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Abstract

Engineer-to-Order (ETO) is a special product development strategy, where openly
de�ned solution spaces and generally de�ned concepts and principles govern design
and production. This kind of business typically organizes itself around customer
order speci�cs, where one-of-a-kind products are developed in customer-targeted
development projects. Developing complex engineering systems in this manner is
characterized by high engineering e�ort, long lead times, low production volumes, and
complex process and product structures.

Variety is important to the market, but internal variation can clutter the portfolio
with one-o� information and solutions. The repetition of projects and the organization
around projects o�ers great potential for reuse of product variants. However, lack of
strategic planning to reuse can inhibit this. The industry looks to Mass Customization
strategies for systematic reuse, but experience reveals that most of these tools are too
rigid and would force the business to sacri�ce much-needed adaptability and �exibility.
One way of achieving strategic reuse is by creating and using properly de�ned
and aligned process and product platforms. The platforms are governed by strict
architectures, which determine the fundamental structures of processes and products
as well as their interplays. Another important tool for complex engineering involves
a coherent use of systems nomenclature and decomposition of tasks, responsibilities,
processes, and sub-solutions. Systems supply common organizational structure and
understanding.

To support the ETO industry in shaping their platforms toward strategic reuse,
this research project undertakes an industrial case study via an exploratory abductive
reasoning approach. The aim is to create a reference of platform design e�orts for
ETO businesses faced with similar challenges. The project constructs experience-
and fact-based models of processes, products, and data of the business organization
to enable investigation of variation. It uncovers �nancial and managerial problems
stemming from variation and lack of strategic reuse. These problems initiate a series
of focused analyses targeted at speci�c process and product de�nitions to reveal the
underlying causes of variation and reuse inability. To address the revealed sources and
causes for variation, solution proposals are presented as a set of levers for variation
management.

The research concludes that the fundamental design of the business, namely the
business platform, must be systematically designed with reuse in mind. When a
business is designed to accept and, indeed, encourage unmanaged process and product
customization, comparisons between entities and solutions become increasingly
di�cult. Such a design will hinder reuse for the next project, resulting in even
more unique solutions. Thus, organizational de�nitions and nomenclature must
be established to allow comparison. Following this, e�orts should be undertaken
to target high-level design reuse and detailed design reproduction. Suggestions to
this include front-end project screening tools and component detail con�guration
systems. Moreover, the results show that the separation of customer-speci�c solutions
from customer-independent solutions must be strictly practiced. To achieve this
objective, introduction of a portfolio management unit responsible for gathering
portfolio information, understanding portfolio variety, and comparing solutions to
guide development is recommended.
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Resumé (Danish Abstract)

Strategisk Variation i Projektbaseret Design
Variation og tilpasning er hovedbegreber for en "Engineer-to-Order" virksomhed,

som laver koplekse kundetilpassede produkter. Komplekse produkter kræver
ofte en komplek virksomheds- og forretnings-struktur, komplekse processer, store
organisationer og indviklede strategier. For denne slags virksomheder er
projekt-baseret udvikling ofte nødvendigt, Men kundeværdien i projekt-baseret
produkt design kan nemt blive en hæmsko for virksomheden i form af voksende
kompleksitet og varians i produktkataloget. Der �ndes mange metoder, værktøjer og
fremgangsmåder til at håndtere udfordringerne heri, men de �este målretter sig mod
masseproducerende virksomheder der udfører seriel og generations-baseret udvikling.

Projektet beskrevet i denne afhandling studerer en "Engineer-to-Order"
virksomhed der beskæftiger sig med design og produktion af industrielle processerings
anlæg. I en strukturet søgen efter problemer og løsninger til ikke-værdiskabende
variation, berører projektet følgende emner: (1) Modellering af forretningen
og produktporteføljen. (2) Forretnings-problematikker opstået fra variation i
porteføljen. (3) Fokuserede analyser af variations-kilder i virksomhedens process-
og produkt-platforme. (4) Identi�kation og introduktion af potentielle værktøjer
til at kontrollere variation. Denne problemløsnings-orienterede undersøgelse udgør
et repræsentativt eksempel for industrien og er tiltænkt som en reference for
sammenlignelige virksomheder med lignende udfordringer.

Undersøgelsen viser, at størstedelen af den problematiske variation i
produktporteføljen stammer fra et mangel på sammenhængende og konsistente
arkitektur-de�nitioner af produkter og processer. Forretningen mangler "et
fælles sprog" af de�nitioner der kan vejlede projekt-håndtering, udvikling og
produkt-tilpasning i de enkelte projektfaser og teams, så alle arbejder mod de samme
mål. Denne manglende arkitektur forhindrer også virksomheden i at sammenligne
udviklede løsninger og dermed i at bestemme hvilke løsninger der er foretrukne
til bestemte kunde-problemer. Derudover giver de nuværende udviklingsprocesser
mulighed for, og tilskynder, unødig tilpasning da der mangler tiltag til kontrol
af tilpasninger og tilpasnings-grundlag. Som helhed kan ikke-værdiskabende
variation ikke tillægges enkelte processer, afdelinger eller produkter, men derimod
konstruktionen af forretningen. Det er ganske enkelt ikke designed til at håndtere
eller kontrollere unødig varians. Den skal designes således, at variation planlægges og
håndteres for at undgå forretningshæmmende forskellighed.
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Preface

I wanted to be an inventor ever since I was a little boy. Not a single idea got left
untested by copious amounts of string, sticks, glue, cardboard, wood and LEGO².
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allocated time in busy schedules to attend interviews, supply data, explain business
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Your great mood and humor de�nitely lightened many stressful situations. Also a big
thanks to Lars, department head and main company sponsor of the research project,
for telling us, repeatedly, that even though business value matters, securing the Ph.D.
title in the end is what matters most. I really appreciated that.

A Ph.D. project is a lonely job and you have sole responsibility for de�ning
the problems and searching for solutions. This is where the true value of a great
research team and group of colleagues becomes apparent. I want to thank all of my
o�ce mates and colleagues throughout these three years for a fantastic idea-bouncing,
smack-talking, frustration-sharing and joke-cracking community. Thank you all for a
fun o�ce!

Doing a three-and-something year project can be very frustrating from time to
time. So the understanding and support from everyone around me, friends and family,
mattered enormously. Especially the extraordinary support from my loving wife. You
always know exactly what to say and how to encourage me when I �nd myself in a
tight spot. Sometimes, you even seem to know my inner me better than myself. Since
starting the project, we've been married and are now awaiting our �rst child. Nothing
compares to these achievements with you!

Christian A. Bertram
Technical University of Denmark
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Acronyms and Glossary

The following terms and de�nitions are essential to this thesis and are used
considerably throughout. They are introduced and explained at �rst use.

Acronyms

CMS Con�guration Management System

CTO Con�gure-to-Order

ETO Engineer-to-Order

MC Mass Customization

PB Project-Based

Glossary

Architecture The formula that governs the structure of products, processes, units,
projects, etc.

Organizational Unit or Unit An entity in the sub-division of a company's
organization (team, department, group, individual, etc.)

Business Platform The entirety of architectures, processes, and products that
de�ne and enable the business

Variation A di�erence or change between two or more instances

Variety The extent of di�erences in a selection or range of o�ers

Product Glossary

Product Portfolio The entirety of available product solutions

Product Architecture The governing rules for the structured creation and variation
of products

Facility The entirety of a processing setup to process material from raw input to �nal
output

Plant A section of a processing facility with a distinctive purpose in a series of
processing steps

Component A constituent element of a plant that implements a primary operation
for the functionality of the plant

Part A constituent element of a component

Process Glossary

Process Architecture The governing rules for structured execution and
modi�cation of operations and processes

Project A set of activities executed to ful�ll a customer order by developing and
building a processing plant

Phase A distinctive consecutive part of the life cycle of a project

Activity A cluster of tasks with a de�nitive purpose or a similar goal

Task Actions with a single goal or purpose
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Engineers and businesspeople are trained to solve problems.
Designers are trained to discover the real problems. A
brilliant solution to the wrong problem can be worse than no
solution at all: solve the correct problem. Good designers
never start by trying to solve the problem given to them: they
start by trying to understand what the real issues are.

