need to be
repaired. Since there are washing machines which have not yet been assembled
with the defective module, there are washing machines that need to wait for the
new repaired module to be supplied. This may stop the flow in the factory. The
option is to move them aside as “skeletons” (a product not completely assembled
due the lack of parts, or defective parts). The washing machines in which the
defective module has already been assembled but not yet verified need to be
repaired as well. The options are the same as above. Move them aside as skeletons
or stop the flow until new modules are supplied to the assembly line. None of
these two scenarios is an option for Electrolux. Any late detected defect will
extend the lead-time to the customer and result in high repair costs as well as
disruption to the flow and internal logistics in the factory. For the modules built at
the factory, all go through defined tests at one of the eight final assembly test
stations. However, each assembler performs manual self inspection while
assembling the module using eyes and hands as equipment. Also, the assembler
uses automatic handheld verifications through electric screw drivers from Atlas
Copco Tools with predefined moments.
From module assembly to sampled quality control

The water module is located in the rear top position of the washing machines. The
module is manually assembled at the factory. Each assembler assembles the
module from the start until it is complete, Figure 7-14. The module consists of
water pipes, a main plastic body, eight electrical actuators, several electric wires
and connectors, Figure 7-14. The fasteners are screws, clamps and tie wraps. The
bendable and elastic parts, and the joining of the pipes to the plastic body, are
reasons why manual assembly typically is used for the module.
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Figure 7-14: The water module (left) and the manual assembly station (right).

When the module is assembled, it is placed on a buffer wagon to be transported
to the final assembly station. After all modules are assembled in the washing
machine at the final assembly, it is transported to the final tests. However, to
perform the final tests the test personnel require access to all the parts that need
to be tested; either to place the sensors, to have visual access or to reach places
with their hands. Therefore, all parts cannot be assembled at the final assembly,
for example the external panels. Thus, after the test further assembly is necessary
which is called final preparation.
The actual lead-time for the test is approximately 12 minutes, of which 2 minutes
are setup time. 100% of the washing machines are tested, which means
approximately 35 000 tests annually. The set-up consists of bringing the washing
machine to the test station, attaching the water hose, drain, test sensors and
scanning the product’s unique code, Figure 7-15. When the code is scanned, a
product unique test program is loaded which runs through the various wash
programs and features of the washing machine. During the time for the program
to test the machine, the personnel perform manual inspection of hose and
electrical connections to make sure that everything works as it should. The
personnel testing the washing machines confirm that it is seldom any defects are
detected.
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Figure 7-15: Final test set-up.

Additional verifications are performed as a complement to the final tests.
Approximately 16 randomly picked washing machines per week are verified by
personnel specifically devoted to quality control. The quality control is performed
on all types of washing machines after the final preparation are completed. The
quality control means that all programs for the machine are run through using
detergents and real clothes. The chassis is inspected, and all types of sticker and
brand plates are checked. In general the quality control means that everything that
can be checked is checked. A special room with verification equipment is devoted
to checking four washing machines in parallel. Each quality control is
documented, and the result is statistically monitored and published to show the
factory’s quality performance.
Verification lead-time

The lead-time to test one washing machine is 12 minutes. However, the total leadtime due to the test is longer. The final assembly is “interrupted” and cannot be
finished since all parts cannot be assembled due to the forthcoming test. This
means that the washing machines are placed in a buffer before the test. Typically
several machines are in line for the test, at some occasions at least 5 are in line.
This means that the last washing machine delivered to the buffer needs an extra
5*12 minutes until the five in front have been tested, which contributes to a 60
minute WIP time. When the washing machine has been tested it is placed in a
buffer and waits for the final preparation. There are several washing machines in
line for the final preparation as well, and a further ca 60 minutes is added to the
WIP time. In total, the test which takes only 12 minutes to perform causes a total
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led-time extension of approximately 132 minutes. Since the factory produces
35 000 machines annually, this extra lead-time due to the tests equals 77 000 hours
(132*35 000/60) of WIP annually.
Furthermore, extra facility space is needed for the buffers before and after the
tests. Transportation to the test stations and to the final preparation is needed
which utilize equipment and personnel resources. It is also necessary to have an
additional assembly station for the final preparation which means additional tools,
facility space and material supply.
The pre-programmed test, which is scanned into the computer from the unique
code on the washing machine, reduces the set-up time for each test. Even though
time and money have been invested in programming all programs for numerous
washing machine variants, the return on this investment is obvious. When it
comes to the sampled quality controls, additional facility space, personnel,
planning, documentation and equipment is needed. However, the quality
controller’s tasks are also to provide statistical data on the quality performance; as
well as what may need special attention at the moment, and in the long run.
The case study showed that Electrolux Laundry Systems invest seriously in
quality. First, each supplier of modules performs 100% tests which are specified
by Electrolux. This will affect the cost for the supplier and also their sales price to
Electrolux. Then, manual self inspection is performed using electrical nut runners
on in-house assembled modules. Also 100% tests of the washing machines are
performed with computer systems tailored for each washing machine variant. The
100% tests are followed by sampled quality controls covering approximately 2%
of the production volume27.
If one does not consider the personnel costs of performing the tests and quality
controls, the investment and maintenance costs lies in the eight final test stations
which are equipped with scanners, computers, sensors and equipment to supply
the machines with water and detergents or other chemicals. Quality control has its
own room in which four fully equipped stations are set up for the washing
machines. This needed initial investment and subsequent running maintenance
costs as a variable cost. .The extra facility held for the final tests as well as for the
quality control, including buffer space, is a cost driver as well. Finally, the leadtime extension in the final test ties up capital and increases the amount of WIP.
The 2% quality control will further extend the lead-time for approximately 700
washing machines.

27
A rough estimation based on 35 000 washing machines annually divided by 220 days, multiplied by 5 days
which equals 800 washing machines per week. If then 16 washing machines are quality controlled each week this
givse 16 divided by 800 which equals 2% of the total annual production volume.
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This study was made in December 2005 and changes at the company may have
been made since then.
7.2.7 Radio Base Systems at Ericsson AB

Ericsson AB (EAB) produces among other things Radio Base Systems (RBS) for
2nd (GSM) and 3rd (3G) generation mobile telecommunication. The annual
production volume for the 3G RBS is constantly increasing since new mobile
telephones are adapted more and more for 3G. EAB competes foremost with five
other companies all over the world. The competition, together with increased
demands from standards and customers, forces EAB to decrease the cost and
lead-time, increase the quality, but also to a greater extent offer customer unique
RBS solutions.
The RBS are built up by a modular architecture which has conveyed several
benefits. Lately, EAB has decreased the number of modules in their RBS from 15
to 7 main modules. This decrease in modules resulted in an internal quality
increase. An interviewed senior test specialist states that this increase has to do
with fewer and better defined interfaces in the RBS. For the RBS, few and well
defined interfaces bring simplified and faster test procedures in the production
tests.
RBS module tests

The following refers to what is here called the A-module in the RBS which is built
up by two sub-assemblies (SA1 and SA2 in Figure 7-16).
The test strategy at EAB is to always test as early as possible. The modular
architecture makes it possible to perform these tests at module level and even at
sub-assembly level. This has several benefits. The A-module is produced in Kista
in Stockholm and in Kumla; other modules are produced at other locations
including suppliers from countries other than Sweden. The final assembly of the
RBS is located in Gävle. Based on the geographical distance, it would be too
costly and time consuming to perform all tests in Gävle; and thereby risking
detection of any defects at this point and not at the location where the error was
made. Internal estimations indicate that it is 7-9 times more expensive to detect a
defect at the next assembly station, compared to detecting it where it occurred.
And, an additional 7-9 times more expensive the further from the defect origin
the defect comes before it is detected.
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Figure 7-16: Principle layout of sub-assemblies, module assembly and final assembly of the RBS. The
points on the flow lines refer to defined test operations and the extra module and RBS squares refers to
module and product variants.

During the design of the A-module, several verifications are performed to comply
with standards and customer specifications. However since standards do not
specify any detailed parts, the first step is to focus on the properties and functions
of the RBS. The next step is then to optimize the design and prepare for the
production processes. For EAB it is sometimes necessary to perform their own
internally developed test standards, in addition to standards, to further increase
the performance of the RBS. The RBS are also designed for tests; one part of the
design is only to be used during the production tests and is not used by the
customer at all.
The production tests are performed at SA1, SA2 and the A-module in Figure
7-16. The time taken for the SA1 test and SA2 test are 3 and 5 minutes
respectively. However the tests are performed in parallel and therefore the leadtime is 5 minutes for both SA tests. The A-module test time is 6 minutes. Since
SA2 takes 5 minutes and A-module takes 6 minutes the total test lead-time is 11
minutes. Given an annual production volume of 40 000 RBS, the total annual test
lead-time is 7 333 hours.
The test equipment for all the tests is high performance electrical and computer
measuring instruments. For the sub-assemblies the investment cost for test
equipment is between 1.5 to 2 million SEK, and for the whole RBS approximately
4 million SEK. The relatively expensive test equipment makes it important to
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invest in equipment that will even cover products not yet designed, but also to
make sure new variants to fit the test equipment.
EAB uses, among other things, potential defect rates in order to target and
perform the best possible tests. One example was an internal study which referred
to SA1 and the A-module. Since the strategy is to test as early as possible, a test
should be performed at SA1 instead of the A-module if it is possible. Any defects
would then be detected at the SA1 level instead of at the A-module. However,
more detailed calculations showed that in order to gain financial advantages from
the SA1 tests, one needed to have more than 40% of the total defects detected at
SA1. Since this was not the case, it was decided to retain the tests at the A-module
level instead of at SA1. Also as an argument, EAB still detects defects at the Amodule before it is shipped to Gävle for final assembly.
This study was done in February 2006 and changes at the company may have
been made since then.
7.2.8 Modular train couplers at DCAB

DCAB will in the future offer their customers a modularized product assortment
of railway vehicle couplers. This module assortment conveys new durability tests
in order to fulfil demands from customers and regulations. When it comes to
verification of the new modularized assortment, the modules should be verified at
module level, thus MPV. The foremost reason for performing MPV is, according
to the design manager, that MPV detects quality issues earlier than the traditional
verifications after final assembly (PPV).
Design verification

Design verifications of the new modules have been simplified due to the defined
interfaces and internal function the module shall provide. The design of the
modules has been more demanding though, since a product family and not one
single product shall be optimised. However, once a module is conceptualised, its
defined properties can be optimised at module level. This was the case with one of
the modules which supports and centres the coupler; Figure 7-17 shows the main
steps in the development and verification of the module. The verification of the
concepts was performed in project meetings with the involved personnel. 2D
drawings were inspected and the possibilities to meet the requirements were
evaluated. Once a promising concept was identified, a wooden mock-up was built
to illustrate the working principle, identify any design obstacles and to
communicate the design to the team and management.
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Figure 7-17: Stages of design verifications – concepts, mock-ups, detail designs, and physical prototypes.
Inputs for the verifications are module properties and interfaces requirements, and the output is
manufacturing drawings, assembly descriptions and quality controls and test documents.

The next step was to verify the detailed design of the module and its ability to
withstand the yield loads. This verification included the choice of material,
tolerances and a preliminary bill of material. When the module was designed in
detail a physically detailed prototype module was developed. The prototype was
set for yield tests for several months. These tests emulated a total life span of
stress and wear for a train coupler, including standardized safety coefficients.
Once the modules were fully developed, manufacturing drawings, assembly
descriptions and test documents were generated and verified. Finally, drawings
and documents entered into to the MRP computer system and released to the
personnel concerned.
Module assembly and MPV

Pre-delivery verifications (PPV) are still performed in a similar way as the
integrated coupler described in section 7.1.2. However, with the modular coupler,
the verifications are simpler since the same type of modules are repeatedly verified
and are known to the personnel.
Today several module assembly stations have been built, see Figure 7-18. These
stations are an attractive place for the assemblers to work in. Two of the
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assemblers say that tools are always available since they are not shared with several
other assemblers. There are fewer tools to choose from since fewer parts are
assembled, and the station is much easier to keep clean compared to the serial
assembly station for the integrated coupler, see section 7.1.2. Parts are closer and
easier to reach, Figure 7-18, which decreases the overall assembly time. According
to one assembler, with the integrated couplers and the serial assembly line the
period to fully learn the final assembly could be one to two years. Today, this
period is one to three months.

Figure 7-18: Module assembly station.

Assembly instructions for the modules have been developed as well as inspection
and test instructions. The inspection involves e.g. the assembler inspecting:
•
•
•
•

Lock rings and secured attachments
Ground couplings free from paint
Grease nipples
Painted according to instructions

The tests performed at module level are for example:
•
•

Components should move within certain degrees
The interfaces should be according to drawings and specifications

After the inspection and test routines an inspection and test document is signed.
Also, a label is attached on the module approving it for use. Fixtures to perform
the tests have not yet been developed which means that some of the intended
tests at module level are still performed as pre-delivery tests.

7.3 DEFECTS IN INDUSTRY
Defects reveal many important things which support the planning of verifications.
For example, a technical solution which has never been defective may need less
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attention. On the other hand, defects which often or always occur will drive
investments in the verification process to detect the defect. Furthermore,
depending on where in the process the defect occurs, different verifications are
possible. In order to increase understanding of the impact of defects in industry
and what type of defects that occur, three case studies have been made. These
studies have had the objective to disclose:
•
•
•

Defect rates and probabilities
Defect types
Factors influencing the defects

Defects are company specific information which may affect their competitive
position. Therefore, to be able to perform the following studies it was agreed that
the information should be confidential and not traceable to any specific company.
7.3.1 Company A

Company A design, manufacture and assembles products for industrial and
commercial applications. The company has several types of verifications on
module and product level. Also, random samples are taken for quality controls.
The assembly is made in a mixed environment with dedicated machines, robot
assembly, semi-automatic cells and manual work. The company has its own
developed internal quality system. This is updated each week and made visual for
the personnel. Figure 7-19 shows the results of over 600 verified products and the
percentage distribution of the type of defects. Note that the defect percentage
distribution refers to the total defect rate – meaning that of the over 600 verified
products not all were defective. It is clear from Figure 7-19 that the assembly
defects account for most of the defects made. This also indicates that the most of
the COPQ can be associated to assembly. In-house manufacturing accounts for
10% of the defects and the supplier’s portion is 7%. The ‘Documents’ portion
illustrates the percentage of documentation (of any kind) that was not correct.
This can be manuals for the product or instructions to the personnel. Finally,
defective verifications account for 10% of all defects. This means that even the
verifications performed to test, inspect or control the product are defective as
well, each tenth time.

137

Documents; 7%
Manufacturing;
10%

Verification; 10%

Supplier; 7%

Assembly ; 66%

Figure 7-19: Defect distribution in Company A.
7.3.2 Company B

In company B, the defects per unit (defect rate) were on average 1.08 from 1996
to 2002, with 0.82 as the lowest defect rate in 2000. In the first seven months in
2003 the defect rate was 1.92, with 1.15 as the lowest. The trend in company B is
an increasing defect rate with increased cost and lead-times. Interviews with
workers and assembly line managers indicate that more variants and shorter
delivery time may cause the negative trend in defect rates. And, since defects
extend the lead-time due to repairs, the pressure on the assembly and verification
workers increases, resulting in even more defects. The vicious circle is a fact. In
addition, at company B the verification itself is the bottleneck and causes
extensions in the lead-time even though no defects need to be repaired. The
company also have a relatively high personnel turnover which in turn increases the
defect rate. New personnel make more errors than experienced personnel. This
was specifically evident during the summer vacation.
At this company, no supplier check is made as one result of the pressure and the
short time available for the personnel. Thus, the short time to delivery gives no
time to complain to any supplier on poor quality. The consequence is that the
supplier is not aware of any quality problems and can therefore not perform any
improvements. Thus, company B needs to handle the defects (from suppliers)
which further increases the work load. In addition, late changes from customers
often interrupt production. If changes need to be made then the personnel need
to (1) interrupt the verification, (2) remove the product from the verification
station, (3) store the product if an assembler is not available, (4) reassemble
according to the new specifications, (5) store again if a verifier is not available, (6)
perform a new verification according to the new specifications. Therefore it is
considered good among the assembly and verification personnel to be
approximately two weeks late in delivery time. All the changes have been made
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and all material is available. The personnel say that “if you are on time there are
always problems”. This is of course not in accordance with the managers’ idea of
keeping time.
Assembly defects

One of the findings from the study was that there were two types of assembly
errors that represented more than 80% of the defects, Figure 7-20 – mechanical
and cable assembly.
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Figure 7-20: Defect types in percent 2003.

The verification personnel said that it takes 10-20 minutes to repair a coupling
assembly defect where the following were common tasks:
•
•
•
•
•
•
•
•

Is it really wrong? Task to identify the defect.
If it is wrong, get tools for repair (specially developed tools to repair defects at
the verification stations).
Cut the power to the verification station. Safety task.
Remove the defective cable assembly.
Reattach the cable in the right position using hands and screwdriver.
Turn on power to the verification station.
New verification.
Document the defect.
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Apart from the two types of defects which cause most of the defects there were 24 major defects per month. A major defect means that the verification personnel
cannot repair the defect. This is because it will take too much time and the
production flow will stop, but also no tools are available. A major defect involves
(1) interruption of the verification, (2) remove the product from the verification
station, (3) store the product if an assembler for repair is not available, (4)
assembler repairs the defect, (5) store again if a verifier is not available, (6) new
verification (often means to start from the beginning). The waste in lead-time for
the production flow is between 45-60 minutes. However, the defective product
may be delivered several days late.
The verification bottleneck

The verification itself is a bottleneck in this company. In 2003, there were four
verification stations with four people that worked in one shift. In order to
decrease the impact of the bottleneck one additional verification station was
installed and two additional personnel. One of them performs the verifications
and one supports the other five to decrease the set-up times. This extension of
verification equipment and personnel was also studied. The additional station and
personnel resources increased the production output by 33.1%. However, the
total numbers of defects increased by 61%. The same type of defects occurred in
2004 as in 2003 but more frequently which means that the repair cost increased by
61.7% as well.
One explanation for the increase in defects is that 33.1% higher production flow
also means 33.1% more assembled products and therefore also 33.1% more
defects (if we assume a linear relation). The other 28.6% (61.7-33.1) can be
explained by an even more stressed situation for the assembly personnel due to
the increase in production flow.
7.3.3 Company C

At Company C, the cost to repair for the assembly personnel is charged internally
to the defect source, e.g. a defect shaft made in a CNC machine is charged to the
manufacturing department. However, when the defect source is assembly related,
the assembly personnel does not charge themselves, resulting in an unknown cost
of repairing defects caused by assembly. It is said by one of the assemblers that
approximately 50% of the assembly errors are never documented. Thus, these
types of errors are made repeatedly over and over again since no one gets the
chance to redesign the product or to change the assembly routines.
A study of 6 131 delivered products and design and assembly defects was made
where 5 700 products had integrated architectures from 17 delivered projects and
431 products from five projects had a modular architecture, see Table 7-5. The
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defects are detected in-house and are not customer detected defects. The modular
projects S, U and V are still awaiting delivery. The objective of the study was to
identify the defect rate in the integrated and modular architectures, and to detect
any differences in defect rates. The defect database has been used to obtain the
defect descriptions.
The defect rate in the 5 700 integrated products in Table 7-5 varied from 0.11
defects per product to 1.98. The defect rate includes production-, supplier-,
reclamation-, storage-, welding-, painting-, logistic-, design- and assembly defects.
However, only the design and assembly defects are discussed here. Furthermore,
the average defect rate from assembly is rather low, 0.04, compared to the design
defects which are 0.10. According to one of the assemblers, some of the assembly
defects were never reported to the defect database. Instead, the defects were
corrected by the assemblers and afterwards nobody knew that the defect had ever
occurred. Thus, any improvements to prevent future assembly defects will be
difficult to make. Further, even if assembly defects are reported to the defect
database; self inspection by the assemblers is not always efficient since it is
difficult to find faults in their own work [Baudin, 2002].
The defects from the integrated and modular products showed for example that
the average defect rate increased by 21.5% – from 0.65 to 0.79 – when a more
modular architecture has been implemented. At the same time the assembly defect
rate has decreased by 12.5% and is 0.005 compared to the previous 0.040.
However, the design defect rates have increased by 92% from 0.100 to 0.192. One
may speculate several reasons for this change in defects and more specifically the
increase in defect rates.
[Pahl & Beitz, 1996] for example say that greater design efforts are necessary for a
modular architecture. This effort is due to the overall function made possible by
the combination of discrete units which need to be calibrated with each other. In
addition, the greater the design effort the more design steps which may be
defective. In fact, interviews with a project leader and design manager both said
the same thing, that the modules are oversized. One has tried to “squeeze” in as
many features as possible into each module in order to fit in more product
variants and abuse the module driver “common unit” described in [Erixon, 1998].
One of the interviewees said that it is better to de-grade the module rather than
up-grade. The increase in design defects may therefore depend on the following:
•
•
•

That the modular assortment is new to the company
A greater design effort than previous is required
Modules are oversized and packed with features
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Table 7-5: Defect statistics from Company C and 17 projects with an integrated architecture and five with
a modular architecture.
Integrated
architecture
Project: A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
Modular architecture
Project: R
(awaiting delivery) S
T
(awaiting delivery) U
(awaiting delivery) V

Delivered
products
45
210
52
1088
63
78
1083
330
72
69
295
122
144
238
986
715
110
Tot. 5700

Defect
rate
1,44
0,42
1,98
0,14
0,81
0,99
0,20
0,44
1,18
0,96
0,41
0,45
0,41
0,64
0,11
0,16
0,38
Av. 0,65

Assy. defect
rate
0,044
0,005
0,212
0,012
0,000
0,038
0,012
0,003
0,014
0,087
0,010
0,033
0,021
0,092
0,009
0,011
0,018
Av. 0,040

Design defect
rate
0,222
0,057
0,365
0,017
0,032
0,179
0,028
0,033
0,153
0,261
0,034
0,041
0,069
0,101
0,013
0,017
0,027
Av. 0,10

102
12
125
32
160
Tot. 431

0,70
1,25
0,56
0,88
0,56
Av. 0,790

0,010
0,000
0,000
0,000
0,013
Av. 0,005

0,167
0,417
0,088
0,156
0,131
Av. 0,192

7.3.4 A questionnaire answered by 29 companies

27 Swedish and 2 Norwegian companies answered a web-based questionnaire. In
total, 89 Swedish and 10 Norwegian companies were contacted, initially by
telephone (to get in touch with personnel with the knowledge and responsibility
for quality issues), and then by e-mail (to provide the link to the web page). The
companies were assembling companies with more than ten employees but no
specific branches or products had been selected. The advantage with the webbased questionnaire was that the respondent could relatively easily answer the
questions compared to using paper and pencil and posting it back to the
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interviewer; the web-based questionnaire has probably increased the answering
frequency (approx. 30% of the Swedish and 20% of the Norwegian companies).
This relatively low number of responses should according to Ejvegård [Branan,
1991] not be subject to any analysis.
However, the questionnaire regarded how companies dealt with defects, which is
something that companies prefer not to discuss in detail (due to the negative
purport of defects). Thus, it is believed that the answers from the 29 companies
give an insight into defect types and rates. The answers were transferred to an
Excel sheet and could easily be analyzed, compared to answers on paper. The
web-based questionnaire had the following questions:
•
•
•
•
•
•
•
•

What is the major assembly method used?
Does the product contain modules or subassemblies?
How many parts does the product contain?
Does the company (or department) keep a record of defect statistics?
Are there strategies or methods to reduce the number of defects?
Estimate the number of defects that may occur per product.
If a defect should occur, what is the most common cause of this defect?
Estimate in hours the time it takes to assemble the product.