The Design of Everyday Things by Don Norman
(Norman, 2013, p. 218)
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1 | Introduction

"A product development process is the sequence of steps of activities that
an enterprise employs to conceive, design and commercialize a product"
(Ulrich & Eppinger, 2012).

The sequence of product development processes can be de�ned and organized in
various ways and are most likely unique for every business. The general work �ow
typically includes six steps: (1) Planning, (2) Concept Development, (3) System-Level
Design, (4) Detailed Design, (5) Testing and Re�nement, and lastly, (6) Production
Ramp-Up. However, the speci�cs of these processes, the organization around them,
and the development approach depend highly on the market, company, product, and
intended strategy.

1.1 The Engineer-to-Order Business

Some business strategies entail developing and producing products to ful�ll speci�c
requirements of individual customer orders. This can include special assembly steps
depending on the order at hand, combinations of sub-solutions, or even late-stage
modi�cation in manufacturing. Such companies engage customer-driven solutions to
some extent. The o�ered solutions can meet customer requirements to a certain
degree but is reliant on speci�c customer orders to dictate product di�erentiation.
The division between solutions pushed by the company and the speci�cs pulled by
the customer is typically called the Customer Order Decoupling Point (CODP) or is
de�ned by the level of speci�cation readiness (Hvam et al., 2008; Wortmann, 1992).
Both business strategies are visualized in Figure 1.1.

The Engineer-to-Order (ETO) business is a type of business that relies on
speci�c customer orders and the ful�llment of those orders by custom product design,
engineering, sourcing, and manufacturing. This strategy of unique product o�erings
and production is also known as one-of-a-kind production (Wortmann, 1992). An ETO
business focuses on generative solutions. While the top management concentrates on
acquisition of customer orders, the primary focus of the middle management is to
manage project ful�llment. Operational uncertainty arises from the speci�cations of
solutions and the complexity of engineering operations. Thus, the company often
deploys supporting functions and systems to guide operations (Wortmann, 1992).

The classi�cation of ETO businesses is not distinct, and several classes of ETO
exist. One of these classes is Complex ETO. It covers "traditional `one-of-a-kind'
products that are ordered in low volumes and contain a high-engineering complexity"
(Willner et al., 2016). These kinds of products include ships, plants, and oil platforms.
They are mostly based on rough concepts and broad principles of design. They
are known for long lead times due to the complexity of operations (Pandit & Zhu,
2007). Such complex systems can also be characterized by the need to "be decomposed
into several sub-systems and many components", and these systems and components
"are developed by many teams working in parallel, followed by system integration and
validation" (Ulrich & Eppinger, 2012).
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CHAPTER 1. INTRODUCTION

Figure 1.1: The Customer Order Decoupling Point (CODP) delimits the extent of
the solution being pushed by the company and extent of activities being driven by
customer activities. The �gure to the left was sourced from (Wortmann, 1992). The
�gure to the right was sourced from (Hvam et al., 2008) and originally appeared in
(B. L. Hansen, 2003)

One particular group of companies, the plant engineering company, engineers
a very complex and unique set of products. "Plant engineering is that branch of
engineering which embraces the installation, operation, maintenance, modi�cation,
modernization, and protection of physical facilities and equipment used to produce
a product or provide a service" (Mobley, 2001). However, plant engineering refers
to much more than engineering, as the responsibilities involve disciplines from many
other areas. The plant engineer is responsible for design, construction, installation,
operation, and maintenance of facilities and systems as well as planning, contracting,
project management, improvement, regulatory compliance, and purchasing. To cope
with the vast responsibilities and required activities, such companies often organize
themselves into quite advanced and complex organizational structures (Mobley, 2001).
As their products tend to be massive in terms of scale, scope, and development resource
requirements, these companies typically require a project-based development strategy.
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1.2 Project-Based Development

The complexity of the ETO business, namely its products and the processes of
operation, often requires a form of organization di�erent than those followed by
traditional mass-producing or serial development companies. As development is
speci�c to customer orders and customer projects, they typically adopt a project-based
organization with a Project-Based (PB) development strategy.

"In contrast to the functional and matrix organisation, the project-based
organisation PBO has been put forward as a form ideally suited
for managing increasing product complexity, fast changing markets,
cross-functional business expertise, customer-focused innovation and
market, and technological uncertainty. This applies particularly to high
value, complex industrial products and systems" (Hobday, 2000)

This development strategy revolves around a central project to be executed
and a product development team (i.e. the project execution team). The product
development team receives assistance toward developing the project-speci�c product
from multiple branches of specialized groups and support functions (Pandit & Zhu,
2007). Figure 1.2 presents an example in which customers and sales departments
supply orders to the central project teams, which then rely on support departments
and tools to engage in customer-focused projects. Hence, this process and organization
setup resembles a star shape, contrary to the linear successive processes in traditional
product design and development.

A PB organization and PB development strategy are not without their challenges.
The continuous execution of projects presents great potential for the reuse of
experiences (e.g., proven concepts, plans, and designs), but it is challenged by the
exact nature of PB organizations. Combining independent overlapping projects and
experience-based design is di�cult.

"This customer orientation may lead to ine�cient performance, due to
a lack of mechanisms to reuse proven concepts, designs and production
facilities, as well as an absence of feedback mechanisms from products in
use and service" (Silventoinen et al., 2014).

When projects and project teams are somewhat independent and products are
developed from a project-centric perspective, parallel uncoupled development occurs.
If solutions are not shared among projects and if product variants are not reused, then
product portfolio variation increases steadily with every conducted project.

1.3 Variation

Combining six regular eight-studded LEGO² bricks can produce more than
900,000,000 unique combinations (Higgins, 2017; TIME, 2019). Consider instead that
these bricks were customized engineering components, and their number and design
were dependent on speci�c order requirements. Then, we would obtain a glimpse into
the variations that ETO businesses deal with.

3



CHAPTER 1. INTRODUCTION

Figure 1.2: A depiction of the project-based organization and project-based
development process with a central project execution unit with assisting support
functions and tools.

Some practitioners classify these companies as capability-oriented businesses,
meaning that their investments are not necessarily in speci�c products or processes
(e.g., production setups), but rather in the systems, individuals, and the knowledge
and capabilities of the company (Wortmann, 1992). This market strategy facilitates
the building of all types of products, because the company is con�dent that they have
the experience and capabilities to do so. The typical focus of ETO capabilities rests
on tendering, design, and contract management rather than design for manufacturing
or assembly. This focus can boost costs and result in excessive varieties (Hicks et al.,
2000).
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ETO entails a signi�cant amount of customization and new development for each
set of customer requirements. The solution space of the company is enlarged by new
innovations and solutions to newly encountered design problems. As time progresses
and an increasing number of orders are processed, the breadth and complexity of the
company product portfolio grow (Fisk, 2004). Furthermore, the portfolio of varied
processes and organizational one-o�s needed to manage custom complex products
grow (Clarkson & Eckert, 2005). This growth strains the business and pro�tability, as
operations now have to accommodate and mitigate this process variety and "diversity
of products that a production system provides to the marketplace" (Robertson & Ulrich,
1998; Ulrich, 1995).

This variational expanse is accelerated by change propagation in design. When
redesigning or designing for customization, as ETOs typically do, changes to certain
sub-solutions will most probably result in derived modi�cations to other parts of the
design (Clarkson et al., 2001). Design changes and design change control are signi�cant
sources of cost overruns, delays, and bureaucracy. Companies can signi�cantly improve
their e�ciency and competitiveness by focusing on these areas, but these aspects have
been researched sparingly for this industry (Hicks & McGovern, 2009).

"People are creative, constructive, exploratory beings. We are particularly
good at novelty, at creating new ways of doing things, and at seeing new
opportunities." (Norman, 2013).

A continuously growing solution space and portfolio of solutions can clutter the
processes and infrastructure of the company. Ultimately, if the overview of the
generated solutions is lost, specialized variants and unique designs can haunt business
operations; no one knows or concerns themselves about these legacy products, but they
take up resources or over-complicate portfolio management.

ETO companies engage in both incremental and radical innovation. Incremental
innovation is the stepwise improvement of known concepts or designs, and radical
innovation refers to the development of new solutions by existing or newly acquired
capabilities. Both types introduce risk; however, radical innovation in particular
includes high levels of risk pertaining to failure to meet customer requirements,
performance targets, cost targets, or delivery targets (Hicks & McGovern, 2009).

As companies might have their hands forced to create custom and o�-standard
solutions, they might not be aware of the strain it adds to the business. The extra
cost, labor, and management associated with speci�c customizations thus remain a
mystery (Johnsen & Hvam, 2018).

"Many of these problems can be traced back to poor requirements de�nition
or inadequate management of the design process" (Hicks & McGovern,
2009).

1.4 Variation Management

Acting on variety growth can supply many di�erent bene�ts, ranging from improved
e�ciency and pro�tability to lead time reductions, improved market coverage, better
innovation, and improved competitiveness, as well as reduction in complexity and risk
(Gepp, Amberg, & Vollmar, 2013; Gepp, Amberg, Vollmar, et al., 2013; Haug et al.,
2014; Robertson & Ulrich, 1998; Sawhney, 1998; Wang et al., 2016).
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The company (most likely its management) can engage in periodic rationalization
of product portfolio variants. This involves gathering and creating overviews of the
product and solution variety and bringing together experts and primary stakeholders
to decide which variants to keep and which to cut (i.e., abandon). Tools already exist
for providing overviews of product variants and determining their value to the market
and impact on development and production (N. H. Mortensen et al., 2010; Ulonska &
Welo, 2016).

"The variance demanded from customized products, especially complex
products, easily outgrowths the variation management of the company.
Thus in order to feasibly manage the variety and surcome to in-e�cient
operations, variation need to be handled systematically" (Custódio et al.,
2018)

Instead of periodic portfolio surveys, the company's management can opt for
permanent or continuous measures to control and reduce variation. Many approaches
for standardization, modularization, mass customization, and platform strategy have
been proposed (Jiao et al., 2007).

Strict standardization may be a very e�ective portfolio management tool, but its
e�ectiveness is actually one of the biggest challenges. The bene�ts of standardization
are plenty, but for variety-driven businesses, such as complex plant engineering
companies working to ful�l speci�c customer orders, this limitation of solution space
and the inability to adapt can signi�cantly cripple market strategies. Hence, they
need to �nd a strategy somewhere in between the two approaches to secure the
valuable bene�ts of standardization without sacri�cing too much variety for the market
(Thomassen & Alfnes, 2017).

As standardization is relaxed, �exibility increases. Localizing the use of
standardization or limiting standard variants to distinct sub-solutions or modules
leads us to the topic of modularity. A study on standardization strategies for plant
engineering companies reported that "modularization on a functional level" could be a
viable approach (Gepp et al., 2014). The functional level refers to a "decomposition of
plant area in process-relevant functions of the sub-process". In other words, separating
the plant into functional sub-areas and then standardizing its modules would likely
su�ce.

Balancing standard solutions with �exible and e�cient variant development and
realization are key traits of Mass Customization.

1.4.1 Mass Customization (MC)

Companies used to produce custom, crafted, or mass-produced products. Today,
companies want to, and can, combine these strategies (Duray, 2002). MC arises
from mass production and the wish to keep production e�ciency high and costs low
while still being able to address a vast market with a large varied product portfolio.
Many of the de�nitions explaining these strategies focus on the ability to customize
for individuals at the rate and speed of a standard catalog (Haug et al., 2009). Thus,
MC concerns linking product variety with product regularity.

6



Developing MC tools for late variation and solution reuse is described well
in the literature. There are numerous generalized descriptions of con�guration
systems and �exible manufacturing systems, but the implemented solution needs to
target the particular industry, product, market, and available resources. It must be
context-speci�c (Suzi¢ et al., 2018). In addition, the implementation of MC can be
improved by localizing e�orts on a well-de�ned core of essential solutions. Once
successfully in operation, it can be expanded to include more of the portfolio and
broaden the bene�ts of strategic customization to other parts of the organization
(Bonev, 2015).

The most commonly used form of MC in the ETO industry and those
with complex products support the speci�cation processes. Here, Con�guration
Management Systems (CMS) or con�gurators can support the classi�cation and
combination of sub-solutions to form a new customer-speci�c solution. CMS a�ect
more than the apparent operations of solution speci�cations, as systematization
of activities and information have bene�cial e�ects throughout the organization.
Increased sales, reduced lead times, more accurate speci�cations, cost reductions,
reduced portfolio variety, and improved knowledge formalization can occur with the
implementation of CMS (Hvam et al., 2013).

Not all ventures into con�guration systems are successful (Haug et al., 2019). As
per a previous study, 8 companies pursuing CMS implementation failed to some degree,
and the reasons for project failure were investigated. Among the various reasons
for the failures, project scoping and con�gurator speci�cation stood out. Project
scoping entails ensuring that the scope of the project is realistic and su�ciently footed
in the business scenario. It fails if the management attempts to solve a variation
problem using con�guration without �rst ensuring that it suits the problem, namely
that the portfolio �ts the con�guration or that it can be integrated with the rest of
the business. Con�gurator speci�cation concerns the need to secure the information
required about the organization and portfolio to properly de�ne the inputs and outputs
from the con�gurator and whether changes are needed before it can be successful. If
it is implemented without considering the necessary product re-designs or introducing
inadequate procedures and business interfaces, then the venture is more likely to fail
(Haug et al., 2019).

In contrast to mass producers shifting to more MC strategies, ETO companies
cannot concern themselves solely with the manufacturability of standard and
customized products. They are also concerned about complex marketing strategies,
project processes, and organizational structures. When working with low-volume
complex products that require high engineering e�ort and have long lead times, late
customization might require enormous stocks of standard and rarely used solutions.
Additionally, the structure of ETO products is complex, with di�erent elements being
customized from order to order, making sub-solution classi�cation and standardization
di�cult. This type of product often requires intensive knowledge- and expert-driven
development, which is very di�cult to automate in a CMS (Thomassen & Alfnes,
2017).
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CHAPTER 1. INTRODUCTION

If solutions are primarily con�gured, the strategy is labeled as a
Con�gure-to-Order (CTO) business. However, as observed, while uncompromising
mass customization might be too big a step for most ETO businesses, it does not
prevent the company from operating as a hybrid. Its development strategy can be
inspired by other forms of supply chain management, namely a mix of ETO and CTO
strategies (Gosling & Naim, 2009; Johnsen & Hvam, 2018). In a hybrid strategy, some
part of the solution will be standardized or leveraged from an existing portfolio, while
the rest is made speci�c to customer requirements.

To maintain this setup and prevent the portfolio from over�owing with
variation once again, strict governance is needed between customer-order-independent
information and customer-order-speci�c information (Wortmann, 1992). The former
refers to �xed or standard variants from a set portfolio, while the latter represents
speci�c solutions new to the particular customer problem at hand. These particulars
are needed to bring general value, but it is important to avoid embedding the
customer-order-speci�c information into the customer-order-independent information
after project completion.

Process plant engineering companies can indeed succeed with MC strategies such
as con�guration systems. However, they must maintain the division between the
customized and independent portfolio by using measures such as modular structures
or strict product architectures (Hvam, 2006). Hence, a product platform is constructed
around the principles of reuse and value-adding customization (Meyer & Lehnerd,
1997). The companies should plan and develop strategies according to a new mindset
called Platform Thinking.

1.4.2 Platform Thinking

Customization of products and the creation of variants should be planned and abide
by a structure de�ned speci�cally for business e�ciency. The business should design
its operations to allow MC (Bonev, 2015). To ensure that these new rules of
product customization work as intended at the organizational level, clearly visible
and systematic structures that guide decision making, development, and strategy
are essential. The business will also require well-de�ned and apparent architectures
(Bonev, 2015).