Results from the 29 companies

The first three questions dealt with the product and how it is assembled. Table 7-6
shows that 23 companies or 88.5% mainly use manual assembly for their
products. Regarding the question if the product is made up of modules or
subassemblies most of the companies, 23 out of 28, have a modular architecture
or a product which is made up of subassemblies, Table 7-7. The number of parts
per product is shown in Table 7-8 where most of the companies have either up to
100 parts or more than 501 parts.
Table 7-6: Assembly method at 26 companies.
Assembly method
Manual
Automatic

Responses
23
3

Percentage distribution
88,5
11,5
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Table 7-7: Product architecture at 28 companies.
Modules or subassemblies
Yes
No

Responses
23
5

Percentage distribution
82,1
17,9

Table 7-8: Number of parts per product at 29 companies.
How many parts does the
product contain?
1 to 25
26 to 100
101 to 250
251 to 500
501 to 1000
1001 to 3000
>3001

Responses

Percentage distribution

6
5
2
2
6
4
4

20,1
17,2
6,9
6,9
20,7
13,8
13,8

In Table 7-9, 27 companies of 28 claim to have a record of defects; and all of the
28 responding companies in Table 7-10 say they have a method or a strategy to
reduce the number of defects.
Table 7-9: Defect record in 28 companies.
Record of defects
Yes
No

Responses
27
1

Percentage distribution
96,4
3,6

Table 7-10: Methods or strategies to reduce defects in 28 companies.
Methods or strategies to
reduce defects
Yes
No

Responses

Percentage distribution

28
0

100
0

Table 7-11 shows the answer to the question how many defects per product the
companies have. As can be seen, 15 companies or 51.8% claim they have less than
one defect per ten products. Also, 4 companies or 13.8% have between 5.1 and 10
defects per product.
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Table 7-11: Defects per products (defect rate).
Number of defects per
product
< 0.01
0.01 to 0.1
0.2 to 0.5
0.6 to 1
1.1 to 2
2,1 to 5
5,1 to 10

Responses

Percentage distribution

7
8
5
3
1
1
4

24,1
27,6
17,2
10,3
3,4
3,4
13,8

Figure 7-21 summarises the defect distribution from 19 companies. One can see
that design and assembly defects each cause 23% of the defects and that material
causes 21%. The most common cause for a defect is in-house manufactured parts
which represent 33% of the defects. The difference between material and
manufacturing is that material is purchased parts and raw material, and
manufacturing refers to in-house manufactured parts.
Material
21%

Manufacturing
33%

Design
23%

Assembly
23%

Figure 7-21: Average defect distribution from 19 companies.

7.4 CASE STUDY DISCUSSIONS
From company A, B and C and the questionnaire, it is clear that companies
produce defective products. The COPQ in these companies is both planning and
appraisal costs to detect any defects, but also failure costs to repair the defects. In
company B the verifications were the bottleneck in the production and this tight
area was further tightened when defects were detected and needed time for repair.
An attempt to solve the bottleneck with more personnel resources at verification
caused even more defects to be made due to, among other things, the pressure on
the assemblers. This is a paradoxical situation for companies since one invests in
planning and appraisal but still needs to increase resources in repair tasks.
Company C which had moved to a more modular architecture had more design
defects than in the integrated architecture. This can be explained by an attempt to
“squeeze” in as many features as possible in each module in order to fit in more
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product variants. But the overall effort to design modular products is greater and
the total increase in design defects may therefore depend on (1) that the modular
assortment is new to the company, (2) a greater design effort than previous is
required, and (3) modules are oversized and packed with features. This increase in
defects can alone indicate that more resources need to be put into quality issues;
specifically when a modular product assortment is implemented for the first time.
The 11 studied companies show different ways of verifying products. The more
integrated products have fewer opportunities to be verified. The products are
foremost verified at product level. As with the case of DCAB, heavy products
need to be handled which extends the verification lead time. Also the verification
time is relatively long at product level since all functions are verified, one after
each other. This was also the case at ABB PT which spends 1 to 1.5 days
verifying one product. Large products such as trains from BTRV need 5 days to
be completely verified. Defects which are detected at the test station are time
consuming to repair since many parts need to be removed so repairs can be made.
The products with a more modular architecture shows several benefits which can
not be seen in an integrated architecture. The foremost benefit is the possibility to
detect defects early – at module level. ACT, DCAB, VBG and EAB all mention
this as an important benefit. The modules have enough functionality to verify the
properties it should fulfil in the final product, but still early enough to repair any
defects with time and cost efficiency. In those companies where modules are
purchased, already verified modules can be supplied to the final assembly. Even if
companies such as Electrolux specify how the supplier verifications should be
performed, there is no need to assign personnel resources to design fixtures,
perform the tests and repair any defects. Electrolux also showed that the time for
verifications at product level can be as much as 77 000 hours annually. At VBG,
investments in verification fixtures have been made since increased volumes of
the same modules are verified. This equipment will increase the precision of the
verifications with higher quality as a result.
As with the Microsoft case, there is much to gain from letting the designer
develop the verification equipment and procedures. By doing so, nothing will be
designed which cannot be verified. Furthermore, the one who has developed the
product or module also has the knowledge of how the product or module works,
in detail. Thus, if the designer develops the verification procedure and decides the
equipment which really verifies the design, then the verifications become more
specific for the product or module. Thereby, the verification will target the
product or module in a detailed manner. Also, the lead-time from design to
verification is shortened. The designer can, already during the design phase, tune
his mind towards possible verification methods. Or, think of previous fixture or
gauges which can be used again – if certain design parameters are kept within
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certain limits. Otherwise, the design and verifications are totally separated in time
and space. This extends the design-verification lead-time as at DCAB.
The companies with a more modular architecture show that there is much to be
gained from a modular architecture and verifications. Theoretical discussions from
the literature on modularity have here been matched with real practical examples.
As in the literature, companies state that good interfaces are a prerequisite for
modularisation and module level tests, e.g. DCAB. But the possibility to calculate
defect potentials is also important; as is the effort to repair them depending on
where in the production they are detected shown by the example at EAB. Based
on this chapter one can derive guides on verifications in general:
1. Initiate the verification work as early as possible in the development of
products.
2. Do not design parts, modules or products which cannot be verified.
3. Start with a focus on properties and not detailed specifications in order to first
target customer’s needs and standards.
4. Develop modular products with defined interfaces in order to utilise the
potentials with MPV.
5. Use defect statistics also as an instrument to decide where one should detect
any defects, and to repair them in a cost and time efficient way.
These guides are good initial prerequisites since they have been used with good
results at companies; and may act as a starting point for a company during the
development of verification strategies.
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8

IDENTIFIED

PROBLEMS AND THESIS OBJECTIVE

The problems discovered during this work are described, which mainly can
be derived from the lack of guidelines for how to perform verifications at
modular level. The hypothesis and the objective with this work are also
described. The hypothesis is that it is always more beneficial to perform
MPV than PPV. The objective, linked to the hypothesis, is to develop a
method for MPV. Delimitations are made for the forthcoming work, which
among other things exclude software products and design verifications.

8.1 THE PROBLEM
There is much to be gained from a modular architecture also when it comes to
quality. However the reviewed literature shows no detailed methods for how to
verify the quality at modular level. It is therefore a need for a MPV methodology
which can support a modularising company to obtain the full potential and to
achieve quality already at module level.
To define the modules interfaces is the most important part not only for the
modular architecture itself, but for MPV as well. In principle, the degree of
defined interfaces also sets the degree of modularity in a product. The interfaces
specify the module’s boundaries and how the modules interact with each other.
Poorly defined interfaces would mean difficulties in verifying the module at
module level since the objective evidence would be difficult to define and/or the
reliability would be poor. If the interfaces are vaguely defined, then the results
from the MPV would be unreliable and force more verification at product level by
PPV.
Since 1951, when Juran first published the Quality Control Handbook, there have
been structured methods to improve, monitor and control (verify) quality available
to companies and researchers, see [Juran, J M, 1951]. There is copious literature
on quality, e.g. [Crosby, 1980; Ishikawa, 1985; Juran, J M & Godfrey, 1999;
Mizuno & Akao, 1994; Oakland, 1993; Sandholm, 1997; Taguchi et al., 2005],
which has contributed to providing companies with methods to achieve high
quality in their products and services. However, little guidance is given on how to
accomplish quality in modular architectures or platform derived product families.
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The ISO 9000 series is a set of guidelines and requirements for manage quality in
an organisation. A similar set of managerial guidelines are found in TQM.
However, there is nothing to support companies in how to manage quality at
module level explicitly, nor how to evaluate any benefits from module level
verifications. Robust design is a more detailed method to achieve quality;
examples of which in the literature focus on optimising design parameters in a
product in order to be less sensitive to noise. However the design of experiments
and the identification of the optimal design parameters in a product are not
directly transferable to modular product design and the development of product
families. This is due to the fact that modular products are the optimisation of a
family of products and not one unique unit. Thus, the methods described in the
reviewed literature are an optimisation of quality towards one-of-a-kind products
in the same way as if one developed an integrated product for optimisation instead
of a product family for customization.
Previous work by [Erixon, 1998] has shown that quality in the assembly system
may be improved when modules are designed to admit separate functional testing.
That is, only perfect modules should be delivered to the main flow. The quality
increase, which is achieved, is thereby due to the shorter feedback time of defect
reports within the assembly module workshop. Even though the cost to repair
defects detected at a later stage may be difficult to estimate, rules of thumb can be
used. [Robinson et al., 1990] mentions the rule of ten; i.e. it is ten times more
costly to repair a defect late in the assembly line (or off-line) than it is to repair the
defect as it occurs. At Ericsson AB, internal estimations indicate that this extra
cost is 7-9 times for each assembly station the defect passes through. Another
company used the “rule of three” which means that it is approximately three times
more costly to correct a defective drawing compared to adjusting the defect where
it occurred – at the concept development stage. If the defective concept is
detected at part level it will be nine times more costly, and so on. The later the
defect occurs in the process the more time and resources it takes to prevent
further defects, i.e. the feedback efficiency decreases.
Feedback efficiency is the identification of the defect origin, and, for example,
corrections to drawings and designs, correct manufacturing processes and
assembly instructions or methods. Basically, Figure 8-1, the feedback efficiency is
the proactive activity - time and resources - needed to prevent the same defects
from occurring again; and the defect repair is the reactive activity to repair one
defect. The paradox is that in order to save time and money on high feedback
efficiency one needs to spend time and money on verifications to detect the defect
as early as possible. The option is to save time and money on a small amount of
verifications and instead spend this time and money on late detected defects and
the necessary repair.
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Figure 8-1: A schematically description of repair cost and feedback efficiency depending on the defect
detection point.

Thus, companies are facing a paradoxical situation and cannot evaluate the cost
and time benefits from a verification strategy in a modular architectures. The
problem is that there are no methods or guidelines available which will support a
company to plan and perform module level verifications.
This lack of methods or guides forces companies to perform the majority of the
verifications when the product is completely, or almost, assembled. Since all
companies produce defective products, the defects are many times detected at
product level during the verification. As a result, further problems arise:
•
•
•
•
•

•

•
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More time, compared to an early detection, is spent on defect feedback since
more production steps have been made.
More time is spent on the actual repair since more parts need to be removed
to reach the defect.
More repair equipment is necessary if the defects are repaired at places other
than on the assembly line.
Online verifications cause stoppage in the line if any defects are detected, or
one needs to arrange a special repair space.
The tied-up capital in the product makes the defects even more costly since
investments have been tied to the product. Any return on investments is
made impossible since the product cannot be delivered nor charged for the
order.
Defects detected at product level can be the first of many defectives. If
several products have been assembled, or several parts been manufactured,
before the defect is detected, then several defects of the same type can have
been made.
The variety of product variants made possible by the modular architecture
increase the variety of verifications as well and thereby increase the equipment
cost and personnel resources.

•
•

At least in the initial implementation, more defects are made which increase
the magnitude in cost and time on late detected defects.
The lead-times gained in parallel design, manufacturing and assembly of
modules is ruined by the repair times on completed products.

8.2 THE HYPOTHESIS
When relevant facts have been gathered one may start to develop theories about a
solution to the problem. According to [Ejvegård, 1996] a theory is a simplification
of the real world, and how it may actually work. [Popper, 2003] mentions that
theories are nets cast to catch the real world in order to explain and to master it.
Facts together with theories make it possible to derive hypotheses. As new facts
are gathered, new hypotheses are developed, and after some time a net of
hypotheses can be made [Ejvegård, 1996]. This net is the theorization which has
been built as an attempt to solve the initial problem. The work that has been done
up till now is a large portion of literature studies and empirical studies in industry.
These studies and the problems, pointed out above, indicate that a methodology
which supports the actual work related to modular verifications may further
enhance the benefits of modular products; and strengthen a company’s
competitiveness.
The hypothesis which this research will try to falsify is that:
It is always more beneficial to perform MPV compared to PPV with regard to the
cost, lead-time and quality
If this hypothesis is considered false, then the method for how to perform MPV
would be redundant. However, each hypothesis needs to be constructed in such a
way that it can be falsifiable, see [Chalmers], [Ejvegård, 1996], and [Popper, 2003].
This means that it should be possible to test and evaluate the hypothesis to see if
it is true or false.

8.3 THE OBJECTIVE
The reviewed literature has not addressed clearly enough how to obtain quality in
modular and platform products. For example, how one should obtain quality in
interfaces; how or if one should test or inspect modules; or, how to obtain quality
at product level through verifications at module level.
The work in this thesis has the objective to develop a method which can support
companies to perform MPV in a cost and time efficient way. The purpose of the
MPV method is to enhance the benefits gained through modularisation by:
•

Decreasing the cost and lead-time in verification of modular products
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•
•
•

Increasing the feedback efficiency of the present quality
Simplifying the planning of verifications in modular products
Providing, as a positive by-product, a link between product and production
development

Furthermore, the method should be developed in such a way that the hypothesis
regarding MPV can be falsified, (or be considered true).
The main target group for the MPV method are the individuals who need
practical support for their day-to-day work in industry. It would be easy to say that
the quality departments are the target group. However, quality should be a
common platform for all personnel in every company, which is the main point
with TQM [Sandholm, 1997].

8.4 DELIMITATIONS
First of all, the method for MPV is delimited modular product architectures.
Furthermore, the method for MPV, developed and described in chapter 9 to 11, is
aimed at verifications performed during assembly in the running production.
There are several reasons for this delimitation. First, verifications and MPV
performed during the design phase can not detect anything other than design
errors. MPV, or any verification during assembly will or can detect design, part,
subassembly and supplier defects. Thus, assembly is of major importance when it
comes to improving the verifications and the overall quality. Secondly, the life
cycle of the product is normally longer than the design phase, at least in the
companies which have been studied as well as in the literature. This means that
the assembling of the product will continue for a long time after it has been
designed. And, the gain from cost and time efficient verifications would therefore
be of greater magnitude. Thirdly, there is much to gain from a modular
assortment which is manufactured and assembled in module workshops or lines.
This gain would be even greater if companies knew how to verify their modular
assortment in a cost and time efficient way during assembly. However, the
method does not exclude the use of MPV in design. It is rather the opposite; the
method and steps would be of great support during the design phase as well.
The research has not aimed at types other than physical and mechanical products.
That is, the studied companies and the reviewed literature on verifications have
mainly been on physical products. However, there may be much to learn from
software products, specifically verifications of modules. Among other things, the
book by [Baldwin & Clark, 2000] describes rather detailed how the computer
development evolved at IBM computers, including integration and testing of
modules. One reason to learn from computer developers is that modularisation
within software products has been going on for over four decades; and the reuse
of the modules are important as well as the benefits from parallel development.
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Each module in a computer has its own driver program, and each program, e.g.
Office package, has its own software. These programs and hardware should
together fulfil the product’s properties when everything is assembled and shipped
to the customer. Further discussions can be seen in the Ericsson and Microsoft
case in section 7.2.
The similarities are several between software and a modularized physical product.
Both strive to utilize parallel development of modules to decrease the
development time and cost. Both need to be able to configure different product
variants by combining module variants into a product. The interfaces should be
designed early to enhance the parallel development possibilities. Also, many
problems are similar as well; for example, when module programs are assembled
together into a complete program an integration test is performed. This test is to
ensure that the interface interactions are as intended and to detect any defects.
The same type of uncertainty is valid for physical products and the interface
interaction. Thus, when modules are assembled together it is still necessary to
perform verifications at complete product level, i.e. PPV.
Repair costs are delimited to incorporate the cost of defects which are detected at
or by the company, and not defects detected by customers. Defects detected by
the customer are the cost related to (the actual repair cost excluded) warranty
claims, recall costs, replacement costs, stock decrease, lost of present and
forthcoming orders. The cost of defects detected by the customer is however
difficult to estimate and should not be any different if the product is verified with
MPV or PPV; given that the probability of having defective products shipped to
the customer is the same (which may not be the case). Also not tackled in this
thesis is the cost related to late delivery, for example an agreement clause which
forces a company to reduce the sales price if the product is delivered late.
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9

THE

FRAMEWORK OF

MPV

This chapter describes the framework for the MPV method. It describes the
time and cost issues which one needs to consider in order to identify MPV
candidates – those modules where module level verifications would result in
time and cost benefits. Four verification strategies are described: MPV,
PPV, joint station, and add-ons. These four strategies are in turn associated
with time and cost issues. The next part of this framework is to reduce the
amount of PPV from those modules considered as a MPV candidate. This
reduction focuses on interfaces and how the module’s properties are
distributed among each other. How the interfaces interact, and the time and
costs associated with verifications are a part of the MPV framework.

9.1 A FRAMEWORK TO SUPPORT THE ACHIEVEMENT OF MPV
Companies that have a more modular architecture should benefit from being
organized in module teams instead of functional departments. For example,
DCAB run their product design in projects which are similar to the orders
received. Within the projects, each module to be developed has a module
responsible designer and a module design team. The assembling of the modules is
also organized in module assembly workshops. The module design teams and the
assembly workshops are able to work autonomously as soon as the interfaces
between the modules have been set. The benefits from this are, among other
things, parallel tasks which decrease the lead-time.
In [Erixon, 1998] several cases using the MFD method were performed. The
conclusion is that the best result is achieved when the whole company is
organized to suit module development. The expressions “factories within the
factory and products within the product” are used to underline that even
machines and assemblies should be organized into module workshops (small
factories within the factory); and the product development should be organized in
module design teams (small products within the product).
If a company is organized according to its modular products, then quality issues
(product verifications) should be organized to suit this organization. TQM
supports a non-functional organization of quality issues and [Sandholm, 1997]
states that quality nowadays should involve all of the personnel in an organization.
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In this context, it is reasonable to handle product quality at module level, i.e.
MPV.
The approach to verify the product early in the value chain is specifically
beneficial in a modularized product assortment where specified properties and
interfaces in each module can be verified already in the module assembly
workshop. These benefits have been discussed by among others [Erixon, 1998],
[Stake, 2000] and [Kenger & Onori, 2003]. Also several companies state that one
should verify as much as possible at module level (DCAB, Ericsson AB, VBG and
ACT). As pointed out in [Kenger, 2004], by performing MPV detected defects can
be repaired at module level where fewer parts have to be disassembled, spare parts
are already available in the module assembly workshop, and no additional
assembly or verification tools are necessary since they are available in the module
assembly workshop. Even though there may be several benefits by performing
MPVs, there may be reasons for performing the verifications at product level, i.e.
PPV.
It may be more beneficial to perform PPV when the number of defects per
product (defect rate) is relatively low. The total cost for the company to adjust a
few defects is relatively low even if they are detected at product level. With
relatively few defects, only a final check of the product is performed as a
precaution to ensure the compatibility of the parts or modules building up the
product. Compared with MPV, there are fewer separate verifications in PPV since
one PPV might correspond to several MPVs. That is, at module level each module
may need its own verification while it may be enough with a single verification on
the product level. However, the actual number of verifications is not the only
criteria when judging whether to use MPV or PPV. Since verification consumes
time, and if any defects are detected, even more time is consumed in order to
repair the defect; to decrease the time to customer, verifications should be
eliminated as much as possible. This can be accomplished by assembling modules,
performing MPV, and then storing approved modules for forthcoming assembly
orders. In this way, only final assembly and shipment are necessary. Given that the
final assembly itself does not need to be followed by PPV, and even if PPV is
necessary, no defective modules should turn up (due to the previous performed
MPV); the actual PPV could focus on detecting the defects in the assembling of
the modules.
A framework for MPV can at this point be developed and discussed. This
framework should be able to handle a company’s unique situation, and be able to
support a company in planning and performing MPV. The following points are
seen as important building blocks for this framework; which should be inherent in
the MPV method.
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The MPV method should be able to handle:
•
•
•
•

Cost and time related to verifications and defects
The complexity and variants related to the verifications of the modules
The interfaces and interactions between the modules
The supplementary verifications which still may be needed

As well as these points, the MPV method should provide decision support which
is related to the production set-up present at the company.

9.2 EVALUATING MPV CANDIDATES
Since products and production differ between companies, it would be beneficial
to be able to evaluate if a product should be verified through MPV or PPV. Thus,
the time and cost benefits in MPV or PPV should be evaluated before a final
decision can be made on the verification strategy. If there are time and cost
benefits to be gained from MPV performed on a module then this module is said
to be a candidate for MPV.
MPV may be seen as verification of modules, corresponding to the breakdown of
the properties into module properties, as an integrated part of a completely
assembled product. This means that verifications should be performed at module
level but performed in a way which corresponds to the module’s specific place in
the completely assembled product. For example, module M2 in Figure 9-1 should
be verified not only for what the module itself should perform, but also how the
module affects other modules, and how other modules affect M2. Thus, the MPV
should also verify how M2 behaves in the completed product. The properties are
specified through standards, authorities, customer needs, and internal needs
within the company, illustrated in Figure 9-1. These properties need to be
decomposed to be valid at module level for each module. One challenge in MPV
lies in how to derive properties from the performed MPV. This challenge is
illustrated in Figure 9-1 where the MPV at M2 verifies if module M2 fulfils its
properties or not. If M2 does, the module and the other modules (M1, M3 and
M4 in this example) in the product should give a product that fulfils the
properties.
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Figure 9-1: Schematically, a product that is built up of 4 modules and verified at product level
(PPV), on the left, and on module level (MPV), on the right. The vertical arrows denote the
property demands which have to be decomposed from product level to module level. The verified
properties at module level need to describe the final properties.
To verify a modular architecture at module level, and to be able to derive
properties from all MPVs, there are several issues to take into consideration. For
instance, shall we (the company) perform MPVs at all? When is MPV “better”
than PPV? The following points (but not constrained to) are believed to be
important when evaluating if MPVs should be considered. The points are
discussed one by one below.
•
•
•
•
•
•

Verification lead-time and variants/volume
Verification cost and variants/volume
Repair cost and defect probabilities
Repair lead-time and defect probabilities
The importance of the technical solution
The complexity of module verification

These points have a focus on cost and lead-time since both have a major impact
on a company’s profit and competitiveness. The points also focus on the
importance of the parts building up the product (technical solutions) and how
complex it is to verify the product (product complexity).
9.2.1 Verification lead-time and variant/volume

The time to perform the verifications is related to planning and documenting the
verifications, and the number of verifications to be performed. The lead-time in
planning includes activities as:
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•
•
•
•
•

Planning what to verify (standards, customer needs)
Planning the verification quantity (the number of verifications)
Planning the equipment to be used (with what shall the properties be verified)
Planning personnel resources (how many people are necessary for the
verifications)
Planning the factory layout in which the verifications will be performed (e.g.
how much space is required)

The actual performing lead-time has to do with:
•
•
•
•
•

How many properties and technical solutions will be verified (the lead-time
increases with the number to be verified)
Access to these properties and technical solutions (restricted access takes
longer time)
The set-up time for each verification (time to mount in fixture or similar)
Equipment to be used (e.g. manual may be faster than a test fixture)
The evaluation of the verification (decide if the properties are fulfilled)

The documentation lead-time of the verifications has to do with for example:
•
•
•

The number of documentations (each verification, or each order, needs to be
documented)
The amount of documentation (how comprehensive the documentation is,
e.g. the depth of the verification or the number of pages necessary to
complete the documentation)
Documentation variants (one internal, one customer and one warranty
version)

To decide if MPV should be performed instead of PPV, the lead-time ratio
between MPV and PPV should be considered. This lead-time ratio is denoted
αlead-time and is described in Equation (8) as follows.
Equation (8)

α lead −time =

VTpl, PPV + VTpe, PPV + VTdoc, PPV
PPVlead −time
=
MPVlead −time VTpl, MPV + VTpe, MPV + VTdoc, MPV

Where:
αlead-time is the ratio between the lead-time to perform PPV compared to MPV
VTpl is the verification planning lead-time
VTpe is the lead-time to perform verifications
VTdoc is the lead-time to write verification documents

It is important here to count in the buffer time in which the products are idle
before and after the verification. Case studies have shown that companies tend to
see the time for verification as the actual performing of the verification, and not
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the total lead-time. The verification time is the time which would disappear if no
verifications were performed at all. For example, a module that is assembled is
delivered to the final assembly or a module storage area. Before the module can
be delivered a fixture test needs to be performed, but the module may lie in a
buffer for 120 minutes before the MPV and an additional 90 minutes after the
MPV, while the actual fixture test takes 15 minutes.
If no MPV takes place 225 minutes would be reduced from the lead-time. If the
lead-time ratio αlead-time>1, then PPV takes longer time. And, if αlead-time <1 then
MPV takes longer time. Thus, if αlead-time >1 then MPV should be considered as
the most beneficial way to perform verification – with regard to lead-time. Figure
9-2 illustrates the αlead-time-ratio in relation to the number of product variants
divided by the total volume for which the αlead-time-ratio is valid, in this case n. The
αlead-time-ratio is not necessarily a linear relation but will be specific for each
company and product. However, there are reasons to believe that PPV takes
longer time to perform and that the lead-time will increase the more variants there
are which need to be verified, also illustrated in Figure 9-2.
For example, consider an order of 5000 products with 10 variants. To plan for
PPV takes 10 hours/variant, performing PPV takes 1 hour/product and
documenting the PPV takes 0.5 hour/product. In total 10*10 hours of planning,
5000 hrs to perform PPV and 2500 hrs to document the verifications which gives
7600 hrs. Now consider the same example, but with MPV and five modules.

Figure 9-2: Illustration of the αlead-time-ratio between PPV and MPV with α>1.

It may take longer to plan for MPV since one needs to consider both the MPV
and the final properties. Say that planning takes 20 hrs per variant with MPV. The
verifications can be performed in parallel, and MPV would take 1/5 of the PPV.
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To document the MPV will take the same time as in PPV, i.e. 0.5 hr. In total 200
hrs of planning, 1000 hrs to perform the MPV and 2500 hrs to document the
MPV, which gives 3700 hrs. In this example, however, it is given that the set-up
time for the MPV is the same as PPV; and, that the five MPVs are perfectly
balanced.
9.2.2 Verification cost and variant/volume

The costs associated with verifications are foremost personnel- and equipment
costs. The personnel costs are the wages related to the amount of planning,
performing and documenting necessary in each MPV or PPV case. The
equipment cost is related to the amount of investment in, and maintenance of, the
equipment. This cost can differ a lot depending on the technical solutions that one
shall verify as well as the number of variants for a certain volume (the
variant/volume ratio). For example, a fully installed and working vision system
with an IRB 140 robot from ABB Robotics costs over €100 000, while manual
inspection has an almost zero investment cost.
As with the lead-time, the cost of PPV should be compared to the cost of MPV to
support the decision of which verification strategy to choose. Equation (9) is
suggested as a way to calculate the difference, denoted αcost, between the costs
associated with PPV and MPV:

PPVcost
=
MPVcost
VC equ,PPV + VC edu,PPV + VC pl, PPV + VC pe, PPV + VC doc,PPV

α cost =
Equation (9)

=

VC equ, MPV + VC edu, MPV + VC pl, MPV + VC pe, MPV + VC doc, MPV

Where:
αcost is the ratio between the cost for performing PPV and MPV
VCequ is the verification cost of investing in and maintaining verification equipment
VCedu is the verification cost of educating personnel in verifications and equipment
VCpl is the verification cost of planning the verifications
VCpe is the verification cost of performing verifications
VCdoc is the verification cost of documenting the verifications

Figure 9-3 illustrates how MPV differs from PPV and that there is a breakeven
point at a certain number of variants and volume. There is not necessarily a linear
relation between cost and variant/volume. And, it can be said that the graphs
which represent MPV and PPV should change position for a certain factory and
product. However, consider the following examples which relate to Equation (9)
and Figure 9-3.
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Figure 9-3: αcost-ration as a function of cost and number of product variants at a certain volume.

At the variant/volume j the β-ratio is less than one, as there will be larger
investment costs for MPV compared to PPV. For example, to perform MPV on a
product with 10 modules there will be 10 stations with equipment to perform the
MPV; i.e. 1 assembly station with verification equipment for each module
assembly, given that all modules need some kind of verification. If PPV is
performed instead, only one station with verification equipment is necessary at the
final assembly. Even though this one piece of equipment needs to be capable of
verifying the whole product, and therefore can be in need of more features, it still
will be less costly compared to the 10 MPV stations. For example, both Electrolux
and DCAB use computers including monitors for PPV. If one should move from
PPV to MPV completely and still be in need of computers and monitors for each
MPV, then the cost would be 10 times compared to PPV. It may be possible to
reduce the computer capacity in each MPV, but this will anyway not be near the
lower investment cost for PPV. Note that included in the VCpe cost in Equation
(9) is the cost of the stock of products that are waiting to be verified and the cost
of the stock of products that have been verified (see for example the case of
Electrolux in section 7.2.6.). Thus, not only labour costs should be included in the
actual performing cost. If the verifications cause products to stand idle in a stock,
then the return on sales will be delayed and that tied-up capital cannot be used for
future investments or yield interest.
Further, the delay also means that the company needs to pay the suppliers but will
not get the return on sales; thus, the return on investments is also delayed.
Furthermore, the facility space incurred by the verification stock drives up the
overhead cost for the company’s facility. Heating, maintenance, cleaner and
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janitor costs are included in the facility costs, and the appropriate part should be
charged to the verification stock space.
As the variants increase towards a certain point m in Figure 9-3, the cost of
performing PPV will increase faster than those associated with MPV. At this point
β=1 and the cost consideration cannot alone support any decision of whether to
perform PPV or MPV. For each new product variant which needs to be verified,
PPV needs a new verification plan, documentation and the actual performance of
the verification. It may even be necessary to change or upgrade the verification
equipment which will increase the cost. Looking at MPV in the same situation will
give a different cost situation. One or few new variants to be verified may only
affect 3 or 5 of the10 modules. This means that planning, documentation and the
new way of performing the verifications are isolated to a few set of modules. Also,
any change in the verification equipment can be kept to small incremental changes
at a few modules. This was the point with the discussion in [Johansson, 2002] and
the development of modularized assembly systems. If one can keep changes to
module level in a modularized assembly system, then each change in the system
may be an incremental change which affects one or a few assembly modules, see
Figure 9-4, instead of affecting the complete system.
Cost/Revenue
Cost

Revenue

Complete system
approach
A module or a group of modules
Time
∆x

∆x
∆y

Figure 9-4: The cost benefit of changing at module level compared to complete system level [Johansson,
2002].

When the variants have increased to the point n in Figure 9-3, the many variants
have increased the cost of PPV to such a level that MPV is the most beneficial. At
this point β>1 and will continue to increase as the variants increase.
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Verification cost accounting

There are several examples of cost accounting which can support the calculations
of the verification costs. For example [Chollet et al., 2003] show examples of cost
calculations for automatic and manual assembly. The cost for manual assembly of
one component is shown in Equation (10), based on [Chollet et al., 2003]:

C eq
T

Equation (10) Cost MA =  feed + Tor + Top  ⋅ C h +
N op
 N feed

Where:
Tfeed is the time to feed the parts to the assembly
Nfeed is the number of feeding operations
Tor is the time to orient the parts
Top is the time to perform the actual assembly operation of the parts (placement and
attachment)
Ch is the hourly labour rate
Ceq is the equipment write-off cost
Nop is the number of performed assembly operations

This cost for manual assembly can be transformed to be valid for manual
verification of modules or products (VCpe and VCequ in Equation (9)), as follows
in Equation (11):

(

)

Equation (11) VC pe + VC equ = Tset − up + Tor + Top + Tbat c h ⋅ C labor +

C eq
N op

Where:
Tset-up is the time to bring a new product or module for verification
Tor is the time to orient and reorient for verification
Top is the operational time to verify the product or module
Tbatch is the time to adjust from one product variant to another
Clabor is the labour cost per time unit
Ceq is the write-off cost for the equipment investment
Nop is the number of verifications accounted for

To cost account on the basis of each activity has several benefits. In fact, any
other way can result in poor or totally wrong decisions on what to improve, [Ax &
Ask, 1995]. In order to evaluate which verification method is the most cost
efficient, one needs to consider each individual activity related to MPV and PPV.
It is believed that activity based cost accounting is one good way to estimate the
costs in this specific case.
[Ax & Ask, 1995] point out that to use activity based costing is important when
the product variants are many. Traditionally, according to [Ax & Ask, 1995], cost
accounting has been a rough dividing of costs into direct labour, direct material,
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machining costs and similar. This way of accounting may be suitable with one or
few product variants, and where each part is unique for its product, e.g. similar to
an integrated architecture. Then, for example, personnel cost, machine cost and
material cost can be tied to the product, since there may be just one product
driving the costs. However, the traditional way of cost account is not enough
when products are built up by modules, and where the products share modules
with other products in a product family. For example, which of two different
products should carry the development cost of the common module which is
shared?
Cost drivers and activities

Central to the ABC method are activities and cost drivers; the activities generate
the costs which arise in the company, [Ax & Ask, 1995]. The cost of a product is
therefore simply the sum of all the activities necessary to develop and deliver the
product. Typical activities related to machining and verifications are shown in
Table 9-1.
Table 9-1: Activities and cost drivers, based on [Ax & Ask, 1995].
Activity
Machine set-up
Machining
Quality control

Cost driver
Number of set-ups
Set-up time
Machine hours
Number of products
Number of controls
Time to control

ABC in five steps

[Ax & Ask, 1995] state that it is necessary to take at least five steps in order to
complete an ABC accounting:
1. Identify the activities
2. Put a cost on the activities
3. Select cost driver
4. Select cost driver quantities
5. Calculate the product cost
A good example from quality control is given in these five steps which pinpoint
the fact that one needs to assign a cost to each activity. Consider the following
quality control activity from [Ax & Ask, 1995]:
•
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Activity cost: 159 600 SEK

•
•
•

Cost driver: Quality control time
Cost driver quantity: 420 hours
Cost per quality control hour: 420/159 600 gives 380 SEK

If one needs to cut costs in quality control, the next step can be to identify which
of the product variants cause the highest costs or demand the longest time for
quality controls. This can be done as in Table 9-2. The table shows that the
highest cost per quality control is caused by variant C; but, at the same time, the
highest total cost is caused by variant A. A first measure can be to analyze the way
variant C is checked, e.g. equipment used, set-up times, and why the check is
performed at all. At the same time there is much to be gained by reducing the
quality control cost of variant A, since it accounts for half the total quantity. That
is, reducing each quality control cost by e.g. 15 SEK will give a profit of 9000
SEK for variant A (15*600), but only 3000 SEK (15*200) for variant C. As seen in
this example, there are several improvement options. However, in order to
calculate any benefits from the suggested improvements or to target a costly
activity in the first place, it is necessary to identify these costs as well.
Table 9-2: ABC at Quality control (QC) on three product variants, based on [Ax & Ask, 1995].
Quantity
QC time per batch
QC time total
Cost QC total28
Cost per QC29

Variant A
600
20 hrs
200 hrs
76 000 SEK
126.67 SEK

Variant B
400
12,5 hrs
100 hrs
38 000 SEK
95.00 SEK

Variant C
200
30 hrs
120 hrs
45 600 SEK
228.00 SEK

9.2.3 Defect time and defect rate

Repair cost is related to the number of defective products which need to be
repaired to fulfil the product’s properties. This can be the rework of parts and
assemblies, or the scrapping and replacing of parts. It can also be the actual time
to identify the defect source and adjust the process that caused the defect, in order
to prevent it from occurring again.
It is important to know the time taken to repair defects which are detected at
module or product level. A decrease of the time it takes to identify, repair, source,
and adjust the defect and regain production speed is always of interest since it
consumes personnel time and adds WIP time. It is difficult to predict any future
defects based on previously made defects. However the available defect statistics
need to serve as a base for forthcoming defects since this is all that is available.

28
29

QC time total*380
Cost QC total/quantity
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See for example the cases discussed in section 7.3. It is similar with the costs for
repairing defects; companies seem to use rules of thumb more than the actual
costs. But, based on the case studies, none of the companies explicitly used the
PAF-model or ABC to identify the cost of defects. It is important though to have
a detailed view of the defects and their cost in order to plan the verification
strategy. Therefore to evaluate whether to use MPV or PPV as the verification
strategy, the time spent on a defect in the two cases should be matched against
each other. Since, if the time saved by performing PPV is ruined by extensive
defective time, then nothing has been gained. Equation (12) shows the time
involved, βtime, when a defect has occurred. If none of the tasks (in Equation (12))
can be performed in parallel then the time caused by a defect is a direct lead-time
extension.

β time =
Equation (12)

Defect time PPV
DTd PPV + DTi PPV + DTrPPV +
=
Defect time MPV DTd MPV + DTi MPV + DTrMPV +

DTrv PPV + DTs PPV + DTf PPV + DTrg PPV
DTrv MPV + DTs MPV + DTa MPV + DTrg MPV

Where:
βtime is the time ratio between a defect detected and correction at PPV compared to MPV.
DTd is the defect caused time to detect the defect from when it occurred
DTi is the defect caused time to identify the defect
DTr is the defect caused time to repair a defect
DTrv is the defect caused time to re-verify
DTs is the defect caused time to identify the defect source
DTf is the defect caused time to provide feedback to prevent a defect from occurring
again
DTrg is the defect caused time to regain any process speed that was interrupted by the
defect

To detect and identify one defect in a module there is an initial time difference
between PPV and MPV, Equation (12). This time difference depends simply on
that verifications by MPV take place earlier than PPV; thus, the defect is detected
(DTd in Equation (12)) and identified earlier (DTi in Equation (12)). After the
defect has been identified, it needs to be repaired (DTr in Equation (12)). This is
done by disassembly; replacing defective part, and reassembly (defective part); or
disassembly, and reassembly (defective assembly); or, disassembly, redesign,
reassembly (defective design). Each of these three situations is followed by a reverification to verify the corrected module or product. However, the verification
process can be defective as well. This was the situation in the company discussed
in section 7.3.1 where 10% of the detected defects were identified as verification
defects. This means that either the defect is not detected even though there is a
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defect, or, the verification indicated a defect even though no defect exists (DTrv in
Equation (12)).
When, or simultaneously as, the defective module is repaired and re-verified, the
source of the defect shall be identified (DTs in Equation (12)). Defect sourcing
means to identify the original cause of the defect, i.e. a lathe machine or an
assembly operation. When the defect source is identified, the detection point
(MPV or PPV) provides feedback (DTf in Equation (12)) to the source in order to
prevent any further similar errors from occurring. The last thing is to regain
process speed after a defect has been detected (DTrg in Equation (12)). Since a
defect can cause several assembly stations to stop, these processes need to be
ramped-up again to full speed.
When all the different activities have been made (DTd, DTi, DTr, DTrv, DTs,
DTf and DTrg) to adjust one defect, then the time spent may be larger for PPV
than MPV. Since the time to detect the defect will be delayed from MPV to PPV
(with the time it takes to transport the module from module assembly, performing
the final assembly and to start the PPV). This is illustrated schematically in Figure
9-5 when the defect rate is 1.

Figure 9-5: βtime, the time ratio related to a defect in PPV and MPV. The figure illustrates a situation
when the time extension is larger for PPV than MPV at a certain defect rate n.

As the defect rate increases from 1 to m defects, the time to perform all the
activities to adjust the defects may increase more for PPV than MPV. That is,
each time a defect is detected by PPV more is required to adjust the defect
compared to MPV. This time difference can then be calculated for a certain defect
rate, illustrated in Figure 9-5 where the βtime is calculated for the defect rate n.
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The Pareto principle to estimate defect severity

A recommended guide when estimating the time and cost for defects is to use the
Pareto principle which is described in numerous quality and statistical literature,
for example [Bergman & Klefsjö, 2003; Johnson, 2000; Juran, J M & Godfrey,
1999]. The Pareto principle states that a vital few account for a major part of the
effects. [Juran, J M & Godfrey, 1999] give examples such as that a relatively small
percentage of individuals write most of the books, commit most of the crimes and
own most of the wealth. According to [Johnson, 2000] the Pareto diagram is a
support when selecting a quality improvement project since it shows the vital few
to start with.
A practical example of the Pareto principle is shown in Figure 9-6 which is
obtained from a studied company. Each number in the figure is a code for where
to internally allocate the cost for a defect. In principle, this means that each code
is a cause for defects. Each code represents one of the departments in the
company. A Pareto diagram was made to identify the vital few. The diagram
shows that code 2000 and 4000 accounts for 51% of the total. In this company,
code 2000 is the design department and 4000 is part supply.
Pareto chart of defect cause code
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Figure 9-6: Pareto diagram of codes for defect cause.