The key to leveraged high-variety strategies is platform thinking - the
process of identifying and exploiting commonalities among a �rm's
o�erings, target markets, and the processes for creating and delivering
o�erings (Sawhney, 1998)

Product development projects require design tasks to be complete, details to be
engineered, parts to be manufactured, a supply chain to be managed, and so on. Every
step requires resources, namely time and money. Though most of these expenditures
are not realized until late in the development project, their costs have actually already
been allocated and committed very early in the design (Hicks & McGovern, 2009;
Montali et al., 2017).
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Early design decisions govern the basic structures of the product, overall concepts
of design, use, and manufacturing. These early decisions have a signi�cant impact on
later realized cost. Thus, it is important that these early decisions are right, because
they are so fundamental to the developed product. These decisions are costly to
change, as a change to fundamental concepts or principles will most likely require
a full or partial redevelopment. In general, far more than half the cost has been
committed before even beginning to detail the product design (Hicks & McGovern,
2009). Figure 1.3 illustrates this point; the committed cost increases quickly even
when the actual spending is still low in comparison. Having a governing set of rules
for development ensures that most of these early decisions have already been taken,
tested, and improved before developing a speci�c product. Leveraging a platform for
development means most of these early decisions are more certain and with less risk
imposed on the speci�c development project.

Figure 1.3: The early decisions commit most of later realized project cost. Reprint
from (Hicks & McGovern, 2009)

A company cannot simply apply platforms or new architectures. It needs
to rewire itself, namely the business, around those new principles and design the
business according to platform thinking. It is not the people or the technical aspects
of design that limit transformation; it is the transformation of the business that
limits its impact. Challenges in the use of product family architectures arise from
"re-engineering the business processes and concentrating on product structures and
information technology". Moreover, the bigger and more complex the business, the
more di�cult the rewiring (Pulkkinen et al., 2003).

Modular platforms are valuable to complex organizations developing complex
products. Strict interfacing and functional division of solutions allow the division
of work, its parallel implementation, concentration of knowledge in modules, and
continuation of product integrity as the modules are evolved and improved. After
all, "The modular design of a complex system is tolerant of uncertainty and welcomes
experimentation in the modules" (Baldwin & Clark, 2006).
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Some of the biggest and most complex products are ETO plants, as they require
complex organization and development processes. They too need to redesign the
business to realize the bene�ts of controlled variation (Gepp et al., 2016). However, in
this type of business particularly, the challenges of su�ciently anchoring new platform
strategies can diminish the returns of platform approaches (Foehr et al., 2015).

When dealing with portfolio transformations of existing businesses, two challenges
in particular can hamper progress. They involve gathering su�cient knowledge of
the existing widespread portfolio and implementing new strategies in a business
environment not suited for new platform-speci�c decisions (Bertram, Mueller,
Løkkegaard, et al., 2020).

A modular platform needs to be de�ned to allow safe and early project decisions
as well as leverage product modularity bene�ts and e�cient parallel development work
�ows. A platform will also allow controlled variant creation and exploitation of some
MC strategies. However, the most complex companies and products that require such
a platform the most face serious challenges with regard to business integration and
recon�guration. Where should these companies start? What information should they
gather? What processes need to be redesigned? How can they di�erentiate products
and which solutions should be re-used? The existing complex companies working with
highly customized products would bene�t greatly from platform thinking support.
They require assistance and guidance in transforming their PB portfolio thinking with
project decisions to platform thinking with cross-project decisions and strategic variety.
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1.5 Industrial Challenges

The following paragraph has been summarized from state-of-the-art research and
presents the industry-relevant challenges addressed by this research project.

Plant engineering companies are among the most complex forms of ETO
businesses. They deal with highly customized and low-volume products in need of
high engineering e�orts. They engage in PB development with a PB organization
and a systems engineering approach to systematically develop and divide the many
responsibilities of plant development. Their independent project structure, lack of
focus on reuse, change management, and highly integral design result in a portfolio
growth beyond the capabilities of portfolio management. These companies then seek to
MC strategies for variation mitigation, but �nd that CMS will sacri�ce �exibility and
adaptability to a degree that might endanger market-enabling and customer-required
varieties. Previous research advises the use of hybrid customization models combined
with standardization and strict interfacing: Platform thinking. However, designing
a business anew and transitioning an existing business are very di�erent issues.
Research, experience, and references are needed for the existing plant ETO company
to understand how excessive portfolio growth can be identi�ed and mitigated through
appropriate management.

1.6 Academic Challenges

This thesis focuses on three speci�c challenges in the academic context, as identi�ed
from state-of-the-art research:

(1) A signi�cant amount of research has been conducted in variation management
and structured variant creation in the context of the mass production industry.
This industry has also led the development of MC strategies to leverage systematic,
swift, and e�cient product customization. However, at the other end of the
spectrum, applications of the afore-mentioned theory are not apparent for complex
engineering systems characterized by much-needed market variety but heavy project-
and variety-based development. Therefore, it is crucial to study the systematic
variations in the complex ETO industry.

(2) Most researchers agree that a company must redesign or rewire itself to fully
take advantage of its architecture, platform thinking, and strategic modularity. The
organization must adapt, and its processes must be updated. Though this advice is
sound, speci�c guidance on how to redesign the company and rewire it is rare.

(3) The mindset of platform thinking and the principles of modularity and reuse
are su�ciently described in various frameworks and toolsets. They introduce modular
design, modular processes, modular organizations, etc. Additionally, the concept
of architectures de�ning key structures of the company has also been researched
abundantly. Yet these topics are often discussed in general, and these studies
o�er advice on business segmentation and division of responsibilities for product
development in a new business setup. Only a handful of works have targeted existing
businesses with existing legacies, experience, histories, and knowledge. Companies
that already o�er legacy products developed using legacy processes are su�ering from
growing variation and the challenges entailed in identifying where and how they may
start mitigating it. They need context-speci�c advice and tools to do achieve this.
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1.7 Research Questions

Within the context of industrial plant development in ETO companies using PB design
and organization, the aim of this thesis is to aid these businesses in adapting MC
principles while retaining the needed solution variety. The goal is to improve variation
management using platform thinking and systematic development techniques. The
approach involves identifying and tracing business variations in the product and
process variations in the current platform. Then, speci�c shortcomings and concrete
improvement measures can be revealed. ETO companies engaged in complex plant
engineering have recourse to general guidelines in this regard. This thesis is an
attempt to concretize such guidelines and supply a reference as an example of variation
troubleshooting and variation mitigation management.

This research project was guided by the following set of research questions. The
uncovered �ndings for each research question have been published in academic journals
and disseminated at relevant conferences. The connections between the results and
publications are presented in Table 1.1.

RQ1: How can project-based engineer-to-order businesses be
modeled and analyzed with the aim of revealing product
portfolio variation?

Project-based organizations, especially those working with highly customized products
(such as ETO companies), operate di�erently from regular product development
companies. The nonlinear work �ow of these businesses requires specialized business
modeling that will identify undesirable portfolio variation. Thus, this thesis
hypothesizes that implementing a model for the business will help in studying the
problems arising from variation. Once constructed, this model can guide further
analyses and studies of such variations and pinpoint areas of high interest with the
most potential for optimization.

RQ2: How can business shortcomings be explained by
undesirable variation in the process and product-platform?

An ETO business is dependent on development e�ciency and operational e�ectiveness.
If undesirable portfolio variation clutters the pipeline of innovation and development,
the business su�ers. Problems and shortcomings identi�ed through modeling of the
business can be studied and analyzed. Such research can reveal the causes and sources
of variation and thereby point to the consequences for business operations.

RQ3: What levers of management can be introduced to mitigate
undesirable portfolio variation?

Based on the revealed business shortcomings and portfolio variation, various mitigation
strategies are possible. The goal of this work is to introduce a set of variation
management tools to mitigate undesirable variation, particularly to address their
revealed sources/causes. Introducing a set of levers for the management of variation
will mitigate business shortcomings and improve the business.
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1.8 Thesis Structure

This thesis presents the work undertaken to answer the above-listed research questions.
It summarizes the work, analyses, publications, and conclusions associated with this
research. The remainder of this thesis is divided into the following chapters:

Chapter 2 introduces the methodology, utilized research methods, and design of
the study.

Chapter 3 presents the theoretical foundation of this work and the main research
topics.

Chapter 4 provides the results of the analyses and �ndings. The publications
that contributed to this project are also presented here. The
overlap between the four main sections of the �ndings, posed research
questions, and generated publications is presented in Table 1.1.