As a consequence of the Pareto diagram the design defects are a type of defect
which will occur most often and would therefore be used as a start for estimating
the time and cost for defects. Note, however, that this example does not show
which type of defects are causing the largest repair cost and longest repair times.
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9.2.4 Defect cost and defect rate

The costs related to a defect have been discussed in section 5.3. The PAF model
(Prevention, Appraisal and Failure) is a guide to the costs related to a defect but
need to be detailed and suited to each company’s activities. Specifically, if the
intention is to clarify whether PPV or MPV should be performed it is important
to detail the different costs related to the two options. Equation (13) calculates the
ratio, called βcost, between the defect costs related to PPV and the defect costs
related to MPV:

β cost =
Equation (13)

=

Defect Cost PPV
=
Defect Cost MPV

DC pers , PPV + DC eq,PPV + DC scrap,PPV + DC stock,PPV
DC pers , MPV + DC eq, MPV + DC scrap, MPV + DC stock, MPV

Where:
βcost is the defect cost ratio between PPV and MPV
DCpers is the defect cost of personnel involved in adjusting the defect
DCeq is the cost for repair equipment
DCscrap is the waste cost of parts or components that need to be scrapped
DCstock is the cost of stock defective products or modules

If one considers the case where 100% of the verifications are MPVs, and for
example a product has 10 modules. Then the personnel cost for a defect (DCpers
in Equation (13)) is the hourly labour rates times the time spent on adjusting the
defect. For a defect detected and identified by MPV, the cost can be lower than
PPV since less time is spent on identifying the actual defect and disassembling
parts to access the defect. Also, when the defect is detected at PPV it may stop the
flow in production much more than if the verifications were performed at module
level; a defect detected at MPV will only stop the flow for the module that is
defected. Thus, more personnel are affected by a defect detected at PPV than
MPV.
Not all defects detected at PPV may be possible to repair. At PPV the product is
completely or almost completely assembled. The final assembly in a modular
assortment means that the modules are assembled to each other, and may be
further customized in detail with parts unique to the order. At the final assembly
different joining methods can be used such as gluing, reverting, soldering, welding,
snap fitting, shrink fitting, bolting, and screwing. If the defect detected after final
assembly is part of a joining of two modules it may be necessary to scrap this part
(DCscrap in Equation (13)) or even the whole module if:
•

The cost to disassemble, repair, reassemble, and re-verify is higher than the
cost of scraping the part or module.
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•

It is not possible to repair the joined parts since they can not be separated.

The equipment used to repair any defect must be considered as well. The
equipment can be the same as used in assembling the parts or modules, but
additional equipment can be necessary. For example, a gripper for removing ball
bearings, cutters for removing rivets, or special tongs to remove snap fits. Also
special computerized equipment may be necessary to identify the defect in the
first place. This was the case at Bombardier transportation which went through a
detailed and computer aided defect identification and sourcing procedure. These
costs can be a higher investment for an MPV strategy, illustrated in Figure 9-7, if
each MPV station needs this type of equipment. On the other hand, a PPV
strategy may only needs one set of repair equipment; therefore, an investment in
MPV will not pay off if the defects are relatively few or near zero. Then the βcost
ratio will be lower than 1 which makes PPV more beneficial.

Figure 9-7: The cost difference between PPV and MPV for a certain defect rate.
9.2.5 Estimating the time and cost of defects

To estimate the time and cost for defects statistical distributions can be used. The
first thing is to collect data on the defects. As shown in section 7.3.4, 27 out of 28
surveyed companies keep record of defect statistics and it can therefore be seen as
a common and familiar task to companies. However, the defect statistics should
be defect rates per product and separated into different types of defects. For
example part defect rate, assembly defect rate and design defect rate.
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By using these kinds of defect statistics, it is possible to calculate the mean and
standard deviation for the number of products which will be produced during the
period of time for which the verification strategy will be valid.
The question one may face is the type of statistical distribution that is present in
the collected defects statistics. Thus, in order to perform any calculations the
distribution needs to be decided. There are several ways to estimate any
distribution, explained in statistical literature or by statistical software. For
example the statistical software Minitab can be used to perform normality tests. It
is also possible to use a normal distribution paper and plot the collected data in
order to estimate a normal distribution, or to use χ2 test for a distribution test.
Other distributions are sometimes approximated to be a normal distribution
through the central limit theorem explained in [Frennelius, 1999] and [Johnson,
2000].
9.2.6 The importance of the technical solution

Time and cost is known to companies as measures to evaluate different options
against each other. There are also other factors which can be important to
incorporate in addition to time and cost benefits. For example, one or several
components in a product are more important than others. These important
components can have a bigger influence how the customer interprets the product.
The components can be a module which is built up by technical solutions. The
technical solutions are grouped together into a module driven by company
specific reasons. These reasons can be the module drivers discussed in [Erixon,
1998] or any other foundation for developing modules. In the Product
Management Map in [Erixon, 1998] there is a direct and ranked relation between
technical solutions, the product’s property and the customer’s needs. First, in the
QFD, the relations between the customer needs and properties are ranked with a
1 (weak relation), 3 (medium relation) and 9 (strong relation). [Erixon, 1998] uses
this type of ranking “to support the identification of the really strong driving
forces”. The ranking and relation between the product’s properties and the
technical solutions are made in what is called the Design Property Matrix (DPM),
using the same ranking of the relations as in the QFD. In the DPM it is then
possible to identify the technical solutions which have a strong influence on how
the customer will interpret and value the product. These important technical
solutions need special attention and should be given the best possible conditions
for good verifications. Thus, important technical solutions are an MPV indicator
in themselves.
There are products which are difficult to access and to verify one or several
important technical solutions due to the actual design. With such products PPV
cannot be performed since the properties cannot be verified. This was mentioned
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by [Nevins & Whitney, 1989] who say that there may be no later point for
verifications of a subassembly than at the actual assembly of the subassembly.
9.2.7 Evaluate the importance of technical solutions

In order to judge whether the technical solutions are an MPV or PPV candidate,
one needs to evaluate the importance of the technical solutions. If the MFD is
used to generate modules, then each technical solution is valued depending on its
ranked relation with the properties. Any other used method should use some kind
of ranking order of the technical solutions’ importance for the module. Since
there may be many technical solutions, say more than 100, it is time consuming to
evaluate each one individually. Therefore, to evaluate the technical solutions’
importance in each module, it is suggested that a matrix is used where each
technical solution is related to the product’s properties, as in e.g. the QFD
method. Thereby, each technical solution is given a unique value.
The value of each technical solution is summarized for each module and divided
by the number of technical solutions in the module. This value in turn is divided
by the average technical solution for a module in the product. The result is the
module’s relative technical solution importance in a product, see Equation (14).

∑ TSVMj
Equation (14) TSI Mj =

TS Mj

∑ TSVtot

=

∑ TSVMj ⋅ N modules
∑ TSVtot ⋅ TS Mj

N modules
Where:
TSIMj is the technical solution importance (TSI) for module j
TSVMj is the sum of the technical solution value in module j
TSMj is the number of technical solutions in module j
TSVtot is the sum of the total technical solution value in the product
Nmodules is the total number of modules in the product

Equation (14) calculates the average value of the technical solutions in a module
and compares this to the average technical solution value in a module that belongs
to the product. The TSI value will be higher than 1 if the TSI in module j is higher
than average. And, the TSI value will be lower than 1 if the TSI in module j is less
than average. In this way it is possible to judge whether a module needs special
attention in the verification because of its high ranked technical solutions.

172

9.2.8 The complexity of modular verification

In section 0 the product’s complexity was discussed. The complexity was then
described in relation to the number of components by [Magee & de Weck, 2004].
[Erixon, 1998] also elaborated on complexity and developed the assortment
complexity based on the ideal assembly time from [Boothroyd et al., 2002] and
product complexity from [Pugh, 1991].
One should consider the product’s complexity also when judging whether to
perform MPV or PPV. For instance, a relatively high complexity means longer
assemblies, more parts and more module variants. Long and complex assemblies
can increase the possibility of making assembly errors, see [Barkan & Hinckley,
1994; Branan, 1991; Hinckley & Barkan, 1996; Kenger & Erixon, 2005]. Thus, a
relatively highly complex product assortment is an MPV indicator. The
verifications are simplified by a decrease in complexity (fewer parts to verify) and
defect detection will thereby increase. Furthermore, any repair of defects will be
facilitated by a low complexity product (few parts demand shorter time for
disassembling and reassembling). What contributes to a modular product’s
complexity regarding verifications is the number of parts, interfaces, and the
number verifications, expressed in Equation (15):
Equation (15) MVC Mj =

N VMj ⋅ N IMj ⋅ N pMj
N Vtot ⋅ N Itot ⋅ N ptot
N modules

Where:
MVCMj is the module verification complexity for module j
NVMj is the number of verifications for module j
NIMj is the number of interfaces module j is part of
NpMj is the number of parts in module j
NVtot is the total number of verifications for the product
NItot is the total number of interfaces for the product
Nptot is the total number of parts for the product
Nmodules is the number of modules in the product

The number of parts has an impact on how complex a product is, as well as how
complex the verification is to perform; many parts decrease the access to verify, as
well as contribute to an increased repair time as there are many parts to
disassemble. The square root is used to decrease the impact of a module with
relatively few or many parts compared to the total number of parts in a product.
The fewer verifications to be performed the less complex it becomes with regard
to planning, performing and documenting. This is also valid for the interface;
fewer interfaces mean less focus on, and interactions with, other modules.
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Equation (15) will result in a value which indicates the verification complexity for
a module. If the value is larger than 1, then the module is more complex
compared to the average module. If the value is less than 1, then the module is
less complex. A value larger than 1 will indicate that the module should be verified
through MPV alone in order to better handle its complexity, e.g. access, evaluate
the module’s contribution to the whole product, simplify repair, etc.

9.3 SOME EXAMPLES OF MODULE VERIFICATION STRATEGIES
Previously in this chapter, the cost and lead-time for verifications through MPV
or PPV have been evaluated against each other. This section will describe these
verification options in more detail. Figure 9-8 illustrates a modular product with j
modules and n properties. Depending on the modular product’s properties and
how the modules interact with each other through their interfaces, there are
different options for verifications. These options for verifications are MPV, PPV
and joint station.

Figure 9-8: Schematic illustration of different options for verification. Each arrow illustrates a property
which is fulfilled by, or carried by, one or several modules. The dashed line illustrates a property shared by
three modules (M3, Mi and Mj). Each rectangle represents a defined verification which has been
strategically selected.
9.3.1 MPV at module assembly

Companies can, for strategic reasons, move the product verifications to an earlier
point in the assembly. Preferably the product verifications should take place at
module assembly, i.e. MPV in Figure 9-9. If any defects are detected, the assembly
personnel can adjust the defects directly as they are detected, using equipment in
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the module assembly workshop. Or, in a relatively fast time provide feedback on
the origin of the defect.
There is no need to transport the module to any PPV workshop, and there is no
need for additional personnel in the module assembly workshop. Templates which
describe the verification procedure, how the objective evidence of fulfilled
properties should be evaluated, and forms for approval are available and used by
personnel at the module assembly. See also Table 9-3 for a summary of the
options.

Figure 9-9: Verification through MPV at module assembly.
9.3.2 MPV at a joint station

Another option, to perform the verifications earlier than PPV, is a joint station for
some or all of the products’ modules, Figure 9-10. Compared to MPV it is more
difficult to overview the shop floor with a joint station. The options increase for
how to repair defects which increases the difficulty of making the right selection
of level for verifications. In Figure 9-10 the modules are assembled and supplied
to the joint station for verification. The personnel working at the joint station
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have verification procedures and equipment, forms for the evaluation of goal
values – the objective evidence of fulfilled properties - and, approval forms
available. If any defects are detected by the verification at least three options to
repair these defects are available. The first option, (1) in Figure 9-10, is that
personnel at the joint station also repair any defects. Depending on the time
available, the number of defects and the defects severity, the personnel who verify
the module also make the repairs. Otherwise, two or more people who verify and
repair may be necessary to maintain the production flow. The second option, (2)
and (4) in Figure 9-10, is to have an additional repair workshop. In this workshop
the defective module is either repaired (2), or repaired and re-verified (4). If the
module is only repaired, then assembly tools and spare parts are needed. When
the module is repaired it is sent back to (1) for re-verification. This may however
interfere with the production flow and cause bottlenecks. Therefore, reverification can take place in the repair workshop as well, which then needs
verification equipment.

Figure 9-10: Options for a joint station for module level verification.
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A third option, (3) in Figure 9-10, is to send defective modules from the joint
station (1) back to the module assembly for repair (3). This option needs
additional personnel for repair, but not additional spare parts and assembly tools
since these are available at the module assembly. See also Table 9-3 for a summary
of the options.
9.3.3 PPV at final assembly

For verifications at product level, PPV, there are at least three options which can
be differentiated from each other. The first option, (1) in Figure 9-11, is to have
the assembly personnel performing the verifications and the repair. In this case,
the personnel resources are kept low, but this on-line repair interferes with the
production flow. The other option, (2:1-2:4) in Figure 9-11, is to have one person
for assembly and verification (2:1), when defects are detected the defective
product is put aside to a defect product stock. From this stock the repair
personnel pick defective products, (2:2) in Figure 9-11, and repair the defects.

Figure 9-11: Options for PPV at final assembly.
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This is similar to the Porsche strategy described in [Womack & Jones, 2003]
where a crew of repair personnel were waiting to take on defective30 Porches as
the cars rolled off the assembly line. The repaired product is sent back for reverification at (2:3). However, to send back the repaired product may interfere
with the production flow since products already are processed at the final
assembly. The third option is then to have a person, (2:4) in Figure 9-11, who
repairs defects and re-verifies the module. The defect free product can be sent to
shipping directly from the repair workshop. In all options for PPV, additional
spare stock with parts is needed. Additional assembly tools and verification
equipment may be necessary depending on the chosen option. Basically, in PPV
one needs to choose between on-line repairs which extend the lead-time, or offline repairs which extend the cost.
Also, as a general rule, the later the verifications are performed the more parts and
properties need to be verified. Thus, the verification takes longer and may
therefore cause bottlenecks as in the ABB PT case, or create buffers before and
after the verifications as in the Electrolux case. Since the product is almost or
completely assembled at PPV the product is heavier and bulkier to handle. This
was seen at several companies such as ABB PT, ABB AM, Electrolux, DCAB and
the two production sites of Bombardier. Therefore overhead cranes or fork trucks
are needed to position the products for verification. If any defects are detected it
is therefore more difficult to move the product off-line for repair. As a
consequence, one tries to repair any defects on-line which in turn interferes with
the production flow.
In this PPV description it is assumed that the distance between the module
assembly and the PPV is of such magnitude that sending a defective product back
to the module assembly is not worth the time and cost. Therefore the options are
to repair on-line or in a repair workshop. One may think of additional options at
the PPV, for example one similar to (3) in the joint station in Figure 9-10. Also, if
the module is bought in, any repairs may be made by the supplier which is the
case at Electrolux Vascator. Furthermore, options for both MPV and joint station
are possible, for example combinations. The MPV, joint station and PPV has
served as illustrations to strengthen the discussions in section 9.2 where MPV
candidates were evaluated. This section on examples of verification options is
summarized in Table 9-3.

30
In the 1990s the first defect free Porsche in 50 years rolled off the assembly line which in turn made the repair
crew very confused over this amazing situation since they did not have anything to repair, see [Womack & Jones,
2003].
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Table 9-3: Options depending on verification level in manual assembly.
Necessity
Assembly tools
Verification equipment
Additional assembly tools
Additional verification
equipment
Additional spare parts
Defective module stock
Defective product stock
Defects interfere with flow
Additional personnel

MPV
Yes
Yes
-

Joint station
Yes
Yes
Yes
yes/no31

PPV
Yes
Yes
Yes
yes/no34

at assembly
-

yes/no32
yes/no33
yes/no35
yes/no37

Yes
yes/no34
yes/no36
yes/no38

The intention is to show that as soon as any defects occur MPV is the better
option, specifically regarding the lead-time and cost as well as personnel
management. All case studies have shown that companies always deal with defects
which is also know from the literature. Therefore, the hypothesis made in section
8.2 (it is always more beneficial to perform MPV compared to PPV regarding the
cost, lead-time and quality) is strengthened by the above examples of verification
options.
9.3.4 Add-ons for individualization of modules

The product’s architecture is a grade of modularity and a product may not be of
100% pure modules. For example, at DCAB the products are built up by
approximately 80% modules and the rest of the product assortment is
individualized through small design adoptions or part replacements. These small
changes are called add-ons. That is, a modular product architecture which is not
100% modularized needs further adjustments through add-ons to obtain a
complete product. These add-ons cause further challenges for the personnel
working with verifications.

31

Yes, if the module is re-verified off-line
Yes, if the module is repaired at the joint station or in a repair workshop
33
Yes, if the module is repaired off-line
34
Yes, if the product is repaired off-line
35
Yes, if the module is repaired on-line
36
Yes, if the product is repaired or re-verified on-line
37
Yes, if the module is repaired or re-verified off-line
38
Yes, if the product is repaired or re-verified off-line
32
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Figure 9-12: The add-on case at MPV.

When the product assortment is built up by modules which need add-ons, the
modules are either base modules or add-on modules. It is not possible to verify
through MPV and have a small stock of verified modules while awaiting the next
order. Since, an add-on module is individualized for a specific customer; the addon module cannot be used for other customers. Thus, there is no point in
verifying individualized modules and storing them for future orders in order to
decrease the lead-time to customer. Therefore, base modules and individualized
modules are assembled at the module assembly. Then MPV is performed and the
individualized modules are supplied to the final assembly as in Figure 9-12. If any
defects are detected they are repaired at the module assembly.
Another option is to first assemble the base modules and perform MPV on them,
(1) in Figure 9-13. On receipt of the order, the final assembly is initiated and the
add-ons are assembled to individualize the modules and thus the product, (2) in
Figure 9-13. After the final assembly PPV is performed. The benefit with MPV at
base modules and PPV on the add-on product is that approved base modules are
available when the order is received. This means that at least the base module will
not cause any delays in delivery or costly repairs. The disadvantage is that the add-
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ons are verified at PPV. This will give the same repair options as in Figure 9-11
and will in any case extend lead-time to delivery. Furthermore, PPV can cause
repair costs which exceed the repair cost in having MPV on add-on modules.
The add-ons will generate further challenges for the personnel who plan and
perform the verifications of a modularized product assortment. However, from
here on this thesis will assume that add-ons can be present, but will not separate
MPV on add-on modules from MPV on base modules.

Figure 9-13: MPV of base modules and PPV at final assembly with add-ons.
9.3.5 Documenting the verification strategy

The above illustrations with MPV, joint station and PPV are examples of what it
may look like in different verification strategies. However, there are situations
where one module is verified by MPV and also at PPV due to its distribution of
properties or other reasons such as legal or standard demands. For one module it
can be necessary to use both MPV and PPV to guarantee fulfilled properties or to
comply with any demand. At the same time it may be financially beneficial to use a
joint station where modules are verified using the same equipment and personnel.
Thus, a modular product can be verified to 100% by MPV or 100% PPV, and
several combinations which are found in-between, as illustrated in Figure 9-14.
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Figure 9-14: Illustrates 100% MPV to 100% PPV and joint station.

The challenge in all possible combinations is to identify the most cost and time
efficient combination of verifications for the number of product variants the
company produces. This combination should then be valid for a certain volume
and for a certain time period in order to estimate the time and cost benefits,
including payoff or investment costs for the equipment. The detailed plan for how
to perform the verifications is the verification strategy. Verification of a product
can be illustrated as in Figure 9-15.

Figure 9-15: Verification strategy for a modular product built up by four modules and 15 variants.

Figure 9-15 acts as a rough reporting of the verification strategy. It shows the
module variants (the numbers) and how many defined verifications (the rings in
Figure 9-15) are necessary to obtain objective evidence of fulfilled properties. On
the right is shown the modules’ distribution regarding how many of each property
shall be verified. At the bottom of Figure 9-15, the number of verifications that
shall be performed at each station. Also shown in Figure 9-15 is the number of
variants that shall be verified for each verification station.
For example, module M1 has four variants. Three of these variants shall be
verified at an MPV station and one at a joint station. The three variants verified at
MPV will have a volume of 6000 verifications and the same volume for the joint
station, but only with one variant. When all the modules have been mapped in the
same way as M1 in Figure 9-15, it is possible to estimate the number of property
variants and modules for verification for each station. For example, 23 000
modules shall be verified at the MPV stations. At the MPV station M1, one
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property is verified on three variants. At the joint station, 17 000 modules are
verified and there are five variants which shall fulfil three different properties.
The cost for verifying and repair

The cost and lead-time to verify and the defect repair, together with Figure 9-15
give a rough illustration of the suggested verification strategy. At this point it is of
interest to obtain an estimation of the total costs. Basically, this means to sum up
each activity and investment which has been discussed above. These activities are
shown in Table 9-4.
Table 9-4: Example of the total costs related to verifications and repair.
Cost type
Labour cost

Equipment cost
Facility cost
Education cost

Defect costs
Time to identify
Time to repair
Time to identify the defect source
Time to feedback
Time to re-verify
Time to adjust
Time to regain production
Repair equipment
% of overhead facility cost

Verification costs
Time to plan
Time to document
Time to set-up
Time to reorient
Time to perform
Time to change batch
Verification equipment
% of overhead facility cost
Learning new verifications

It is now possible to have a detailed cost representation of the chosen strategy.
This is shown in Equation (16):
Equation (16) C strategy = C labour + C equipment + C facility + C education
Where
Cstrategy is the total cost for the chosen strategy
Clabor is the labour cost detailed in Table 9-4
Cequipment is the cost of equipment (investment or write off cost)
Cfacility is the cost of the facility needed for verification and repair.
Ceducation is the cost for education or training

9.4 REDUCING THE AMOUNT OF PPV
Once MPV candidates have been selected, the next phase is to reduce the amount
of PPV. The intention is that MPV should support a company to decrease or
completely abandon PPV. This means that one needs to be able to obtain the
product’s property based on the MPVs; since, the results from the performed
MPVs should guarantee fulfilled properties. That is, the MPVs should be
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performed in a way which verifies how the module performs in its specific place
in the product.
To reduce the amount of PPV is related to how good the MPVs are performed
and how well all performed MPVs can be summarised to represent a PPV.
However, a prerequisite to perform MPV and be able to reduce the amount of
PPV is manageable interfaces. Several authors mentioned in section 4.3 and the
case studies in chapter 7 give suggestions on how to manage interfaces and stress
the importance of interfaces. At least the following four points will contribute to a
decreased amount of PPV:
•
•
•
•

Decreased distribution of properties among modules
Managing the transmit and receive between modules
Increased degree of standardisation of interfaces
Increased robustness of the interfaces

9.4.1 Distributed and locally isolated properties

A locally isolated (LI) property is a property which is isolated in one module and
no where else. It means that, for example, a property such as “sound damping” is
fulfilled by just one module. A LI property facilitates the MPV since the sound
damping can be verified in just one module. Thus, it is not necessary to
summarize all verifications from different modules with “sound damping” in
order to evaluate the total “sound damping” of the product. The opposite is
distributed (DI) property which is a property distributed among two or more
modules. One may ask why this type of classification is important. The answer is
that when verifying at product level, i.e. PPV, all modules that contribution to the
overall property is part of the verification. This is not the case with MPV. For
example the property “sound damping” can be either DI in several modules, but,
it may as well be LI in one damping module. If a property is DI or LI influences
the verifications in at least two ways. First, to verify the “sound damping”
property with MPV one is supported by knowing which modules are a part of the
damping, and how much each module contributes to the total damping. Second, if
the “sound damping” property is DI among too many modules one may choose
not to utilize MPV. For example, it may be too difficult to estimate the complete
properties from MPVs, or too costly to plan and perform verifications for a
specific property on many modules.
Figure 9-16 illustrates a product built up by 6 modules. Module M1 and M3 as
well as M5 and M6 share a property, i.e. the properties are distributed. Module
M2, M3 and M4 have all product unique properties isolated in the module. From
an MPV perspective, this means that to verify a property distributed between M1
and M3, or the one distributed between M5 and M6 it is necessary to perform
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MPV on two modules and then evaluate the total property contribution from the
two modules.