Chapter 5 summarizes the research approach and �ndings as well as answers
the research questions. Furthermore, the discussion will evaluate
how these �ndings apply to industry and provide key suggestions for
improvement.

This thesis is paper-based ; thus, the scienti�c contribution of this work is presented
primarily by the publications connected to this research. However, this thesis reports
the entire context of this research, including the case study on portfolio variation
troubleshooting. The details provided here are more speci�c and overarching compared
to that of a typical paper-based thesis. Thirteen publications resulted from this
research, 11 of which are used in this thesis. To improve the readability of the thesis,
the publications have not been included in their entirety. Instead, they have been
appended to the thesis after being introduced brie�y in the main text, where relevant.
The reader is encouraged to refer to the appendices for more details.
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CHAPTER 1. INTRODUCTION

Table 1.1: Overlap between �ndings, publications, and posed research questions. The
publications marked with * are not presented as part of this thesis.

Research Questions

Findings and Publications RQ1 RQ2 RQ3

Section 4.1 Modeling Í

A q Structuring Historical Company Data to Scope
the Transition from Engineer-To-Order to Mass
Customization

Í Í

B q Structuring and Contextualizing Historical Data
for Decision Making in Early Development

Í Í

Section 4.2 Problem Setting Í Í

Section 4.3 Investigation of Variation Í

C q A Method for Revealing Misalignment in
Engineer-to-Order Products and Process Structures

Í Í

D q Engineer-to-Order Plant Design: Assessing
System Complexity and Hour Use Based on Directed
Network Graphs

Í Í

E q ETO Standardization Strategies: Verifying
Implementation and E�ect

Í Í

F q Identifying Pro�table Reference Architectures in
an Engineer-to-Order Context

Í Í

L q * Towards Best Practices in The
Engineer-To-Order Business: A Framework for the
Structured Analysis of Commissioning Processes

Í Í

Section 4.4 Levers for Variation Management Í

G q A Hybrid Approach to Similarity Comparison of
ETO Plants

Í

H q Achieving Long-term Modularization Bene�ts: A
Small- and Medium-sized Enterprise Study

Í

I q Why Engineer-to-Order Portfolio Rationalization
Stalls: Challenges in Standardization, Modularization,
Platform Design and Mass Customization

Í

J q A Design Speci�cation Chain: A Concept for
Improving Revision Management and Change Tracking

Í

K q Chain-E�ects of ETO Detail Con�guration Í

M q * Identifying Modularity Practices Across
Mechanics, Electronics and Software

Í
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2 | The Research Project

This research project was designed according to well-established methodologies,
techniques, and approaches, as described in the following sections. The content is
divided as follows: Research Area present the focus area of the body of research
knowledge, Research Methodology describe the method and tools used to conduct the
research, and Research Approach the speci�c structure and design of the study.

2.1 Research Area

This research project bridges three major research topics: Project-Based Development,
Platform-Based Development and Decision Support. The goal is to support product
architecture development using decision support models in the context of businesses
engaged in PB development. Speci�cally, the goal involves supporting Variation
Management in Project-Based Design. Figure 2.1 presents the Areas of Relevance and
Contribution diagram for this project (Blessing & Chakrabarti, 2009). The diagram
shows the contributions of this thesis at its center, the essential areas adding to this
contribution in the second layer, and the topics considered useful for this study in the
outermost layer.

2.2 Research Methodology

"A methodology for design research should guide the selection and application of a
suitable approach and appropriate methods" (Blessing & Chakrabarti, 2009, p. 9). For
this research project, the approach and methods were selected with a view to conduct
an Exploratory and Abductive Single-Case Action Research Study. This type of study
can be understood by the following set of research methods:

Exploratory Research: The term Exploratory research refers to the lack of initial
knowledge. It highlights the lack of understanding pertaining to a problem before it
is confronted. The challenges ahead must be de�ned as they are encountered. "An
exploratory study answers `what', `who', `where' questions (...)" while phrasing further
queries and hypotheses for in-depth investigations "to help �nd a research focus when
the understanding is still insu�cient or lacking" (Blessing & Chakrabarti, 2009).

Abductive Reasoning: Abductive reasoning is one of the three main forms of
reasoning. Deductive reasoning utilizes general rules to predict speci�c instances.
Conclusions about particularities can be drawn from general rules. Inductive
reasoning is the opposite and refers to the attempt of creating general rules from
particular observations. Abductive reasoning lies somewhere in between the above
two forms; incomplete observations about a subject lead to the most probable general
conclusions. "It involves forming a conclusion from the information that is known"
(Merriam-webster.com, 2020). It supplies a plausible conclusion but cannot draw the
same levels of certainty as that from a deduction or an induction.
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Figure 2.1: Area of Relevance and Contribution. Adapted from (Blessing &
Chakrabarti, 2009)

Case Study Research: Case studies refer to observational studies in real settings.
They deal with real scenarios but are sectioned o� from the outside world and studied
as separate cases with localized problems, solutions, and circumstances. A case study
deals with a real issue in its own context (Ridder, 2012; Yin, 2009). Such studies can
refer to one or more cases, and the data can take many forms: qualitative, quantitative,
or both (Eisenhardt, 1989). Exploratory case studies are preferred when causalities
within a context are to be studied (Alnaim, 2015).

Single-Case Study Research: As the name suggests, single-case studies include
only one case. For some research questions, a single in-depth study is preferred over
several shallow cases studies. This form of research is primarily used in exploratory
research (Blessing & Chakrabarti, 2009) and in cases where problems need to be
solved in real time. Single-case studies cannot be used for testing the general viability
of solutions, but they can supply deep insights into that one case, providing valuable
information.
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Action Research: Many research projects, utilize Action Research methods. Action
research allows simultaneous investigation of the problem, development of a solution,
and its testing (de Vries & Berger, 2017). Compared to case studies, which
primarily involve observing a case and synthesizing its solution, action research often
entails additional cycles of observations and solution proposals. The goal is gradual
improvement of a speci�c solution until a reasonable level of success, support, or
certainty is achieved. It is typically used to introduce and simultaneously evaluate
change (Blessing & Chakrabarti, 2009).

The process of action research resembles many modern agile work �ows, which
are mostly utilized in software development. Solutions are tested early as prototypes
before critical choices and investments are made. These methods are valuable when
tightening the feedback loops from a problem to its solution (Twidale & Hansen, 2019).

Several of the sub-studies, especially supervised student projects, described in
this thesis utilized Action Research approaches as localized problems were identi�ed,
understood, analyzed and solved in one local loop of investigation.

2.2.1 Information Gathering

Various methods are used to gather data, information, and knowledge from the
business and organizational units being studied. It supplies the investigation with
a tangible base for conducting analyses and drawing conclusions.

Quantitative and Qualitative Methods: Quantitative methods seek to answer
questions by modeling, mathematical, statistical, and other quanti�able measures.
Qualitative research uses assessments, evaluations, statements, interview summaries,
etc. to indicate results. Both are suited for appropriate research contexts, but their
combination provides even better coverage of the true state of the matter (Kaplan &
Duchon, 1988). As several methods are used to describe the same phenomenon, the
precision of the results is improved (Jick, 1979).

Document Collection: Documents served as one of the primary sources of
information in this study. Where manipulative digital data were not available, project
documentation served as one of the best sources of information, though it was usually
di�cult to process automatically. For PB development in particular, these documents
served as an archive of project-speci�c data. Examples of such documents include
drawings, templates, schedules, calculation sheets, and diagrams. However, this
strategy of information gathering may be risky as some contextual knowledge might be
missed, as the information is very precisely put together for the purpose of a speci�c
project or document. Thus, it is often useful to complement this type of data gathering
by interviews, which would allow an understanding of the contextual knowledge and
the rationales behind decisions, but interviewing can prove di�cult, especially for
historical projects and old documentation (Blessing & Chakrabarti, 2009, p. 269).

Interviews: To a large extent, the focus of this research project is to aggregate
organizational knowledge and information about status quo, to �nd and investigate
issues and suggest potential remedies to the problems posed in the stated research
questions. In order to aggregate this knowledge, interviews were conducted with many
company representatives throughout the course of this research project.
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As the project is exploratory, initially, representatives from most organizational
units were interviewed. The goal of these interviews was to understand the
business processes and the state of the business related to the scope of the product
portfolio. These interviews were mostly Informal Conversational Interviews to allow
a more open discussion and unanticipated topics to surface (Blessing & Chakrabarti,
2009). Throughout the entire span of the project, interviews were conducted
with primary stakeholders and involved parties in focused case studies and student
projects. These interviews were more structured and targeted than their earlier
counterparts, as speci�c problems were addressed and certain information was needed
to ensure su�cient and continued progress. However, they would still be classi�ed as
Unstructured Interviews.

Additionally, the researchers attempted to keep themselves informed through
internal company communication about company initiatives and programs related to
any of the concerned focus areas.

Workshops and Focus Groups: Workshops were used to engage larger groups of
representatives to spark a discussion about speci�c topics. The approach resembles
Focus Group interviews, but it employs more engaged dialogue and some active
involvement, such as the use of posters, post-its, and discussion cards. Focus Groups
(Blessing & Chakrabarti, 2009, p. 272) are groups composed of multiple participants
discussing set topics. The groups are designed for participants to express their
agreements and disagreements. This is especially useful when one wishes to interview
representatives belonging to di�erent organizational units but conducting the same
tasks (e.g., designers from di�erent business sectors of the same company). They
might agree on the larger processes but disagree on the product or process details.
Such insights are used to drive further investigations.

Questionnaires: Questionnaires are highly suitable for gathering opinions and
impressions of speci�c subjects, studies, solutions, etc. (Blessing & Chakrabarti, 2009).
However, precisely formulated questions and answers tend to restrict unanticipated
insights, discussions, and �ndings. Thus, q questionnaires were used sparsely in this
project; they were applied only to gather opinions and feedback from a test-user group
in one sub-project (see Section 4.4.5).

2.3 Research Approach

Given the background of the available scienti�c methods and data-gathering
techniques, research projects can be approached from both an industrial and a
literature-speci�c perspective. The best new knowledge is acquired if both perspectives
are used simultaneously. To structure the study even further, particular research
phases are used to guide the study toward its �nal goals.
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2.3.1 Problem-Based and Theory-Based Approach

This research project was positioned between industry and academia. It aimed to
link observations and experiences from an industry partnership with the theory and
relations investigated in academia. In practice, a company seeks to mitigate the issues
it identi�es through the knowledge presented in the literature. This study took an
interim position between the industrial context (with the company's observations) and
results from focused case projects. It aimed to link these observations and �ndings to
the knowledge, observations, suggestions, and solutions described in scienti�c research,
namely documented in published state-of-the-art literature.

This approach has been �ttingly termed as a Problem-Based and Theory-Based
Approach (Jørgensen, 1992), as it is based in both industrial challenges and academic
results. The approach is visualized in Figure 2.2. Analysis and synthesis facilitate the
creation of new knowledge on the subject. The theory can be updated from reality,
and conversely, reality can bene�t from theory. Together, they form a set of practical
results and a new basis of understanding.

Figure 2.2: The combination of problem-based and theory-based approaches form
research and development activities. Figure redrawn from (Jørgensen, 1992).
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2.3.2 Research Phases (DRM)

Design Research Methodology (DRM) (Blessing & Chakrabarti, 2009) serves as a
cornerstone to many research projects in engineering design. The methodology covers
tools, methods, and frameworks for researching engineering design thoroughly and
truthfully. This methodology is noteworthy for the separation of research activities
into four distinct phases: (1) Research Clari�cation, (2) Descriptive Study I, (3)
Prescriptive Study, and (4) Descriptive Study II. To obtain the most comprehensive
results, all four phases should be undertaken with su�cient e�ort. Then, it is possible
to (1) understand the context thoroughly, (2) describe and investigate the problem, (3)
propose a suitable solution, and �nally, (4) follow up and assess the success or failure
of that solution. A research project can involve any of the steps in successive order,
not necessarily starting with (1), and it can loop back to previous phases if needed.
This is visualized by the optional looping in Figure 2.3. The phases undertaken and
order of them depend on the comprehensiveness and type of study.

Figure 2.3: Stages of Design Research Methodology (DRM). Figure redrawn from
(Blessing & Chakrabarti, 2009)

This research project included three of the four DRM phases, which formed the
bases for each �nding presented in Section 4. When using the PB and theory-based
approach, the research clari�cation phase is combined with problem clari�cation.

Research and Problem Clari�cation: This phase involves understanding the
topic, research area, and technology as well as modeling the business and
comprehending the shortcomings/issues. This phase supplies the goals of the research.
Modeling of the business (Section 4.1) and understanding the shortcomings/issues
(Section 4.2). This phase supplies the goals of the research, as observed from Figure
2.3.
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For the purpose of clarifying and understanding the casualties of the business, a
Reference Model is constructed from reviewed state-of-the-art and the author's and
research team's experience (Blessing & Chakrabarti, 2009). It visualizes the di�erent
aspects that contribute to business competitiveness through various intermediate steps.
The causal links are marked ([+]/[-]) to indicate whether an increase of decrease leads
to a derived increase or decrease (for the readers ease, links that invoke inverse e�ects
are marked red and dotted). The top-most success criteria is Competitiveness, but it is
di�cult to measure as it is abstract and in�uenced by many factors. Two steps down,
Estimation accuracy supplies a key point for success (to in�uence certainty in both cost
and performance). However, for complex products and engineering projects lasting
several years, it is di�cult to measure any improvement in this accuracy. To determine
status quo, this is measured for current projects to understand the problems, which
are then further investigated. However, it can be observed, that The ability to compare
is one of the key factors to both receive in�uence from process- and product-aspects
of the business. Similarly, it is one of the key in�uencing factors on The ability to
re-use. Surrounding these key factors are many aspects of custom and standardized
development strategies. At the bottom, Systems and Common Process- and Product
Platforms supply a foundation.

Descriptive Study I: This phase concerns the analysis and description of the
current situation. Investigation of causes for variation in the process/product portfolio.
This phase supplies the understanding of status quo. Based on the results of the
above-mentioned exploration of the business, its situation, and the context of this
project, several leads were identi�ed. These leads where followed up in relevant
sub-studies, supervised student projects, and the like. Each subject could be isolated as
an independent topic worthy of its own Ph.D research project. During the investigation
phase, each problem was analyzed in more detail in an attempt to clarify the underlying
reasons for the problems and the manner in which product/process decisions tied into
overall business variety and project pro�tability.

Prescriptive Study: Phase 3 involves the prescription of a solution for the analyzed
situation and uncovered problems. It concerns the identi�cation and presentation
of possible levers for improving the variation management and mitigating uncovered
issues. This phase supplies a support proposal according to the understood problem
and clari�ed goals.
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Figure 2.4: Reference model of business causalities to be investigated.
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2.3.3 Industry Collaboration

Topics involving Engineering Design, Industrial Design, and Product Development
are primarily associated with the provision of societal or industrial value. Material
science, product development strategies, and construction are some examples of topics
popular in both academic research and industrial development. Similar to the chemist
with a chemistry laboratory, company settings can be understood as laboratories for
the researcher of engineering design. Close collaboration with industrial partners can
ensure that the solutions devised by the academia to tackle the challenges are relevant,
useful, and valuable. Practitioners should tailor the research by adapting the already
developed methods and techniques to their situations. Su�cient buy-ins from company
organizations and managements can enable a more �uent transfer of knowledge and
change in practice. Industry-centered and industry-involved research can help achieve
this goal (Chakrabarti & Lindemann, 2016). This research project utilized exactly
such a collaborative relationship with industry. The industrial partnership lasted the
length of the research project. The research was focused on the current status and
issues in this context.

MADE Work Package 01: Digital Design: A non-pro�t organization called
Manufacturing Academy of Denmark (MADE) was founded in an e�ort to tie together
industry and research to strengthen the manufacturing industry in Denmark. It is
funded by a group of universities, non-governmental organizations and manufacturing
companies. The goal of this organization is to spark research projects in close
collaboration with industry partners, to close the gaps between laboratory �ndings
and real shop �oor problems.