Figure 9-16: Distributed and locally isolated properties and their contribution to the total property.

In the DI case, one may either redesign the module to incorporate more of the
property which is DI; or, verify the two modules together or verify them at
product level (PPV). Ideally, one should strive to have each property LI in one
module since this simplifies the verification. Thus, MPV can be performed on one
module to decide whether or not the specific property is fulfilled.
9.4.2 Managing the transmit and receive between modules

The interfaces in the modular product have to be well considered in MPV, since
this is where the modules interact as well as where the modules in some cases are
assembled to each other. Interface connections can also be looked upon as
“property carriers” where the interface transmits effects due to the module’s
property onto other modules. Also, the modules will receive effects from other
modules’ properties. The interfaces not only transmit and receive properties to
and from other modules, but also to and from the connecting environment. This
is described in Figure 9-17, where:
•

A module transmits and/or receives effects from properties, within the
modular product. The arrows denote transmit and receive. For example
electrical energy in one module is transmitted as kinetic energy to another
module, or a module receives heat from another module.
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•

Transmit and/or receive also takes place to and from the environment. The
environment is the surroundings which affect the modular product. The
environment can be another product, the user of the product or the
environment in which the product should operate. For example, train
carriages on both sides of a train coupler; the machine operator who pushes a
button; or snow, humidity or soil from different weather and land conditions.

Figure 9-17: A modular product which transmits and receives effects from the different modules’ properties
and the environment.

A modularised product with j modules and n interfaces may have several property
carriers which result in a transmit/receive system of properties between all the
modules. In Figure 9-17 interface Im on the detached module Mi transmits (T) and
receives (R) properties to and from interface In-IMi on Mj-1 modules.
Where:
n = maximum number of interfaces (including the environment)
j = maximum number of modules
IMi = all the interfaces on module i
⇔ = transferring and receiving of properties.

To overlook modules which do not have obvious interaction with each other may
result in unwanted transmit/receive of properties not being detected, causing a
defect or disturbance in the overall function. Therefore, this transmit and receive
interaction has to be considered and managed.
The transmit/receive between modules results from the environment, the
modular product, and the modules. Thus, if the total transmit and receive is
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known and incorporated into the MPVs, then the interaction between the
modules is verified as well. Therefore, MPV should verify what the modules are
capable of transmitting and receiving between each other in addition to what the
module itself should perform.
A similar approach has been proposed by [Hubka & Eder, 1988] using the
operand concept instead of environment, transformation process instead of a
modular product and receptors and effectors instead of transmit and receive.
These authors, however, do not apply the approach in the context of modular
products and MPV. Further discussions on the importance of the transmit and
receive between modules has been made by [Mikkola, 2003]. She says that one of
the reasons why Chrysler Jeep had problems with the development of the wipers
was the poor knowledge of how the wiper system would function in the complete
product. Even though the different modules that build up the wiper system were
defined, the interaction between them was not considered enough. For example,
there was a risk that parts could catch fire in the Grand Cherokees, despite the
fact that the module worked as intended in laboratory tests.
9.4.3 Increase the standardisation of interfaces

Standardized work has been known for more than 9 decades as being key to
achieving a qualitative product [Radford, 1917; Taylor, 1911]. The work by [Pahl
& Beitz, 1996] suggests that the interfaces should be reduced, standardized and
simplified. Also, results at Motorola showed that many parts and complex
assemblies increase the number of defective assemblies [Branan, 1991]. Therefore,
a standardised interface is a contributor to a reduced amount of PPV. The
standardisation decreases the variants of MPV and potential defects when verified
modules are assembled into a complete product. Also, by standardising the
interfaces one is able to reduce the amount of different interface elements. This
will lead to a more simplified interface in the end. An interface element is a
fraction of the module’s interaction which really creates the interface. For
example, an element in an attachment interface can be a screw or soldering while a
transfer interface can have gearwheel elements. For automatic assembly, a reduced
and standardised interface means less programming and less change of e.g.
grippers. For manual assembly, a reduced and standardised interface means a
greater proportion of repetition of the same assembly operations and less unique
elements. In the end, the interfaces are of higher quality since there is less that can
go wrong, and the knowledge of the assembly operations will be greater.
To calculate the standardisation value of the interface elements one divides the
number of unique interface elements in the interface by the total number of
interface elements in the interface, see Equation (17). The calculated value range is
from 0 to 1, where 1 is the ideal value.
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Interface standardisation = 1 − interface differentiation =
Equation (17)
number of unique elements
1−
total number of elements

For example, the attachment interface in [Pahl & Beitz, 1996] ,Figure 9-18, with
screw elements has an interface standardisation of 1-(2/8)=1-0.25=0.75. After the
screws and holes are redesigned to the same size, the interface standardisation
value has increased to 1-(1/8)=0.875. Thus, an increase and improvement in
standardisation of approximately 17% has been accomplished.

Figure 9-18: Standardisation of attachment interface with screw elements. The left interface has an
interface standardisation of 0.75 and the right has an interface standardisation value of 0.875.

Even though the value of interface standardisation is positively influenced by
many interface elements, it is still better if the number of unique elements is few.
One can notice that if the number of unique elements is 1 and if the total number
of elements is 1 as well, then Equation (17) is zero. However, since there is no
differentiation between the number of unique elements and the total number of
elements, there is a totally standardised interface. Hence, any quantification of the
interface’s standardisation is redundant. In the cases where the unique interfaces
and the total number of elements are one, the standardisation is set to 1.
9.4.4 Increase the robustness of interfaces

Once the interfaces have been standardised, the next step is to estimate how
robust the interface is against variations in manufacturing and assembly processes.
In order to decrease the number of PPVs one needs to know how much variation
the interfaces can withstand, and still will work as a whole after the modules are
assembled to each other. The more sensitive the interface elements are to
variations the greater the risk is of having defective products due to the interfaces.
Hence, un-robust interfaces will demand more PPV.
In the literature, optimising one product at a time has been focused on. This is not
applicable for a range of product variants built up by the combination of module
variants. For a modular product one has to make the different combinations of
interface interaction robust. The interface interaction is caused by the interface
elements which then need to be robust. To estimate the robustness of the
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interface elements, each interface element parameter, in each module variant,
needs to be compatible with the other module variants and their interface
elements. At the same time, the interface elements need to be robust against noise
from manufacturing and assembly. However, even in a case where there are 15
interacting interface elements with two levels of parameters it will take, according
to the Minitab software, 32 768 runs to conduct a full experiment. On top of
these experiments noise disturbances should be added which further increase the
number of runs. The solution is to narrow down the number of the interface
elements which need to be part of a robust analysis. Not all interface elements
interact with each other, and some are not affected when the modules are
assembled into a complete product. Some examples which do not need to be
verified again through PPV once an MPV is performed can be:
•
•
•
•

A spatial interface – for example holes, flange, extrudes and chamfers. Once
the spatial interface fulfils its measures it is not affected by the final assembly.
Control and communication – for example wireless communications. If the
control units between two modules are tested separately by MPV, any further
tests by PPV are redundant.
Field interfaces – for example magnetism and heat effects. The transmit and
receive effects are known and checked at module level by MPV and should
not need further checks by PPV.
Environment interfaces – the effects from humidity, corrosion, sand, snow or
similar should already be designed into the product and its modules. Thus,
MPV should test these kinds of resistance and further tests at PPV are
redundant.

The interface elements which are difficult to test already at module level are
attachment and transfer interfaces. That is, those interface elements which are
affected by the assembly performance and where the modules are attached to each
other physically. In these situations rivets, soldering, screws, welds and other types
of joining may need further inspections through PPV. However, attachment
interfaces can be inspected concurrently with the final assembly progress and
therefore have a minimal impact on lead-time and cost. The transfer interfaces are
maybe the most difficult interface interactions to verify by MPV. For example, the
resulting pivot effects, moment of inertia, gears and other types of moving objects
can be the result of several modules working together. And, where the property
they should perform is divided among them. Thus, one needs to identify those
interfacing elements which are affected by the final assembly. And foremost, those
interface elements which are attached or transferred to the other module.
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10

THE MPV

METHOD

In this chapter the MPV method is described. The MPV method is built up
by three phases, A, B and C where each phase is built on three steps. Phase
A evaluates candidates for MPV and starts with the concurrent engineering
of properties and technical solutions. The result from phase A is an MPVindex which indicates if the module is a MPV candidate or not. The MPVindex is based foremost on the cost and lead-time related to verifications
and defects. Phase B aims to reduce the amount of PPV. The distribution
of properties and the module’s transmit and receive values are among the
factors used to further investigate the module’s MPV feasibility. Phase C
calculates a new MPV-index based on any supplementary verifications at
PPV. The verification strategy is selected and the complete MPV process is
mapped and documented. The MPV chart is described which is used to
visualize the phases in the method and to link the different phases to each
other.

10.1 METHOD DEVELOPMENT
In the previous chapter, the framework of MPV has been discussed and
described. In order to make this concept useful practically a method has been
developed. The development of a method needs to consider (1) the usefulness
and (2) user simplicity. For example, [Carlsson, 1996] presents 15 studies of the
use of DFMA (Design for Manufacturing and Assembly) in Swedish companies.
The conclusion was that the methods are not utilized to their full potential, which
in turn depends on three reasons: ignorance of the methods, wrong priorities, and
work overload. In addition, [Martins & Aspinwall, 2001] surveyed 19 companies
in the UK on the use of QFD (Quality Function Deployment). The result showed
that the most common problem with QFD implementation was time
consumption, lack of knowledge and managerial support. In fact, out of the 19
companies, six have stopped using the method due to implementation problems.
Also, [Hales, 2003] clearly underlined the problems with poor design at the 2003
ICED conference. He said that even “the simplest and most fundamental design
methods, guidelines, rules and recommendations are still not understood, accepted
or used by many who claim to be competent engineers”. These examples show a
paradox in a method development; which in turn, a method developer needs to
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consider. On the one hand, a method needs to be simple enough to be put into
practice in the way it is intended. Otherwise, the method will not be used at all.
On the other hand, a good method needs to be comprehensive and detailed to
consider all information the practitioner needs in order to benefit from the
method. Thus, the MPV method needs to be balanced between simplicity from
the practitioner perspective and usefulness from a result perspective.

10.2 PHASE A: EVALUATE MPV CANDIDATES – THE MPV INDEX
The first phase in the method, Phase A, evaluates which modules should be
verified through MPV and/or to be considered for further investigations. The
hypothesis is based on the premise that MPV is always the most beneficial
strategy. However, this first phase also identifies the situations and reasons in
which one may change from a PPV strategy to MPV. Furthermore, as a manager
of quality, design or production it is important to clarify and communicate the
reasons for the chosen strategy.
10.2.1 Step A1: Concurrent engineering

Concurrent engineering means that development tasks should be carried out in
parallel instead of a serial line. The benefits from concurrent tasks have been
described in [Andreasen & Hein, 1987] and [Erixon, 1998]. The benefit is
decreased lead-time since each task does not wait until the previous task is
finished. Instead, as soon as enough information is present, the next task starts
and runs concurrently with other tasks. Another benefit is that concurrent
engineering forces each part of the development to work together in crossfunctional teams. This teamwork enhances a close collaboration to provide and
obtain the information needed by the team members. The personnel who are
responsible for verification should be part of the team work from the very
beginning of the development. The results from the concurrent engineering would
provide an early start-up of the verification work.
The information which is needed is gathered concurrently with the development
process in order to obtain a clear picture of what should be verified. Of similar
importance is to provide the development team with possibilities and constraints
in today’s equipment, costs, and personnel. From the concurrent process the
verification personnel should gather the following information:
•

The customer needs. What is important for the customer? What will need
special attention during the verification? What type of branch and segment
does the customer belong to? Are there any customer needs that already at
this point may cause difficulties?
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•
•

•

•

The product’s properties and target values. What properties are needed to
fulfil the customer needs? And, are there any target values already at this stage
which can guide the development of the verifications?
The product’s technical solutions. The technical solutions are the actual
physical parts that build up the product. These technical solutions guide the
verification personnel in choices of verification equipment and the goal values
(the objective evidence of fulfilled properties).
The modules and variants. The modules are the result of the development
process and are therefore important to the verification personnel. From this
step of the concurrent engineering process the module variants are known as
well as what technical solutions each module contains.
Volumes and life cycle. This is needed to estimate the effort needed to verify
the modular product and to calculate any pay-off time on verification
investments.

The gathered information is held by the team assigned to develop or improve the
verification processes. The experience gathered from the case study at DCAB is
that the best results are obtained when one single person is the owner of this
information. No one is allowed to change the prerequisites behind this
information or its contents unless it is approved by, or discussed with, the owner.
The reason for this “ownship” is rather natural since any changes may require new
investments or development effort from the team.
10.2.2 Step A2: Select goal values and verification equipment

In step A2 the equipment and goal values should be selected. This step is however
dependent on the verification strategy, i.e. should the modules be verified through
MPV, PPV or joint station. MPV may require other types of verification
equipment than PPV, and this will affect both the cost and goal value for the
verification. Paradoxically, the cost for the verification needs to be identified
before one can select the verification strategy. Therefore, step A2 and A3 are
strongly interdependent and should be performed iteratively.
The selection of verification equipment is based on:
•

•
•
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Automatic, semi-automatic or manual equipment – the verification may
require higher precision than that possible by a manual workforce. Or, the
ergonomic or safety requirements can only be fulfilled by automatic
verifications.
The annual volumes – the investments and pay-off time are highly dependent
on the volumes of the verifications.
The complexity inherent in the verification – restricted access and the number
of parts to be verified also put demand on the verification equipment.

•

The desired goal values – many types of goal values cannot be achieved by
manual inspection. Also, the goal values may vary to such an extent that
several types of equipment are necessary to cover the range.

There can be situations where no investments are necessary since the verification
equipment already exists. But one needs to generate a clear picture of both the
investments in PPV and MPV so they can be compared. The output from this
step is an investment calculation for the verification equipment.
10.2.3 Step A3: Obtain MPV index and coordinates and document
the work

The evaluations in section 9.2 have been indicators to support a decision whether
to perform MPV or PPV. By summarizing all the values from each equation in
section 9.2 the MPV index is obtained, Table 10-1.
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Table 10-1: The MPV-index per module.
Evaluation

α lead −time =

PPVcos t

α cos t =

M2
0,60

M3
0,65

M4
1,70

1,40

0,28

0,73

0,27

1,85

0,76

1,25

2,10

1,96

0,36

1,23

0,43

0,95

0,54

1,12

0,78

0,95

1,78

1,88

0,99

8.36
1.39
Yes

4.32
0.72
No

6.86
1.14
Yes

6.27
1.05
Yes

MPVcos t

β lead −time =
β cos t =

PPVlead −time
MPVlead −time

M1
1,25

Defect lead − time PPV
Defect lead −time MPV

DefectCost PPV
DefectCost MPV

TSI Mj =

∑ TSV ⋅ N
∑ TSV ⋅ TS
Mj

tot

MVC Mj =

mod ules

Mj

N VMj ⋅ N IMj ⋅ N pMj
N Vtot ⋅ N Itot ⋅ N ptot
N mod ules

Summary
MPV index
MPV candidate

The MPV index is a value larger or smaller than 1 and is used to identify MPV
candidates. The α and β calculations cover the volume and variants of products
during the period in which the verifications strategy is planned to be used. The
MPV-index for each module is calculated with Equation (18):
MPV − index =
Equation (18) α cos t + α lead− time + β cos t + β lead − time + TSI + MVC
6
Where 6 is all the factors influencing the MPV-index.

Thus, the MPV-index is the average of all influencing factors which indicate a
MPV or a PPV candidate. It should be pointed out that each value (α lead-time
and cost, and β lead-time and cost, MVC and TSI) can be an MPV or PPV
indicator alone. The risk one takes by using one value as an MPV indicator is suboptimizing for a specific activity and may thereby overlook the complete contents.

194

The cost and lead-time in Table 10-1 are known measures for companies while
the average technical solution importance in a module (TSI) and the module
verification complexity (MVC) is not. Therefore it is suggested that TSI and MVC
should be assisting values to α and β. This means that the MPV-index could be
based, alone, on the cost and lead-time values of α and β. If the MPV-index is
near 1 (which means that both MPV and PPV are similarly good strategies) then
the values from TSI and MVC should be used as additional values to point out the
most beneficial verification strategy. This is illustrated in Equation (19) where the
TSI and MVC values are treated as additional values:
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MPV− index=
Equation (19) αcost + αlead−time + βcost + βlead−time + TSI + MVC
4
2
To communicate the MPV-index within the company or the team and to illustrate
the verification situation on hand, the use of the values from Table 10-1 and a
diagram is suggested. The y-axis of the diagram is the cost axis where the cost for
verification (αcost) and the cost for defects (βcost) are represented. The x-axis is the
lead-time axis where the lead-time for verification (αlead-time) and the lead-time for
defects (βlead-time) are represented, Figure 10-1. This figure is divided into four
squares which are the cost square, MPV square, lead-time square and PPV square.
Each module’s MPV-index will put them into one of these four squares based on
the coordinates. The coordinates for the y-axis is obtained by adding the αcostvalue to the βcost-value and dividing by 2. That is, the y-coordinate is the mean
value of the verification and defect cost related to the module. The same
calculation is made for the x-coordinate with the lead-time for verification and
defects. For example, the αlead-time value for module M1 is (in Table 10-1) 1.25 and
the βlead-time value is 1.85. This gives module M1 the x-coordinate 1.55,
(1.25+1.85)/2. The y-coordinate is obtained in the same way but for the αcost and
βcost which are 1.68, (1.40+1.96)/2. Module M1 is then positioned in the
verification coordinate diagram in Figure 10-1 which shows that the module is a
clear MPV candidate since it is positioned in the MPV area.
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Figure 10-1: Module coordinate diagram where the modules are positioned according to their MPV index.
Module M1 is a MPV candidate and M2 is a PPV candidate. Module M3 is upgraded from PPV to
MPV (M3’) based on the added coordinates from TSI and MVC. Module M4 is a PPV candidate but
may candidate for MPV due to the time benefits.