The �rst wave of (Ph.D. and post-doctoral) research projects, named MADE
SPIR, was launched between 2014 and 2017, with a focus on introducing various
methodological developments from universities into board rooms.

In 2017, the second wave of the project, named MADE DIGITAL, was launched
under the umbrella topics of Digitalization and Industry 4.0. It involved nine work
packages of varying foci, which are presented in Figure 2.5. This research project
belongs toWork Package 01: Digital Design, whose aim is summarized aptly as follows:

"By using production and product data systematically, companies can
develop a far more e�ective production and more competitive product
programs. MADE Digital work package 1, Digital Design, has the purpose
of developing models and theories of how companies, through data and
modular product and production design, can ful�ll the potential of a more
e�ective production." (MADE, 2020)

The research project described in this dissertation was conducted through an
industrial partnership established via MADE DIGITAL Work Package 01: Digital
Design.
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Figure 2.5: Work packages of the industry collaboration project MADE Digital
created by the Manufacturing Academy of Denmark (MADE). Image sourced from
www.made.dk.

The Industrial Case: The collaborating industrial partner is an ETO plant
engineering company that plays an important role throughout the entire project life
cycle of industrial processing facilities. The partner is involved in a variety of activities,
ranging from conceptual discussions and requirement negotiations with customers,
through design, engineering, procurement, and manufacturing of the facilities, plants
and their components as well as shipment, installation, commissioning, and �nal
handover to the customer. In other words, they are an A-to-Z supplier of plants,
engineered speci�cally for the needs of every customer.

The company produces many types of facilities, but it is mainly concerned with
the goods processing, minerals, foods, beverages, and chemicals sectors. To conduct its
work, the company has a large number of product families, concepts, and preliminary
product designs ready for customization and modi�cation. For instance, a facility
can include several sections (i.e. plants), such as receiving, pre-processing, main
processing, �nished goods handling, and storage. The completion of each section
is based on various conceptual designs that are detailed to �t a speci�c processing
facility.
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For this research project, a speci�c business area was singled out, a certain
section within which served as the primary focus. These sections (i.e., plants) turn
high viscous liquid feed into powder using a technology called Spray Drying. A
viscous concentrate is sprayed into �ne droplets and dried in hot air streams to form
powder particles. These particles are then processed in various ways to control certain
characteristics (size, density, roughness, etc.) according to the speci�cations of the
customer. The plant is customized in terms of structure, size, inclusion/exclusion of
certain equipment, process �ows, process control, and many more aspects to ful�ll
these requirements. Thus, every plant is one of a kind. As in the case of most ETO
products, such plants are characterized by a low-volume production, long lead time
projects, and high engineering complexity.

The business operates using PB development. A customer order is engaged
via the sales organization (sales o�ces, management, etc.) and handed over to the
central project execution teams. These teams address every order, from acceptance
to delivery. To do this, they draw upon numerous specialized teams and units across
the organization. Ultimately, they strive to create and deliver plants that meet the
speci�cations, budgets, plans, and performance de�ned together by the customer and
sales team. The PB organization runs several overlapping projects at once.

Case-In-Case Studies: The research project was structured around collaboration
with a single case company. Several isolated cases were studied within the context
of this company. This type of detailed case study within the overall case company
study was conducted on several occasions to investigate outcomes of speci�c plant
projects, design families, or the work �ows of certain business processes. These
case-in-case studies were handled as individual case projects by focused work groups,
supervised student projects, or small separate research projects. These focused
studies allowed branching of the overall project, namely focused research into speci�c
problems and solution possibilities. The �ndings from a majority of the smaller
cases were disseminated through relevant academic channels (e.g., publications and
presentations).

The scope for the overall research project case was also adapted as the project
evolved. Initially, a single plant project (in the case company) was investigated for
insights. The insights from this initial case led to investigations of further variations,
allowing additional case projects to be included in the scope and data model. The
case population grew from the initial �rst plant, to 10, then 20, and lastly 200. All the
while, particular groups of these cases were analyzed for various goals, divided by sizes,
year of construction, type of plant, etc. Figure 2.6 visualizes the connection between
the scope and case study expansion along with the case-in-case studies conducted to
contribute to the overall project knowledge.

2.3.4 Supervised Student Projects

This research project included several student projects. They comprised a mix of
projects at the Bachelor's (B.Sc.) and Master's (M.Sc.) levels, and included both
special courses and theses.
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Figure 2.6: Visualization of project expansion.

B.Sc., Thesis: Component Modularization: Two B.Sc. students analyzed the
design of a speci�c component family, which was key to the product portfolio within
the scope of this research project. The goal was to understand the technical principles
underlying the product family variation and suggest design optimizations and design
variety reductions based on modular principles.

M.Sc., Special Course: Sales Documentation Characteristics: One M.Sc.
student scrutinized order proposal documentation (technical orders) used in sales.
The goal was to assess the possibility of introducing a project screening support tool
to assist sales managers in evaluating incoming orders based on similarity with the
historic portfolio.

M.Sc., Thesis: Sales Project Screening: One M.Sc. student developed and
tested a screening tool for pre-signature sales decision support. The goal was to present
the value of a support tool that can retrieve the most relevant reference project from
the historic project portfolio, to allow the sales management to draw characteristics
parallel to the incoming order.

26



M.Sc., Special Course: Systems Variety: One M.Sc. student assessed the
systems use across three projects executed by the business partner. The goal was
to establish a method for evaluating the diversity of system nomenclature and system
decompositions to highlight potential improvements to system use alignment across
the organization.

2.4 Other Research Activities

Several other research activities were undertaken during the course of this research
project.

2.4.1 Academic PhD Courses

The following courses were done in relation to this research project. They helped
improve the study and contributed to the research project design and understanding.

Summer School on Engineering Design Research (SSEDR): A Ph.D. course
on scienti�c methods, with a focus on methodologies to improve research projects in
engineering design and an additional focus on attendee research projects and how to
improve them.
½ Politecnico di Torino (Polytechnic University of Turin)
½ Torino, Italy. Technical University of Braunschweig, Braunschweig, Germany.

Product Platforms: Nordic Collaboration Course: A Nordic inter-university
Ph.D. course with a focus on new research on product platforms and variances in
platform use across di�erent industries.
½ Jönköping University, Jönköping, Sweden.
½ Chalmers University of Technology, Göteborg, Sweden.
½ Luleå University of Technology, Luleå, Sweden.
½ Technical University of Denmark (DTU), Kgs Lyngby, Denmark.

Product Platforms and Product Family Design: From Strategy
to Implementation: An industrial course with focus on industrial use of
platform-based design and the nomenclature and methods behind.
½ Massachusetts Institute of Technology (MIT), Boston, USA.

Product Architecture Design (PAD): A Ph.D. course with focus on the
de�nitions of modules, platforms, and architectures.
½ Aalto University, Helsinki, Finland.

Management of Research and Development: A Ph.D. course with focus on
project management needs and strategies for research and development activities.
½ Aalborg University, Aalborg Denmark.

Introduction to Machine Learning and Data Mining: A M.Sc. course on
the introduction to and use of machine learning (ML) algorithms to �nd answers to
complex questions in large data sets.
½ Technical University of Denmark (DTU), Kgs Lyngby, Denmark.
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2.4.2 Knowledge Sharing and Dissemination

The methodology, approach, and �ndings of this research project were disseminated
in various settings.

Attended Conferences:

� 26th ISTE International Conference on Transdisciplinary Engineering (TE)
2019, Tokyo University, Japan

� 21st International Working Seminar in Production Economics (IWSPE) 2020,
Universität Innsbruck, Austria. Attended in-person, but the conference was
interrupted by �rst Covid-19 discoveries in Austria.

� 9th International Conference on Mass Customization and Personalization �
Community of Europe (MCP-CE) 2020, University of Novi Sad, Serbia.
Attended online due to Covid-19 travel restrictions.

� 14th Annual IEEE International Systems Conference (SYSCON) 2020,
Montreal, Canada. Attended online due to Covid-19 travel restrictions.