As a tool for decision making, the diagram will show the different modules’
position clearly which support the choice for verification strategy. A cost value
above 1 indicates that PPV is more expensive, and a lead-time value above 1
indicates that PPV takes longer to perform. This means that both cost and leadtime values above 1 gives an MPV index above 1 and thus indicates that the
module should benefit from MPV.
The position of module M2 in the verification diagram in Figure 10-1 shows that
it is a clear PPV candidate since both cost and lead-time would increase if MPV
were to be performed. Module M4’s coordinates show that MPV should be
performed to support fast delivery since the lead-time for PPV is longer (xcoordinate 1.80). However, the costs related to MPV are higher than for PPV (ycoordinate 0.35). In this situation the decision to perform MPV can be made if
the company would benefit from fast delivery rather than decreased costs (which
are supported by PPV in M4).
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Module M3 is positioned in a critical area where it may be difficult to decide upon
the verifications strategy for the specific module. The shape of the critical area has
to do with the difficulty to decide on the verification strategy and is illustrated in
Figure 10-1 as elliptical. Thus, if the module’s position is in the PPV area, but near
the MPV area it is easier to decide the verification strategy compared to a situation
where the module’s position is in the cost area, just above 1 and near the MPV
area. However, if the module is positioned in the critical area it is a typical
situation to utilize the TSI and MVC values. This critical area is company specific
in size, but it is suggested that if any of the x or y coordinates is 1±0.1 it is
necessary to use the TSI and MVC values as well. The TSI and MVC values are
added to the already given coordinates for the module by the amount that TSI and
MVC exceed 1, illustrated in Equation (20):
α lead− time + β lead− time TSI + MVC − 2
+
=
2
2
Equation (20)
0,65 + 1, 25 1,12 + 1,88 − 2
=
+
= 1,45
2
2
M 3 new − x =

The subtraction of 2 is made from the TSI and MVC value in Equation (20) to
start from a neutral value. That is, if TSI and MVC are above 2, then this will
move the module towards the MPV area. Conversely, if the TSI and MVC is
below two then this will move the module towards the PPV area. The same
calculation as in Equation (20) is made for the new y-coordinate for M3 which
gives the coordinate 1.48. The added values from TSI and MVC to the already
given coordinates will move the module towards the MPV area or the PPV area
depending on how much TSI and MVC exceeds 1. In the example in Equation
(20) and Figure 10-1 the added values from TSI and MVC moved module M3
from the critical area to a clear MPV candidate. However, if the added value is
negative, the module would be moved towards the lower left corner in Figure
10-1 and a clear PPV candidate would be identified.
Each of the three phases in the method is documented for two purposes; to allow
reflection on the work and to reduce future rework. Phase A is documented with
similar principles to those of QFD and MFD. That is, a direct mapping and
ranked relation. The intention is to make the relation between the performed steps
easily presented and communicated. Figure 10-2 shows how the different steps are
related. Step A1 obtained the modules, properties and technical solutions
concurrently with the development process. The internal ranking and relation
between modules and technical solutions are made according to a graded scale – 1
for weak relation, 3 for some relation, and 9 for a strong relation. Matrices such as
Figure 10-2 and weighted relations have successfully been used in numerous
methods such as QFD described in [Mizuno & Akao, 1994] and [Sullivan, 1986];
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MFD described in [Erixon, 1998]; and concept selection in [Pugh, 1991] and
[Ulrich, K. T. & Eppinger, 2000].

Figure 10-2: Phase 1 and step A1-A3 applied to a coffee brewer.

Even though one may criticize weighted relations of being subjective, it is a
support when structuring and relating interdependent components during
development. Step A2 shows the equipment to be used for the verifications as
well as the goal values. A3 is the result from the MPV-index calculation and the
relation between the development process in A1 and the verification equipment in
A2. The candidate strategy, e.g. MPV, is entered into the matrix as a link between
the technical solutions and the equipment.
Step A1, A2 and A3 may require several iterations since the steps are interrelated.
For example, Figure 9-15 shows a verification strategy for four modules with 15
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variants and the total number of verifications per module and level. This supports
the investments which can be put into the verification activities. If many modules
of the same variant are verified, then more can be invested in equipment and
personnel. However, since verification equipment is selected before the
verification strategy is set, iterations are necessary to make the right decisions.
The output from phase 1 is MPV and PPV candidates and the relation to the
technical solutions, properties and modules. This is supported by time and cost
analyses and personnel who own the right to make any changes.

10.3 PHASE B: REDUCE PPV
To verify through MPV brings, among other things, the benefit of detecting
defects at an early point and thereby delimiting the cost and time for repair.
However an even greater benefit is to be able to reduce the amount of PPV. This
means that both the module and verification should be designed to decrease the
amount of PPV. The reduction means that one is able to achieve the properties
from MPV which in turn are related to:
•
•
•
•

the distribution of properties between modules
the transmit and receive between modules
the interface standardization
the robustness of the interfaces

These points are the foundation for the following three steps which build up
Phase B of the MPV method.
10.3.1 Step B1: Identify the distribution of properties

A property should be locally isolated (LI) into one module only – in the ideal case.
Or, properties can be distributed (DI) among two or more modules. The
complete description of DI and LI has already been made in section 9.4.1 but
requires some kind of documentation. When all modules are verified, which share
that specific property, one also needs to verify that the distributed property is
fulfilled. Since goal values for each module should be developed according to step
A2, a simple measure is needed to explain that the property is distributed or
shared with one or several modules. For example, if module 1 has its property
distributed to two other modules, then that property is verified to ⅓ once module
1 is verified. Hence, the property is DI into three modules. This way of measuring
the property distribution should be incorporated into the verification so that one
can (1) consider the distribution when deciding the amount of PPV and (2) add all
DI properties together to evaluate the fulfilled properties.
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10.3.2 Step B2: Identify the T and R between modules

If PPV is used as the verification method then one does not need to consider
more than the final product verifications. At PPV defects on part level, module
level or the modules’ compatibility with other modules can be detected since the
interaction between modules comes into play; given that the verifications are
performed correctly. If MPV is used as the verification method then it is not
enough just to consider each module’s specific contribution to the overall
product. For example, that a module’s damping property is fulfilled. One also
needs to verify that the module withstands negative effects from other modules
which the module receives and becomes affected by. Also, one needs to verify
that the module’s transmitting to other modules does not cause any negative
effects that the receiving module is not designed for; or any transmitting which is
not meant to exist. Furthermore, transmitting and receiving which should exist,
i.e. positive effects as a part of the module’s property, need to be verified as well.
According to the work by [Reinertsen, 1997] one can start by describing what the
worst and best thing a module can do to other modules. This worst and best
interaction is described as the transmit and receive, and needs to be mapped and
incorporated into the actual verification when performing MPVs. Thus, the goal
values set in step A2 need to incorporate the transmit and receive.
One way to map the transmit and receive is to use matrices and weighted relations
between the modules’ interactions. For example, Figure 10-3 shows a transmit and
receive matrix (T-R matrix) of four modules in a coffee brewer. First, the
transmitter modules are mapped according to their relations to the properties,
which are already made in step A1. Once again, a 1, 3 or 9 relation is used.
Secondly, the transmitter modules are mapped according their interaction with the
receiver modules. Figure 10-3 shows the transmitting from the heating module to
the chassis, carafe and brewing module.
The transmit can be of both wanted and unwanted interaction, and a minus and
plus transmit can occur. The chassis module and brewing module receive a -9
transmitting from the heating module. In this example, this strong negative
interaction is due to the plastic material in the chassis and brewer module which is
affected by the transmitted heat from the heating module.
The heating module has a strong relation with the property brewing temperature.
The brewing temperature has the property number 2 and is marked in Figure
10-3. Number 2 is also marked to the left of the heating module, where PP is the
acronym for product property. Finally, the -9 interaction with the chassis module
is also marked. The -9 is placed at the same position as the property 2 which
means that it is the property 2 that caused the -9 interaction between the heating
module and chassis module.
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Figure 10-3: Transmit and receive matrix (T-R matrix) between coffee brewer modules.

The same interaction analysis is made between all modules and introduced into
the T-R matrix. The result from completing the transmit and receive between
modules is that a clear picture is obtained of how modules affect each other. This
in turn is additional information for the verification of the modules. For example,
the interface between the heating module and chassis is of special importance and
should be tested. Each module’s total contribution to the other modules is also
obtained, which in turn can be used for design and verification improvement to
minimize the negative interaction.
The transmit and receive relation should be incorporated into the verifications,
but the negative interaction should be reduced as much as possible. Therefore
Table 10-2 should be used as a guide to first of all reduce the interactions achieved
from the T-R matrix in Figure 10-3.
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Table 10-2: The effect of the transmit and receive between modules.
Score Effect of the interaction
9High severity – affects the operators
safety and/or will cause the product to
malfunction
3Medium severity - will have effects
which decrease the life-time and/or the
trustworthiness in the product
1Minor severity - may cause minor
negative interactions, but will not
interfere with the modularity intentions
nor the product’s properties
1+
Some positive interaction – has a minor
positive influence on how the modules
interact

3+

9+

Measure
Redesign and reanalyze the interface

Redesign if it is financially justified,
and reanalyze. Or, check the
interface and increase the robustness
Document and check; and reduce
the minor severity in the next
variant or product generation

If this is a deliberately designed
effect; check and/or increase the
effect. If it is a positive by-product
try to utilize it, or keep the status
quo
Medium positive interaction – will
If this is a deliberately designed
enhance the properties and influence the effect; check and/or increase the
customer in a positive way
effect. If it is a positive by-product
try to utilize it, or keep the status
quo
Strong positive interaction - will
Keep the status quo and check the
increase the properties and how the
interaction
customer will interpret the product

10.3.3 Step B3: Analyze the interfaces and document the work

To analyze the standardization of the interfaces Equation (17) is used to calculate
how many unique interface elements the interface in built up of. This step will
result in a number between 0 and 1, where 1 is the optimal standardization value.
To analyze the robustness of the interface a matrix is used in order to identify the
type of interface element that interact. A similar approach is used in [Erixon,
1998] to analyze the interaction at module level. Figure 10-4 shows the interface
element analysis of a modular product with six modules. The interface type is
marked with a capital which denotes the interface types (Attachment, Control and
communication, Environment, Field, Spatial, and Transfer). Based on interaction
and interface types, the interface elements which need further analysis are
obtained.
The interface elements which require further analysis can either be subject to
robust design experiments or a more qualitative analysis. In robust design the next
step is then to identify noise disturbances and then run the experiment. A
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qualitative analysis means to observe the interactions and to identify any risks by
not verifying through PPV.

Figure 10-4: Interface element analysis.

However, if the interfaces do not interact physically, then the final assembly may
not affect the interface elements. And, in the case of physical assembly, the
subsequent PPV can be performed by inspection or control which focuses only
on the physical interface. The output from Phase B is a set of data which will
serve as grounds for Phase C where the final strategy is selected. For this reason a
PPV analysis is made, Table 10-3, which summarizes step B1-B3. In the table one
module at a time is assessed.
First, the modules interaction with other modules is documented as well as the
interface type and element. This information is obtained from the T-R matrix and
the interface element analysis. The interface element and transmit and receive
values are documented in a plus and minus column. The standardization value is
marked and the robust analysis either fulfilled or not.
Finally, in Table 10-3, it is documented whether the goal values can be attained
with the equipment selected in step A2. Based on if the interface element is
verifiable or not, it can be necessary with PPV as a supplement.

204

Table 10-3: MPV feasibility – summary of step B1-B3.
PPV analysis: Module 1
Interacting module
Interface type
Interface element
T-value +/R-value +/Standardization
Robust
Verifiable goal values
PPV supplement

M1-M2
Attachment
Screw
-9/0
-3/+6
0.5
Yes
Yes
No

M1-M3
Transfer
Shaft
0/+9
0/0
1
Yes
No
Yes

10.4 PHASE C: SELECT VERIFICATION STRATEGY
10.4.1 Step C-1: Evaluate remaining PPVs

Phase C selects the final verification strategy based on Phase A and B. The first
thing to be done is to evaluate the remaining PPVs to be performed as a
supplement to the MPVs. The remaining verifications need both time and
equipment which is added to the equations for the MPV index in step A3. Thus,
the MPV-index for each module will change depending on the amount of
supplementary verifications at product level. This change will add additional time
and cost in the denominators shown in Equation (21) to Equation (24):
Equation (21) α lead − time =

Equation (22) α cos t =

MPVlead − time + PPVlead − time
suppl

PPVcos t
suppl

MPVcos t + PPVcost

Equation (23) β lead − time =

Equation (24) β cos t =

PPVlead − time

Defect lead − time PPV
Defect lead − time MPV + Defect suppl
lead − time PPV

Defect Cost PPV
Defect Cost MPV + Defect suppl
cost PPV

The MPV index for each module will then change from the candidate values in
Table 10-1 to the values in Table 10-4. Note that the values for M2 are unchanged
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since the module candidate evaluation in Phase A showed that M2 where not a
candidate for MPV (see Table 10-1).
Table 10-4: MPV index and feasibility based on complementary PPV verifications.
Evaluation
αtime
αcost
βtime
βcost
TSI
MVC
Summary
MPV index
MPV feasible

M1
1,10
1,20
1,50
1,40
Not used
Not used
5,20
1,30
Yes

M2
0,60
0,28
0,76
0,36
Not used
Not used
2,00
0,50
No

M3
0,60
0,50
1,05
0,90
1,12
1,88
6,05
1,01
Yes

M4
1,20
0,20
1,40
0,30
Not used
Not used
3,10
0,78
No

10.4.2 Step C-2: Select verification strategy

A new diagram can be made which updates the first where the MPV candidates
were selected shown in step A3 and Figure 10-1. The axis values for the new
diagram are shown in Table 10-5:

Table 10-5: Axis values for the old and the new supplementary verifications.
Axis value
X-axis α-value
Y-axis β-value

M1
coordinates
1,55
1,68

X-axis α-value supplementary 1,30
Y-axis β-value supplementary 1,30

M2
coordinates
0,68
0,32

M3
coordinates
1,45
1,48

M4
Coordinates
1,90
0,35

0,68
0,32

1,33
1,20

1,30
0,25

These axis values are calculated as shown in Equation (19) and Equation (20). The
new coordinates can now be compared to the old candidates as shown in Figure
10-5. The new module coordinates, shown as “suppl”, have new positions except
for M2 which already is a PPV module. The old modules, marked as triangles,
have better positions since no supplementary verification time and cost was added
to their coordinates.
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Figure 10-5: The old and new module coordinates.

Figure 10-5 is at this point based on a comprehensive background which includes:
•
•
•
•
•
•
•
•

The concurrent development of the product and process (from step A1)
The verification equipment and goal values (from step A2)
The verification complexity and each module’s importance (from step A3)
The verification time and cost (from step A3)
The defect’s time and cost (from step A3)
The distribution of properties and T and R values (from step B1 and B2)
The standardization and robustness of the interfaces (from step B3)
The cost and time from supplementary verifications through PPV (from step
C1)

Based on this background the final strategy can be selected. M1 and M3 will be
verified through MPV with supplementary verifications through PPV. M2 was
already a PPV module at step A3. M4 will be verified at MPV due to the cost
benefits. However, as seen from the module coordinate it takes more than double
the time to perform MPV. As with all modules in this example, M4 will have
supplementary verifications through PPV. These PPVs should be minimized and
aimed at those activities which may cause a change in the interfaces during final
assembly.
10.4.3 Step C-3: Map and document the complete process

Visual aids and graphical representations have been shown to be practical both as
an engineering tool and as a management support. For example, the screening
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matrix in [Pugh, 1991], scoring matrix in [Ulrich, K T & Eppinger, 2004],
functional decomposition in [Pahl & Beitz, 1996; Svendsen & Hansen, 1993],
Modular Function Deployment in [Erixon, 1998], and QFD in [Mizuno & Akao,
1994]. Since the MPV method is built on three main phases and nine steps, a
chart called the MPV chart has been developed to combine these steps into a
whole, see Figure 10-6. The benefit of the chart is that the complete process is
visualized and will act as a tool for communication between the concerned
personnel. Since all steps (except the detailed calculations) are linked together, the
activities can stay focused on verifying what should be verified and avoid
redundant verifications as well as forgetting important tasks. And, with the already
documented steps from Phase A and B, the MPV chart makes the documentation
process complete.

Figure 10-6: The MPV chart (principle illustration).
At Toyota, this type of visualisation is common and encouraged. They use one
side of an A3 paper to visualise and describe problem solving and decision
making, [Liker & Meier, 2006]. By reporting on A3 paper, only the necessary
information will fit and can easily be shared with the rest of the concerned
personnel to obtain consensus over the reported phenomena.
The left hand side of the MPV chart connects and visualizes the modules, the
transmit and receive values and the interface elements, Figure 10-7. The
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interaction between the modules becomes clear as well as which elements interact.
As a result of the transmit and receive values, modules which cause a lot of
transmitting or that need to withstand a lot of receiving get special attention. For
example, the interaction can be incitement for redesign of the interaction or to use
other type of equipment.

Figure 10-7: Coffee brewer modules with transmit and receive values, and interface elements.

The middle part of the MPV chart was part of the documentation of Phase A. At
this point when all steps are completed the middle part, Figure 10-8, ties together
the verification strategy on the right hand side with the module interactions on the
left hand side. The middle part also shows the relation between the properties and
technical solutions; both of which are essential to stay focused on the customer
needs.
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Figure 10-8: The relation between modules, properties and technical solutions.

The right hand side of the MPV chart, Figure 10-9, is the strategic link between
the technical solutions and the equipment which is used to obtain the goal values
(the objective evidence of fulfilled properties). This will visualize the chosen
strategy and its relation to all the other parts of the MPV chart.
Another important aspect which also has become clear during the work is the
need for communication between the design departments and the operative
personnel who perform the verifications in the daily production. Communication
problems have been evident for several decades and are discussed in both
[Boothroyd et al., 2002] and [Oakland, 1993]. One way to reduce the problem is
to introduce cross-functional teamwork where everybody can tune into the same
goal, and share problems and ideas. The MPV method and the chart bring
together the design aspects of the verification with the operative strategy, selection
of equipment and goal values. Thus the concerned personnel have the same chart
and will know the consequences of any changes in any of the steps.
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Figure 10-9: Verification strategy matrix.

Finally, to complete the method and to map the process, responsibilities are
assigned to key personnel. This is to make sure that no changes or decisions are
made which may ruin the verification strategy. For example, changes made to the
interface may cause new interactions and transmit and receive values which
require new types of verification equipment. Or, new quality objectives and goal
values are necessary which may require new activities in the verifications.
The key people are those that have a complete overview of their working area and
have a mandate to affect decisions. These key people are from the design, quality
and verification area. Most importantly, the key people report to a verification
manager, see Figure 10-10. This manager is the MPV chart owner and should be
in a position to make go-no-go decisions. Anytime changes are necessary which
may affect the verification strategy, the change proposal should be peer reviewed
by the verification manager or any other person with authorisation to give a gono-go decision. In this way hasty and gut feeling changes can be stopped in time if
necessary. The verification manager updates the MPV chart and keeps control of
changes in the different steps in the method. The MPV chart is available with
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version numbers in a company’s ERP system or any other database. The operative
personnel can then use the chart and the underlying steps whenever it is
necessary.

Figure 10-10: Key people and verifications manager.
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11

MPV

IN INDUSTRY

The MPV method is put into practical use at DCAB in order to evaluate its
potential and limitations. The three phases are applied at the mechanical
coupler head module of the train coupler. The results from the three phases
indicate a great potential in cost and time savings by applying MPV. The
MPV method is a support in analysing if the module as an MPV candidate
and if the module is feasible for MPV. As a result, the final strategy for the
mechanical coupler head can be selected. The result from the steps suggests
the module should be verified by MPV at module level. Supplementary
verifications are necessary through inspection of a transfer and attachment
interface between the analysed module and two other modules.

11.1 MPV AT DELLNER COUPLER AB
This chapter describes the MPV method in general applied to the train couplers at
DCAB. Due to confidentiality, detailed description of costs, defect statistics or
technical solutions cannot be made. The chapter is based on real cases as well as
examples based on the 4.5 years of experience assimilated at DCAB.
11.1.1 Phase A: Evaluate MPV candidates

The mechanical coupler head is called module 1 (M1) and is the most complex
module on the train couplers, Figure 11-1. The complexity is measured in the
number of parts and the function of the M1. It is also the most important module
since it enables the actual coupling of two train sets.
The complexity has made M1 the module with the highest defect probability of all
the modules. This module was selected based on the Pareto principle for further
analysis according to the steps in the MPV method.
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Figure 11-1: Mechanical coupler head (side view).
Step A1: Concurrent engineering

The customer needs, product properties, technical solutions and modules have
already been identified and developed during the years of train module
development. In total, the following were identified and developed:
•
•
•
•

81 customer demands
39 product properties
96 technical solutions
14 modules

An important module driver for M1 was “carry over”39 which means that any
investments in verification equipment will not be unnecessary. M1 will be
developed in 5 main variants to fit the different application areas (Light Rail
Vehicles, Main line and Metro).
Step A2: Select goal values and verification equipment

M1 is located in the front and rear of a train set. Each M1 will be coupled to
another M1 on another train set. The M1’s main function is to provide manual or
automatic coupling and transfer forces and torque between the centre section
module (buffer and damping) to the mechanical coupler of the opposite mating
coupler. The verification equipment’s life span was based on a two year pay-off
period. During these two years, approximately 4 000 M1s will be verified. Some of
the requirements which need to be verified are shown below. Note that the
numbers do not refer to a hierarchical order.

39
This is a part of a product, or a sub-system of a product that can be reused. This means that it may be carried
over from an earlier generation of a product to a new one or from one product family to another. For further
description see [Erixon, 1998].
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1. A pointer for visual inspection shall clearly indicate if the mechanical coupler
is within the fully locked position. (goal value is fully indicated when locked)
2. A mechanism with a handle shall provide for manual uncoupling (goal value is
fully uncoupled with a certain force in Nm)
The gathering range for automatic couplers in general is used to describe the
ability of the coupler to couple mechanically without manual assistance when the
couplers are displaced. This displacement can be of the following types and needs
to be verified:
3. Displacement in height and from side to side. The gathering range in y-z
plane for Latch type 330 (L330) without a guiding horn shall in accordance
with Figure 11-2. (goal values in mm of displacement)
4. Horizontal angle. Coupling in curves or incorrect cantering of couplers. (goal
values in degrees)
5. Vertical angle. Coupling on a track with a vertical radius or incorrect vertical
support of the couplers. (goal values in degrees)
6. Horizontal twist. Coupling on a track with twist or incorrect guiding of the
coupler heads. (goal values in degrees)

Figure 11-2: Gathering range in y-z plane (front view of M1 and L330 variant).

Verifications 1 and 2 require manual force and eyes while verifications 3 to 6
require a mating M1. All verifications are today performed by PPV at pre-delivery.
The couplers are attached to the pre-delivery fixture and verification of M1 is
performed by coupling two mating couplers from the same batch, Figure 11-3.
Thus, equipment for PPV is already available. As mentioned in chapter 7.2.8
module assembly stations are implemented. The M1 module is assembled in one
of these new stations. In order to perform verifications at M1 a fixture is needed
to perform verification points 3 to 6 (mentioned above).
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Figure 11-3: Coupling and uncoupling verification-setup.
Step A3: Obtain MPV index and coordinates and document the work

The lead-time in verifying the M1 by PPV is approximately 10 minutes of testing
time, 15 minutes of set-up time (which include the use of an overhead to move
the train coupler to and from the test equipment) and a buffer time. This buffer
time is the time between the final assembly until the personnel start to set-up the
coupler for verification. The buffer time ranges from 1 hour to several days. An
approximation is that the average buffer time is 8 hours. Thus, the total
verification time by PPV on M1 is 8 hours and 25 minutes.
The time to perform MPV on M1 is estimated to be 10 minutes. No set-up or
buffer time is necessary since the module is verified at the assembly station. The
time to plan and document the verifications does not differ between MPV and
PPV. The αlead-time is therefore as shown in Equation (25):
Equation (25) α lead −time =

PPVlead −time
MPVlead −time

=

505
10

=

505
10

= 50.5

The αlead-time value shows that it takes 50.5 times longer to verify by PPV then
MPV. The ratio is very high which for the most part relates to the buffer time.
However, the lead-time in verification on product level is the time that would
disappear if the coupler could be transported directly to the packaging and
shipping area. Note however, that in this first phase, Phase A, candidates for MPV
are being evaluated. After Phase C, the total benefit from MPV compared to PPV
can be evaluated.
The cost to perform the verifications was tied only to personnel and verification
equipment. The cost to plan and document the verifications was estimated to be
the same for both MPV and PPV. The overhead crane for the PPV set-up was
also used in other activities; the maintenance cost was therefore not estimated.
Furthermore, the cost to store the coupler in buffers for 8 hours was not
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calculated. The equipment costs for PPV are zero as the budgeted write-off period
has expired. A new fixture to perform MPV needed to be designed and
manufactured. The designers estimated that it would take at least one month to
complete the design of the fixture. The design time equals 160 hours multiplied by
the hourly salary rate of 600 SEK. The manufacturing and material costs are
estimated to 30 000 SEK. In total, the MPV fixture for M1 will cost
approximately 126 000 SEK. Given the 4000 M1s to be verified, the equipment
cost is 31.5 SEK per verification at MPV. Equation (26) shows the verification
cost ratio, αcost, between PPV and MPV:
Equation (26) α cost =

PPVcost
( 25 / 60 ) ⋅ 600
250.0
=
=
≈ 1.9
MPVcost (10 / 60 ) ⋅ 600 + 31.5 131.5

The αcost ratio shows that it is possible to save 90% of the verification costs if
MPV is performed instead of PPV. This is even though no equipment costs and
buffer costs are added to the PPV. The repair time for defects detected on M1
depends on the defect rate, the type of defect and the actual repair time itself. The
defect rate and type will most probably be the same on module and product level.
However, the actual repair time differs. There are three types of defects which
occur most often and are the major contributor to time consumption and costs
caused by any defects. Since the coupler needs to wait an average of 8 hours
before any verification is carried out, the feedback time is at least as long as the
verification time, i.e. at least 8 hours. During this 8 hour period, several defects of
the same type can be made. Also one of the most frequent defects cannot be
repaired without disassembling the coupler. When this defect is detected (a part
defect caused by a supplier, but not detected until pre-delivery tests) the electrical
coupling module needs to be disassembled from M1 in order to reach the
defective part. This takes approximately 2 hours each time. It is estimated that the
repair of any defects at module level can be made in a third of the time compared
to product level; and the feedback time would take 30 minutes instead of 8 hours.
As shown in Equation (27), each time a defect occurs it takes 19 times longer to
repair the defect and provide feedback to the defect origin:
Equation (27) βLead − time =

Defect time PPV 3 8
= +
= 19
Defect time MPV 1 0,5

Again, this high ratio depends on the buffer time between final assembly and the
pre-delivery verifications where the defects are detected. However, the benefits of
performing MPV are clear.
The repair costs are the hourly personnel costs. At MPV repair tools are available
at the M1 assembly stations; whereas at PPV repair tools are brought in from the
assembly stations (a reason for the longer repair times i.e. finding the right tools).
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Hence, any costs for repair equipment are not part of the βcost calculation.
Equation (28) shows that the defect costs at the PPV strategy are 3 times the cost
of defects repair at module level:
Equation (28) β cost =

Defect Cost PPV
Defect Cost MPV

=

3 ⋅ 600 ⋅ P(defect)
=3
600 ⋅ P( defect )

At this point the MPV index can be calculated, shown in Table 11-1. The TSI and
the MVC values were not calculated for this module. As mentioned in the
beginning of this chapter, the module is complex as well as being the most
important module. Hence, the TSI and MVC values would be in favour of MPV
and add to the evidence for a MPV strategy for M1. As can be seen from the
table, this candidate evaluation indicates that there is a lot to gain from performing
MPV at M1:
Table 11-1: The MPV index for the mechanical coupler head, M1.
Evaluation
αlead-time
αcost
βlead-time
βcost
Summary
MPV index (summary/4)
MPV candidate

M1
50.5
1.9
19
3
74.4
18.6
Yes

The results from phase A are illustrated in the module coordinate diagram in
Figure 11-4. The diagram shows that there are major time benefits from an MPV
strategy and that it is possible to decrease the cost by almost 2.5 times.
3

M1; 34,75; 2,45

αβ cost

2,5
2
1,5
1
0,5
0
20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
αβ time

Figure 11-4: Module coordinate diagram for M1 at Phase A.
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11.1.2 Phase B: Reduce PPV
Step B1: Identify the distribution of properties

The mechanical coupler head does not share any properties with any other
module. From an MPV point of view this is beneficial since a verification of M1 is
enough to evaluate the properties. Thus DI and LI values are zero.
Step B2: Identify the T and R values

The transmit and receive between M1 and the other modules was identified by
mapping the T and R interaction between the different modules shown in Figure
11-5. The M1 module interacts with seven other modules where one of these
modules is the mating module on the other train set. This module is the same as
M1 and with the same type of interfaces.

Figure 11-5: The transmit and receive interaction between M1 and the six interacting modules.

The results from the identification of the transmit and receive showed that the
module’s socket joint, centre section and the mating M1 causes the interactions.
In Figure 11-6 the M1 module transmits positive interactions to the mating M1,
and receives negative interactions from the module’s socket joint and centre
section; it receives positive interaction from the mating module M1. The positive
9 interaction between M1 and the mating M1 is caused by M1’s property to
provide mechanical coupling. This is a necessary interaction where the two
modules are linked together during the coupling of two train sets. The positive 9
interaction means one should retain the status and check the interaction, as
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described in Table 10-2. The negative interaction from the socket joint is -3 and is
caused by the property attach modules and the stress force acting upon the socket
joint; which is transmitted onto the rear of the M1. A -3 interaction is also
transmitted from the centre section onto the M1. This interaction is caused by the
property axial damping which is transmitted into the rear of the M1.
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Figure 11-6: Transmit and receive matrix for evaluating the M1 module.

Also, the mating M1 transmits a positive 9 interaction to M1, just as M1 is
transmitting to the mating M1. The negative transmitter score should either be
reduced or removed completely by changes in the design. Or, as in this case, by
incorporating the interaction as a part of the verification; and, according to Table
10-2, by making sure that the interaction is robust and cannot change to become
even more severe.
The total receiving and transmitting score for each module is summarised in each
column. Thereby each module’s transmit and receive contribution to the other
modules is visualised and can be acted upon.
Step B3: Analyze the interface and document the work

As said in section 9.4.3, for manual assembly, as is the case at DCAB, a reduced
and standardized interface means a greater proportion of repetition of the same
assembly operations and less unique elements. In the end, the interfaces are of
higher quality since there are fewer things which can go wrong and the knowledge
of the assembly operations will be higher. The result is that one achieves a final
assembly with fewer defects.
The standardization for each interface is calculated using Equation (17). The
values for the unique number of interface elements and the total number of
elements were calculated on the coupler and are given below:
•
•
•
•
•
•
•

Centre Section: Attached through the socket joint
MRP Valve: 1-(1/2)=0.50
BP Valve: 1-(1/2)=0.50
UC Valve: 1-(2/3)=0.33
Electrical Coupler: 1-(2/12)=0.83
Coupler Control: 1-(2/9)=0.78
Socket Joints: 1-(1/4)=0.75

The interface elements and interactions of M1 were analysed and mapped in the
matrix in Figure 11-7.
The spatial interface between M1 and the centre section, and between M1 and the
mating M1 is not affected by the final assembly. These spatial interfaces are the
cone measure of the guide cone and cone funnel which should match the mating
M1’s measures, Figure 11-8. The spatial interface between the centre section and
M1 is the mating area of the rear of M1 and the front of the centre section. These
spatial interfaces can be verified at module level. There is an interface between the
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coupling control and M1 which consists of thread elements on the M1 and steel
pipes and nuts elements on the coupling control. Also, compressed air is
transferred from the steel pipes onto the M1. This interface is affected by the final
assembly.

Figure 11-7: Interface element analysis of M1.

The attachment interfaces between M1 and the electrical coupler, BP valve, MRP
valve, coupling indicator, UC valve, and socket joint are all screw and nut
interfaces. These are all affected by the skill of the assembler, the assembly tools
and the assembly descriptions at final assembly. These interface elements need
special attention at final assembly. The attachments between M1 and the other
modules were analysed directly at the coupler as in Figure 11-8, and through
assembly instructions and by reviewing the assembly defect statistics. Based on the
analysis, the attachments with the electric coupler and coupling control are not
considered to be robust.
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Figure 11-8: M1 and attached modules, and interfaces towards mating M1.

The steps in Phase B are summarised in Table 11-2; where M2 is the BP valve, M3
is the MRP valve, M4 is the socket joint, M5 is the electric coupler, M6 is the
centre section and M7 is the coupling control.
Table 11-2: PPV analysis of M1 and interacting modules.
PPV analysis: Module 1
Interfacing
modules
Interface type
Interface element
T-value +/R-value +/Standardization
Robust
Verifiable
PPV supplement

M1M2
A
Screw

M1M3
A
Screw

M1M4
A
Screw

M1M5
A
Screw

M1M6
S
Surfac
e
0/0
0/0
0/0
0/0
0/0
0/0
0/0
-3/0
0/0
-3/0
(1/2)= (1/2)= (1/4)= (2/12)= NA
0.5
0.5
0.75
0.83
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
Yes
No

M1M7
A, T
Screw,
air
0/0
0/0
(2/9)=
0.78
No
No
Yes

M1M1
A, S
Link,
surface
+9/0
0/0
NA
Yes
Yes
No

The interface between M1 and M2 is an attachment interface which consists of
screws. There is no transmit or receive between these modules which simplifies
the verification both of M1 itself but also of the complete product. The
standardization value of the screws is ½ which indicates that there are only two
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screws and they are of the same sort. The attachment of M2 at M1 is considered
robust and the holes on M1 and the threads on M2 are verifiable. Based on Table
11-2, the interface between M1 and M2 does not need to be verified through
PPV. The same reasoning is made on the interfaces between all modules and lays
the foundation for the final Phase C.
11.1.3 Phase C: Select verification strategy
Step C1: Evaluate remaining PPVs

The result from Phase B shows that the screw attachment between M1 and M5
and the screw and air attachment between M1 and M7 should be verified through
PPV, and at DCAB this is final assembly. The screw attachment verification is
incorporated into the final assembly as part of the PPV. This is made by an
inspection instruction where each screw is colour marked with a felt pen after it
has been correctly attached. The attachment of the pneumatic pipes in the M1-M7
interface needs to be verified as well. If MPV should be used on M7, then the
verification of the M1-M7 interface should be an indication of correctly tightened
pipes and screws, e.g. felt pen or red paste as used today on other assemblies. If
PPV is appropriate for M7, then M7 is verified once attached to M1 at final
assembly. However, any verifications of M1 except for the M1-M5 and M1-M7
interfaces are considered redundant at this point.
The inspection of the screw attachments according to an instruction and with a
felt pen as equipment would take no more than five minutes. This time is based
on colour markings which are already made today on certain assemblies. The cost
for the pen is minimal and so is disregarded in this example. Also, at this point in
the assembly line no defects should occur since M1 and the other interacting
modules should already have be verified i.e. defect free. The only time consuming
tasks at this point would possibly be difficulties in the actual attachment
operations of the modules. However if the modules are correctly verified by MPV
then even the threads, holes and other features should be defect free. Thus, the
only difference from Phase A regarding the MPV candidates would be the extra
time and cost of the inspections at PPV. This time and cost are added to αlead-time
and αcost according to Equation (29) and Equation (30):
Equation (29) α lead −time =

PPVlead −time
MPVlead −time +

sup pl
PPVlead − time

=

505
≈ 33.7
10 + 5
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α cost =
Equation (30)

PPVcost
MPVcost + PPVcos t

sup pl

=

( 25 / 60 ) ⋅ 600
250.0
≈
≈ 1.4
(10 / 60 ) ⋅ 600 + 31.5 + (1 / 12 ) ⋅ 600 181.5

The supplementary time value in Equation (29) is the extra five minutes in
verification time caused by the PPV inspection. The extra cost is the salary for
these five minutes which is 1/12 of an hour times the hourly rate of 600 SEK.
The results from Step C1 and Equation (29) and Equation (30) are entered in the
evaluation table created in step A3, and a new MPV index is calculated, see Table
11-3. This time the MPV index is 14.3.
Table 11-3: Evaluation table for M1.
Evaluation
αlead-time
αcost
βlead-time
βcost
Summary
MPV index (summary/4)
MPV feasible

M1
33,7
1,4
19
3
57,1
14,3
Yes

Step C2: Select verification strategy

The new coordinates are calculated and entered in the module coordinate
diagram, Figure 11-9. The M1 supplementary coordinates show a decrease in both
cost and time benefits compared to the first M1 coordinates from Phase A.
However, there is a major advantage in performing MPV at M1 and that is with
regard to the lead-time.
From Phase A, the time and costs to carry out the verifications and to repair any
defects have been considered. The new fixture for MPV on M1 has been
incorporated in the cost calculations, and also the personnel salaries. Phase B has
considered how the properties are distributed among the modules. M1 does not
share properties with any other modules. Thus, the properties are locally isolated
to M1. This simplifies the verification of the module, and the evaluation of M1’s
contribution to the complete product.
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Figure 11-9: Module coordinate diagram with M1 and M1 supplementary coordinates.

Phase B also treated the transmit and receive between M1 and the other six
interaction modules and the mating M1 module on the other train set. The
transmit from other modules to M1 was relatively weak (-3 from two modules)
and does not affect the way the verifications should be carried out. If there had
been several -9 interactions it would be more difficult to evaluate how the
complete product would behave and if the product properties have been met.
Each of the interfaces has also been evaluated down to detail level. The spatial
and transfer interfaces as well as several attachment interfaces can be verified by
MPV. Only a five minute inspection through PPV is necessary to complete the
whole verification of M1 and its interfaces. Any defects detected at product level
would be minor and should not interfere with the flow in the production set-up.
The most beneficial solution for M1 is a MPV strategy where M1 is assembled at
the module assembly station shown in Figure 11-10. The test fixture is installed at
the module assembly station where M1 is tested and inspected according to
instructions. Any defects are corrected at the module assembly station. A small
stock is then available with defect free modules at the module assembly station
with 8-10 M1 modules. These modules do not need further verifications at the
final assembly.
Based on the incoming assembly orders, the M1 module is supplied to the final
assembly with a fork truck. At the final assembly M1 is assembled with the other
modules in accordance with order specifications. At the final assembly,
inspections of the coupler control attachment and electrical coupler attachment
are made in accordance with given instructions and indicated with a felt pen. After
the inspections the overhead crane is used to move the coupler to the packaging
area and then made ready for delivery.
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Figure 11-10: MPV strategy with PPV inspection at DCAB.
Step C3: Map and document the complete process

The complete process is documented in the MPV chart in the same way as
described in Step C-3 in section 10.4.3. Also, responsibilities are assigned to key
persons. At DCAB, these key persons are the module responsible for each
module, one assembler, one quality engineer, one production engineer and one
person from after-sales. A verification manager should be assigned who has
financial and decision-making authority. This team of personnel make sure that no
changes or decisions are made which may ruin the verification strategy. And, that
the most beneficial strategy is used.
11.1.4 Results from MPV at DCAB

The results from applying the MPV method at DCAB show that it structures the
work in a logical order. The method also provides a way to handle the module’s
behaviour with regard to the interaction with other modules. It is possible for
DCAB to analyse the property distributions, the transmit and receive, and
interface element interactions in relation to the verifications. All-in-all, the method
supports DCAB when they plan and perform verifications on the new modular
train couplers.
The M1 modules verified at MPV would save more than 33 times the lead-time of
today. This can seem unrealistic but in the way verifications are performed today,
the coupler is buffered for an average of 8 hours until it is verified at pre-delivery.
For the same reasons, the lead-time to repair could save 19 times of the time
spent today. Both repair and verification costs would gain from MPV but not as
much as the lead-time.
228

However, this example at DCAB has just considered one of their modules. It is
necessary to perform an MPV analysis on all modules before one can select the
complete verification strategy. Thus, it can be more beneficial to use joint stations
instead of MPV for some modules.
Achievable benefits

From the MPV strategy with inspections at PPV on the M1 module, the following
measurable results would be achieved at DCAB:
•

•

•
•

Decreased number of verifications on product level which means less
verification after the final assembly which would result in decreased lead-time
to customer. DCAB store modules in a 1-2 day buffer at the module’s
assembly stations. When a specific order should be assembled, modules are
supplied from the module assembly which delivers defect free and already
verified modules. The only lead-time to delivery is the final assembly and a
smaller amount of PPV focussed on the interfaces.
Simplified repair of defects since fewer parts need to be disassembled to
adjust or replace any defective parts. This is a major benefit since some of the
detected defects today demand disassembling of other modules to allow
repair.
Simplified handling of bulky or heavy products since only modules of the
product are handled during verification. This reduces the need for overhead
cranes, heavy lifting and space.
Reduced amount of repair tools at final assembly since the majority of defects
are detected and repaired at the module assembly. Late detected defects today
requires the person who detected the defect to start to look for repair tools
which further extends the lead-time. The option is to invest in additional
repair tools.

Problems of obtaining the right information

It is necessary to implement new ways to collect the necessary data, such as defect
statistics, costs, time to repair and so on. What was clear from applying MPV at
DCAB was the difficulties in obtaining the necessary information for the α and β
calculations. The information is spread out among many of the personnel which
make it difficult to complete the different phases. It is necessary to set up a list of
the key people who have access to the right information and who can be
contacted by the people responsible for the verifications. For this reason a
document has been prepared where all the information can be collected in order
to complete the different phases.
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12

CONCLUSION

AND RESEARCH REVIEW

Conclusion of the research is presented with the start at the MPV method.
The research objective, questions and the purpose are discussed. The
hypothesis of the work, and inductive and deductive research approaches is
used to critically review the thesis. The chapter ends with suggestions on
future research within the area.

12.1 CONCLUSION
The method for MPV has been discussed and described. The method supports
companies when planning and performing quality verifications at module level.
The method is built up by three phases, A, B and C. In Phase A, the candidate
modules for MPV are selected based on the cost and time related to verification
and defect handling. The importance of the technical solutions inherent in the
module should be evaluated as well. Thus, if the module is more important than
other modules it should be prioritized in verification. Finally, when selecting MPV
candidates the module verification complexity should be evaluated. This means
that the interfaces, the number of parts and the number of verifications for the
module should be compared with the average verification complexity among
modules.
Once the MPV candidates have been selected, Phase B analyses the amount of
supplementary PPV which is necessary. That is, the MPV should also make sure
that the complete product fulfils its properties. The first measure is to identify the
amount of distributed properties among the modules. In the ideal case, each
module should fulfil no more than one property, since properties which are
distributed among several modules involve more work.
The interface interactions need to be managed and be part of the verification.
That is, not only should the module’s primary property be verified – what it
should contribute with to the complete product, but also that the module
withstand the receiving from other modules. Also, one should strive to use the
same kind of interface elements – those parts which create the interface and the
interaction. That is, the variants among the modules should be created by the
inherent properties while the interfaces should be based on as few element
variants as possible. The benefit from standardizing the interface elements is not
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only economy of scale in manufacturing, but also economy of scale in assembly
and verification – a quality of scale; since fewer types of elements are assembled
by the assemblers as well as verified. The result is a general increase in quality.
Thus, a high degree of standardization would decrease the amount of PPV since
fewer interface numbers and types need to be verified.
The second and final measure in order to reduce the amount of PPV is to analyse
the robustness of the interacting interface elements. Similar approaches to those in
robust design can be utilised. However, the number of module variants,
interactions, and interface elements can create thousands of possible
combinations. The solution is to reduce the number of interface elements to those
which are affected by the performance of the final assembly. Foremost,
attachment and transfer interfaces, such as joining and pivot elements, depend on
the assembly performance while e.g. field interfaces may not. When the
identification of the interface elements which are affected by the final assembly is
made, the most robust combination of parameters can be identified through
experiments, or by a qualitative analysis made by experienced personnel. The
increased robustness will then contribute to less defective interfaces and a
decreased repair time.
Phase C selects the final verification strategy. The work made in Phase A and B is
used as input and a final cost and time calculation is done on the supplementary
verifications. The final strategy is based on a comprehensive foundation which
assures that the selected strategy will provide cost and time benefits and at the
same time give a quality increase. For each phase, tools for documenting the work
are utilised. The work done in Phase A is documented by the calculations behind
the MPV-index as well as the module coordinate diagram. Phase B documents the
interactions between the modules as well as the transmit and receive values. Phase
C documents the final strategy with a new MPV-index and module coordinate
diagram. The complete MPV method is finally entered into a MPV chart which
shows how the phases are linked together.
12.1.1 Contribution to the industry

There are several things in this thesis which will contribute to improvements and
benefits in the industry. The benefits already available from a modular architecture
are enhanced by applying MPV instead of verifications on complete product level.
The MPV method provides companies with a structured method that
chronologically approaches a decision on how to verify a modular architecture.
Important ratios are used which identifies any cost and time benefits from the
evaluated modules. The method also brings together personnel from different
departments, which in turn brings simplified cross-functional communication.
Results from applying MPV at DCAB show that the method is fully applicable to
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be used as a support when selecting the verification strategy. The different tools to
document the work within the MPV method will simplify communication and
illustrate the different phases. The documentation also simplifies any changes and
the induction of new personnel. The MPV chart gives an overview of the total
process and prevents hasty changes from being carried out before the effects from
the change are analysed.
Some of the benefits have already been seen at DCAB, but the potential benefits
are at least the following:
•
•
•
•
•
•
•
•

•

•
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With MPV the verification is decomposed from products to modules which
mean shorter verification time, fewer parts to verify and an increased defect
detection potential.
A decreased number of verifications on product level which means less
verification after the final assembly and results in decreased lead-time to
customer.
Simplified repair of defects since fewer parts need to be disassembled to
adjust or replace any defective parts.
Simplified share of modules between product variants due to known and
verified module properties.
Simplified handling of bulky or heavy products since only modules of the
product are handled during verification. This reduces the need for overhead
cranes, heavy lifting and space.
Reduced occupied space for spare parts and defective products since no or a
reduced amount of spare parts is needed at the final assembly as well as space
for completely assembled defective products.
Reduced number of repair tools at final assembly since the majority of defects
are detected and repaired at the module assembly.
A generic increase of quality since the verification of modules is delimited to
specific properties and parts, including the interface. For an assembler who
performs the MPV this means standardized tasks, shorter and defined
verifications, fewer parts which decrease the possibilities of making mistakes,
and an increased awareness and understanding of what might go wrong.
Decrease in the lead-time to customer. MPV is performed and modules are
produced to a small stock. The lead-time to customer is then decreased by not
performing verifications or the repair of defects. Thus, both verifications and
any defect repair are already made at module level. The orders are available at
final assembly and is assembled and delivered without any comprehensive
testing or repair.
Decreased repair costs. MPV provides an earlier point of defect detection
which decreases the stock with spare parts, repair tools, reduced repair
facilities and repair time.

•

Decrease number of verifications. MPV is beneficial when the number of
product variants is relatively higher than the number of module variants.
Module variants are assembled and build up numerous product variants which
with PPV create the same amount of verifications. By performing MPV the
number of verifications is radically reduced. For example, 120 product
variants which require 120 different verifications, can be decreased to 14
verifications, see Figure 12-1.

Figure 12-1: PPV requires 120 different verifications (above) to verify a product built up by four modules
where module M1 has 5 variants, M2 has 3 variants, M3 has 4 variants and M4 has 2 variants. By
performing MPV on the same product (below) the amount of verifications is, in the ideal case, reduced to
14 different verifications.
12.1.2 Contribution to academia

The contribution to academia refers to the results or discussions which may be of
interest for further elaborations within research projects, design theories, or be
part of engineering education at universities.
The theoretical background to this thesis is based on three areas: modular
architectures, quality, and verifications. These three subjects have been integrated
into the MPV method and the symbiosis between them has been utilised.
Modular architectures

The work on modular products has been comprehensive in the last 20 years and
both practical results and theoretical approaches have been presented in the
literature. Several researchers state that tests at module level would be possible
due to the defined interfaces, but no method or guidelines have been found in the
reviewed literature. The MPV method has contributed to this area by structuring a
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rather broad and cross-functional area into a set of phases and steps which results
in a company specific verification strategy.
The MPV method gives several tools which can be used for module elaborations.
For example the transmit and receive between modules is one way to, both
practically and on a theoretical basis, discuss the module’s properties. The T and R
values are both quantifiable, and positive and negative, which makes it possible to
judge a module’s contribution to the complete product by its values. If the module
has properties which are distributed (DI) or locally isolated (LI) is another
approach to analyse the module’s contribution to the complete product. The ideal
situation is when all properties are LI since the MVP performed on that module
covers the complete property. The module’s contribution to the product and the
verification of the property is then simplified compared to the case where a
property which is DI among 5 modules.
[Erixon, 1998] uses a matrix for the analysis of the interfaces on the modular
concepts. The analysis is then used as a mean to change the concepts depending
on the interface type and location. For the same reasons the T and R matrix and
the DI and LI values can also be used during the actual design of the modular
product. As a tool for analysis wanted and unwanted interactions can be tackled
according to Table 10-2 on page 203, and the distribution of properties can be
used to cluster the properties in a way similar to the module drivers in [Erixon,
1998]. Also during redesign, the DI and LI, and T and R values can be one way to
keep control of the module’s properties so that any unwanted interactions come
into play.
Verifications

The verification area is treated by literature reviews, and empirical studies in 11
companies. Frome these studies there are several interesting findings. For
example, one should verify properties instead of technical solutions in order to
capture the demands from standards, laws, and vaguely defined customer needs.
The properties should also be used to describe the goal values which should be
verified. In theoretical literature such as [Hubka & Eder, 1988] there are many
discussions on the product’s properties. The elaboration on properties early in the
development is an important task. One reason is that there are a lot to gain from
doing things right from the beginning and to start parallel tasks as soon as
possible. As a theoretical approach, one could start to elaborate with the
verification possibilities early as well.
There are 9 types of verifications depending on the degree of development. These
types, together with the verification equipment, and the on- or off-line verification
and repair, form the verification strategy. Thus, the verification strategy for a
modular architecture should consider the type, equipment, and production set-up
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to identify the best suited verifications. As soon as one has started to generate
properties for a new product variant one could also start to elaborate with the
verification strategy as well. From a theoretical perspective, it is here possible to
elaborate and discuss a module’s properties in relation to the verification
equipment, type and production set-up. This can off course be used as an
approach in industry as well, but foremost in academia with the purpose to
enhance the understanding of how a product’s properties also affect far more then
just the customer’s perception of the product.
Quality

The present quality theory gave little guidance when it comes to modular
architectures. Most of the literature focuses on the organisational level, or at a
detailed level in one-of-a-kind products, or statistical control of production
processes. The work behind this thesis has pointed to this lack of methods
applicable for modular and mass-customized products. Companies which have a
modular architecture do have more options regarding the choice of verification
strategy since a module is more defined than a subassembly for an integrated
product. The quality paradox can be used to describe companies’ situation where
they invest in either proactive or reactive measures to prevent defective products
reaching customers. With a modular architecture it should be easier to identify the
least costly quality paradox since there are more verification options.
The three areas (modular architecture, verifications, and quality) have been put
together in the MPV chart. This can be illustrated as in Figure 12-2. The product’s
properties and module interactions are “what” need to be verified. “When” the
product should be verified refers to the architectural level of the product, and
“how” to verify the product depends on the goal values which need to be fulfilled.
The MPV chart is inspired by the work of [Erixon, 1998] who linked together
several steps into the product management map. The MPV chart is another
application of ranked relation between several interrelated tasks and may
contribute to even more spin-off effects and discussions among researchers.
Engineering education

Parts of this research have been used in Master level courses at Högskolan
Dalarna to illustrate a module’s potential regarding tests and inspections in
assembly systems. Specifically the MPV, joint station, PPV and add-ons examples
in section 9.3 can preferably be used to illustrate the impact of different options of
performing verifications. Also the illustration of the module as part of a whole,
which transmit and receive through its interfaces to other modules, has increased
the understanding of what a module really is.
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Figure 12-2: Three areas of verification illustrated with the MPV chart (the interface elements interaction
is excluded).

12.2 CRITICAL REVIEW
12.2.1 Has the objective been achieved

The work in this thesis had as its objective to develop a method which can
support companies to perform MPV in a cost and time efficient manner. The
purpose with the MPV method is to enhance the benefits gained through
modularisation by:
•
•
•
•
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Decreasing the cost and lead-time in verification of modular products
Increasing the feedback efficiency of the present quality
Simplifying the planning of verifications in modular products
Providing, as a positive by-product, a link between product and production
development

The method has been presented and described and an industrial example at
DCAB has been performed. Thus, the objective with the research has been
achieved, as has the purpose of the method. The decrease in cost and lead-time is
attained by evaluating the most efficient verification strategy. The increased
feedback efficiency is achieved by MPV which detects defects earlier compared to
product level. The defect can then be transferred back to its origin earlier. The
planning of verifications is facilitated since each module is related to a specific
level of verification, equipment, and the relations with other modules. Since the
information needed to complete the method is obtained from different disciplines
within a company the method enhances the collaboration between, among others,
the design and production department.
The questions raised by DCAB in chapter 1, which also were seen as research
questions have been answered.
•

What should be verified with MPV and PPV respectively?

The question is answered with the support of the MPV-index which is based on
the cost and lead-time to perform verifications and to repair defects. In those
situations where it is difficult to judge if the module is a MPV candidate or not,
the importance of the technical solution and the complexity of the verification can
be used.
•

How can verifications through MPV describe the complete product?

The answer to this question is that the transmit and receive among the modules
needs to be considered and incorporated into the verification. The transmit and
receive takes place between the interface elements such as screws, rivets and
connectors. Any verification at MPV should not only verify the actual module
itself but also that it can withstand what it will receive in its specific place in the
complete product. And, that the module does transmit no more or no less than it
should to other modules.
•

How to design modules for MPV?

In order to design modules for MPV one needs to make the interfaces robust and
standardized. This means that any transmit and receive between the modules
should be part of the module design. The interfaces should also be verifiable so
that personnel can, e.g. reach and access the parts to be verified. This means that
the designer of the module needs to adapt the interface elements to the
verification equipment, or that it is possible to invest in other equipment suitable
if a new module variant is developed. However, in any changes of the module, the
MPV chart should be used to identify which features are affected by this change.
Hence, any changes in the module, or any other part in the MPV chart, may be
more costly than one first imagines.
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12.2.2 Falsifying the hypothesis

A theory is to be considered falsified if there are acceptable basic statements
(singular facts) which contradict the posed theory, [Popper, 2003]. [Chalmers,
1999] points out that the more falsifiable the theory is, the better the theory is
(given that it is not falsified). The MPV method contains steps which consider
quantifiable measures such as lead-time and cost. These measures give the
opportunity to falsify the hypothesis. The hypothesis stated in chapter 8 was that:
It is always more beneficial to perform MPV compared to PPV regarding the cost,
lead-time and quality.
This hypothesis has not been falsified and is therefore considered to be true. First,
the case studies in industry showed the following benefits from MPV approaches:
•
•
•

•

•

•

The advantages for ABB Automotive & Manufacturing would be a shorter
lead-time which would enhance their competitive advantage, and decrease the
tied-up capital in the assembly systems.
VBG is now able to handle quality issues at module level which is considered
beneficial to them.
At Atlas Copco Tools and Assembly Systems the modules are verified before
they are put into the module Kanban stock. An increased degree of quality is
reached by verifications between the subassembly and final assembly. This
brings faster feedback on any defective parts or assemblies.
The test strategy at Ericsson AB is to always test as early as possible. This has
several benefits. The modules are produced in different places in Sweden and
also by suppliers from other countries. The final assembly of the Radio Base
Systems is located in Gävle. Due to the geographical distance, it would be too
costly and time consuming to perform all the tests in Gävle; and thereby there
is a risk of detecting any defects at this point and not at the location where the
error was made.
All modules produced by suppliers to Electrolux Laundry Systems Sweden
AB shall be tested before they arrive at the factory. If the tests were done on
a completely assembled washing machine, any quality deviations would be
very costly to repair.
The new train coupling modules from DCAB should be verified at module
level, i.e. MPV. The foremost reason for performing MPV is that MPV
detects quality issues earlier than traditional verifications after final assembly.

It is thereby clear that several industries see benefits from performing verifications
at module level. In chapter 9, the framework for MPV was discussed with
examples on the MPV, PPV, joint station and add-ons situations. These examples
showed the increased complexity when any other strategy than MPV is used. For
example in every case, with the exception of MPV, additional sets of tools for
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disassembling are necessary. And specifically in the joint station and PPV case,
repair of defects may stop the assembly flow. Also in chapter 9 the α- and βvalues for cost and lead were exemplified. In the four situations (cost and leadtime for verification and repair) it was shown that MPV would be beneficial in
comparison to PPV. The examples in chapter 9 are not the results from empirical
studies, however the discussions in relation to the examples can be a typical
situation in industry.
In chapter 11, the MPV method was applied to the train coupler of DCAB. The
case was based on 4.5 years of experience and with real numbers. The results were
that DCAB would gain major benefits in lead-time by performing MPV instead of
PPV as is the case today.
From the literature several authors have also discussed that it would be beneficial
to perform verifications at module level. For example the work by [Erixon, 1998],
[Robinson et al., 1990], [Baldwin & Clark, 2000], [Chun-Che & Kusiak, 1999],
[Ulrich, K. T. & Tung, 1991], and [Nevins & Whitney, 1989]. Hence, industry,
literature and the results from this research show that it is always more beneficial
to perform MPV compared to PPV; at least regarding cost, lead-time and quality.
12.2.3 Remarks on the method

[Holme & Solvang, 1997] state that a method is a tool for solving problems and to
gain new knowledge. Everything that supports the work of problem-solving and
gaining new knowledge is a method. In [Cambridge, 2003] a method is “a
particular way of doing something”. A method may then be a specific way to solve
problems and to gain new knowledge. In this sense, this thesis has described a
method; specifically, how to perform MPV with time and cost benefits.
The method is built on facts from empirical studies made in 11 companies,
literature studies within modular architectures, quality and verifications. The
gathering of facts has then been used to theorise and elaborate different possible
solutions to the problem. As a result, the method was developed and also put into
practice at DCAB. In [Chalmers, 1999] logical deduction (to carefully think about
the known facts [Cambridge, 2003]) is used to solve problems where valid
conclusions can be drawn from authentic premises and a valid argument.
However, even if the conclusion is correct, the facts may be false; thereby logical
deduction cannot alone be seen as the source of new truth [Chalmers, 1999]. This
means that even if the method has been developed on the basis of gathered facts;
the method can still be “wrong” since the gathered facts were “false”.
Instead one may use induction (the process of discovering a general principle
from a set of facts, [Cambridge, 2003]). According to [Chalmers, 1999] induction
requires: (1) A large number of observations; (2) that the observations must be
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repeated under a variety of conditions; and (3) that none of the observations
should conflict with the derived law or theory.

Figure 12-3: Scientific knowledge; facts induce laws and theories from which preconditions and
explanations can be drawn through deductions, adapted from [Chalmers, 1999].

The three requirements may all be discussed, e.g. when has the requirement of
many observations been fulfilled, and how much variety is sufficient. Basically, the
weakness with inductive research is the difficulty to specify the requirements, and
thus the result of the research. [Chalmers, 1999] suggests that both induction and
deduction should be combined as in Figure 12-3. Then the scientific knowledge is
based on laws and theories which are derived by induction from factual
observations; preconditions and explanations can then be derived by deduction
from the laws and theories.
The difficulty a researcher faces is if the gathered facts are sufficient to apply the
induction principle. As an example put forward by [Popper, 2003], “no matter
how many instances of white swans we may have observed, this does not justify
the conclusion that all swans are white”. The swan example is one of the reasons
why [Popper, 2003] is an opponent of research based on induction. He points out
that observation can only be a singular statement and cannot be considered as
universal fact. He suggests instead that, based on some new idea, one should put
up a not yet justified hypothesis or theoretical system. Conclusions are then drawn
by means of logical deduction which is put to the test and can either be accepted
or falsified.
It is however believed that the literature studies and the empirical studies in this
thesis can be considered as “sufficient” gathering of facts. The method developed
should then fall under the induction-deduction approaches described by
[Chalmers, 1999]. The hypothesis research as proposed by [Popper, 2003] has not
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been applied to the method itself, but on MPV as such (discussed above). Hence,
the MPV hypothesis is true, which justifies the existence of the MPV method.
And through induction the framework for MPV was developed, which finally,
through deduction, was developed into three phases.
12.2.4 Validity and reliability of the interviews

The research has, among other things, gathered facts from semi-structured
interviews. One may of course ask if this is a reliable means on which to base
research. One rather simple answer is given by [Bell, 1993] who says that
“Independent of research method you have to think critically to decide how
reliable and valid the information you get is”. Regarding the performed interviews;
a reliable interview gives the same result if it is repeated – thus reliability measures
the consistency of the results. While validity means whether the method
investigates the content it is intended to investigate. It is however difficult to
improve reliability because the situation of the interviewee cannot be repeated and
the purpose of doing qualitative research interviews is to describe the
interviewee’s life-world. However, interviewing different people from different
levels (from workers to manager and to vice presidents) in the company will result
in several individual pictures. These different peoples will together provide a
common overview of the studied company, and provide answers which should
represent a good approximation of the situation.
12.2.5 The objectiveness of the work

Observations are not necessarily facts just because it has been observed; or heard,
sensed, tasted or, in some way, experienced. Observations from one individual,
e.g. the author of this thesis, are therefore rather subjective and based on the
observer’s interpretations. Another question a researcher may ask himself is if the
work has been carried out objectively, or based on personal gut feelings. [Popper,
2003] states that scientific work should be justifiable, “independently of anybody’s
whim: a justification is ‘objective’ if in principle it can be tested and understood by
any one”. Further, [Popper, 2003] argues that science can never be fully justifiable
(even if no other life form has been observed outside our planet, we do not know
for certain if any life exists somewhere else). However, scientific work should be
testable, thus the objectiveness of the work lies in that it should be “intersubjectively tested”, [Popper, 2003].
The intention has been to put forward and present the thesis as objectively as
possible. This is accomplished through a “transparent” material which anyone can
put to the test and judge; and through the effort to declare the used material such
as literature reviews, case studies, and the author’s own theorization and
elaborations. However, to make the work testable and understood by anyone (as
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suggested by [Popper, 2003]) is nevertheless too ambiguous nor the intention. The
target group – or the reader of this thesis – may instead be the industrial
practitioners who work with quality and modularity on a daily basis, or researchers
with a similar area of interest to that presented here. Furthermore, the
objectiveness of this thesis lies in the fact that it is based on previously accepted
work (the reference materials) and a clear research objective. The objective has
then been reached through the use of known and accepted methodologies, and
the author’s own theories which have been put to the test in chapter 11 above.
However, even though the work needs to be objective and testable, in some sense
“gut feelings” and personal convictions may be the guide to get the work forward
within a reasonable time. Even [Popper, 2003] is humble enough to say that “I am
inclined to think that scientific discovery is impossible without faith in ideas which
are of purely speculative kind”. Furthermore, [Chalmers, 1999] says that one
cannot be critical of all parts of a researcher’s framework all the time – then no
detailed result would ever be reached nor be available for further development.

12.3 FUTURE RESEARCH
There are areas which still remain unresolved and things which can be improved.
For this reason foremost more empirical studies should be performed where the
MPV method is used. These studies may result in fine tunings of the method and
provide new insights into how to build up the method. There are however areas
which at this point can be subjected to future research.
12.3.1 Improvements in the method

The MPV method is both complex and comprehensive which can result in the
method not being applied as intended, or not at all. The complexity is related to
the many cost and time factors to be considered, and the property distribution
and the interface interactions. The comprehensiveness is related to the crossfunctional cooperation between the different departments and personnel within
the company which is necessary to obtain input for the method. The future
research should be aimed at reviewing and simplifying these steps in the different
phases in order to make the steps more user-friendly.
The verification complexity equation, shown in Equation (15) at page 173, can be
difficult to use since it is hard to estimate the number of parts in a module and all
its variants. A similar difficulty is valid for the number of parts in a complete
product and the product variants. This can result in an ignorance of the
verification complexity of the module which makes the equation worthless. A
solution is to either use the parts in the most common module and product, the
average number of parts, or just a rough estimation. There can be other types of
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simpler measures which still describe the module’s complexity in a way that can be
prioritised during verification.
The interfaces of a module are important not only for the architecture, but for the
verifications. If the interfaces are robust then less PPV is needed since the
assembling of the interfaces is more reliable. There are some examples in the
literature such as [Blackenfeldt & Sellgren, 2000; Jiang & Allada, 2001] which have
applied robust design principles to modular architecture. However, the number
of experiments cannot be managed for all interfaces, and what type of
experiments should one perform? Today the MPV method uses the interface
types, elements, and standardization measure to evaluate if the interface is robust
or not. And in the method, a qualitative analysis by experienced personnel is
suggested as a solution to this point. It is believed that some kind of MPVadapted robust design can be developed in order to improve the robustness of the
interfaces.
12.3.2 How to present the results from the MPV method

There are several measures which are needed to complete the MPV method. For
example, the MPV-index, the α and β calculations, and the MPV-chart. The results
from the MPV method should be documented and stored in such a way that it is
easy to access the information when needed; and, that the information is
compressed and highlights the key measures. An interesting description was made
in [Liker & Meier, 2006] on how Toyota’s use of the A3 format for reports. The
personnel at Toyota were trained to write reports on A3 sheets where the most
important information was entered. In this way, the workers or the managers did
not have to read 10 page reports to be updated. One solution for the
documentation of the MPV can be to put all the information available for the
MPV strategy on an A3 sheet. In this way the verification strategy can be easily
communicated and updated on a regular basis.
12.3.3 The development of a MPV software

The limitations of Excel sheets have probably not been exceeded, but there are
limits for what can be done. It is believed that some kind of software would
enhance the graphical representation of the MPV chart as well as the assembly of
the different steps into a whole. This software would also be used to document
the information for the A3 sheet, and perform the calculations for the α and β
values. Since most work today is computer aided, software which supports the
development and monitoring of verifications would fit into this environment.
Software as the [Boothroyd Dewhurst Inc, 1998] have gained many supporters
with a user friendly interface which encourages engineers to apply DFA principles.
By developing a user friendly software application for the MPV method
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verifications can gain more attention. Thereby it would be easier to obtain the
benefits from a well thought-out MPV strategy.
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