� The Design Society's DESIGN Conference (DESIGN) 2020, Croatia. Attended
online due to Covid-19 travel restrictions.

� 14th biennial NordDesign conference (NordDESIGN) 2020, Technical
University of Denmark. Attended online due to Covid-19 gathering restrictions.

Other Dissemination Activities:

� Presentation at MADE Innovation Conference (Jan. 2020)

� Guest Lecture at DTU Course on Complexity Management (Oct. 2019)

� MADE Young Researchers Seminar & Workshop (2018 & 2019)

� Semiannual presentations at MADE Steering Group Meetings (2018 & 2019 &
2020)

� Facilitation (aid) for the K&P Product Development Symposium (2018)

� Research Poster Presentation for Internal and External Research Dissemination
at DTU MEK K&P (2019 & 2020)

� A series of online research exchanges with Ph.D. colleagues at Chalmers
University of Technology, Göteborg, Sweden. (2020)
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3 | Theoretical Background

For a business driven by customer speci�city and customization, structure and
systematic development are key to e�ciency. Without systematic Variation
Management, portfolio diversity can grow rapidly and clutter work �ow while
sacri�cing pro�tability. This is even more apparent for businesses o�ering complex
products. This chapter describes the theoretical background for improving portfolio
management: How the project is founded in state-of-the-art research and how the
existing body of knowledge is used to understand the problem at hand and supply
proper solutions. Figure 3.1 depicts the theoretical subjects covered in this chapter
and thus the state-of-the-art foundation on which this thesis stands.

Figure 3.1: The theoretical subjects covered and used in this thesis.

To properly control the creation of variants and development processes, a concrete
architecture must be de�ned. It should assist portfolio control and variation by
supplying strict structures for product development. The de�ned architectures for
various business domains can be collected in the business Platform, which represents
the strategic decisions of portfolio symbioses e�ects.

Variation management can be achieved in various unstructured and structured
ways. Opting for a structured approach ensures that the portfolio variation is
value-adding. This structured approach includes a de�nitive segmentation and
decomposition of the portfolio and solution space. Systems Theory supplies a
systematic approach to holistically divided design that ensures coherent, consistent
solutions that abide by requirements.
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Besides separating the product into systems and sub-solutions, it can be divided
by functional and structural decoupling to allow a one-to-one mapping between needs
and development requirements. Modularity is the praxis of dividing a product into
distinct modules and ensuring that su�cient decoupling exists between those modules
via strict standardization of interfaces.

Market presence creates market experience. Product development creates
development experience. Many engineering decisions are experience- and
knowledge-based; they rely on experts' judgments and a specialized understanding
of the subject. With the rise of computer-aided development and data management
system use in businesses, accumulation of experience and knowledge can be supported
by models and data insights. This facilitates the integration of typical experience-based
engineering with fact-based engineering, leveraging both organizational experiences
and historical analyses when shaping the portfolio.

3.1 Systems

To investigate the world, one needs to �rst make sense of it. The perspective of Systems
can facilitate this understanding. Systems Theory presents a way of describing the
world by correlating things, actors, and actions. It is a di�cult concept to fathom
as it both scalable, recursive, and contextual. A system can essentially be anything,
as described by Meadows (2009) in this general, yet fuzzy, description: "A system is
a set of things � people, cells, molecules, or whatever � interconnected in such a
way that they produce their own pattern of behavior over time. The system may be
bu�eted, constricted, triggered, or driven by outside forces. But the system's response
to these forces is characteristic of itself, and that response is seldom simple in the real
world". There is no single de�nition of a system or the constituent parts of a system.
However, the theory behind each system, namely the Systems Theory or The Theory
of Technical Systems, which outlines the mindset of systems, has been thoroughly
described. From the perspective of this thesis on industrial plant development, the
following general de�nition will be adopted:

A system is an interconnected set of elements that is coherently organized
in a way that achieves something. If you look at that de�nition closely for
a minute, you can see that a system must consist of three kinds of things:
elements, interconnections, and a function or purpose (Meadows, 2009).
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All activities, actions, scenarios, processes, products, etc. can be described as a
Transformation System, which is a collection of Elements that allow the transformation
of an input to an output or a state of being to change, a purpose to be ful�lled.
Elements can be any separable entity (machines, people, etc.), which co-exist or
interact via certain relationships. "The connections and arrangements of the elements
and relationships form a set of recognizable structures for the system" (Hubka &
Eder, 1988). The system properties are described by the properties of its elements,
but it scales with the perspective on the system, as "systems can be embedded in
systems, which are embedded in yet other systems" (Meadows, 2009). One can observe
the whole world as a system and consider endless possible states, causes, e�ects,
transformations, actions, processes, etc. However, zooming into speci�c elements, that
are themselves systems, allow more focused system-relevant de�nitions, development,
and studies. Figure 3.2 illustrates this phenomenon for hierarchical transformation
systems. Therefore, it is unfeasible to discuss a system as a �nal entity; the discussion
always depends on the context of the observation and investigation. Viewing the same
scenario with a di�erent aim might reveal a di�erent system, looking into which will
reveal a system within a system, and so on.

Any system is always a constituent part of a super-system, and can itself
be divided into sub-systems; systems constitute a hierarchy
(Hubka & Eder, 1988).

The technical system is part of the natural world and is thus subject to the
same rules of causality and e�ects. Described by Hubka & Eder (1988), everything
that occurs in a technical system is "the consequence of one or more causes, and is
simultaneously the cause of one or more other consequences". They also note that the
causes and e�ects might not be known or understood, but they can be investigated
for clari�cation and improved understanding. As the perspective on a system grows,
such causality considerations become more philosophical. However, when observing
a bounded system, "most technical systems are fully deterministic. Randomness
appearing in the measurable causes and consequences can readily be accommodated
by statistical methods" (Hubka & Eder, 1988).

3.1.1 Systems Engineering (SE)

SE is a systems thinking approach applied in engineering contexts. It involves
a structured approach to problem solving, focusing on the fundamental use and
de�nitions of systems before de�ning its details. A central �gure on this topic, The
International Council on Systems Engineering (INCOSE), has de�ned the principles
and nomenclature for using systems thinking in engineering development. They have
supplied the general de�nition of the praxis:

Systems Engineering is a transdisciplinary and integrative approach to
enable the successful realization, use, and retirement of engineered systems,
using systems principles and concepts, and scienti�c, technological, and
management methods (INCOSE, 2020).
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Figure 3.2: They theory of hierarchical structuring of transformation systems and
transformation processes.

The process of SE dictates the precise de�nition(s) of the system(s) before they
are detailed and sub-system designs are formulated. Thus, the subsequent designs
assuredly cover all the needs of the solution and work coherently. This �rst de�nition
of systems in a development project is labeled as System Architecting. These activities
will result in a System Architecture that is "the 'front-end' of the system design
activity." It is crucial that this activity is completed and veri�ed, as "errors here
propagate throughout the design and can be fatal to the overall e�ort" (Eisner, 2011).

The power of SE originates from correct and certain early decisions, and more
particularly, the cost savings from providing the right systems de�nitions early in
development. As early decisions are known to allocate the majority of the later
development cost, following a structured approach is valuable (Walden et al., 2015).
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Complex Product Development with Systems: Processing facilities are
complex ETO products with low annual volumes and high engineering complexity
(Willner et al., 2016). For such products, strict methods and development approaches
are needed to ensure a functional product and verify that the functionality and
performance meet the many demands and requirements. To achieve this goal, SE
supplies a vital toolbox and methodology (Eisner, 2005). It provides both the
technical and managerial tools to handle and optimize the process of complex product
engineering. It is necessary to structure this work and the processes undertaken, in
order to remain in control and not lose the holistic perspective when dealing with
many details. Complex products requires large organizations and complicated work
�ows, often involving large pools of actors and stakeholders. The essence of SE is to
ensure that everyone works toward the same goals in a structured manner.

Systems engineering is an iterative process of top-down synthesis of a
real-world system that satis�es, in a nearly optimal manner, the full range
of requirements for the system (Eisner, 2005).

To support the development of industrial plants in particular, The International
Electrotechnical Commission (IEC) and The International Organization for
Standardization (ISO) published the international standard 81346: Industrial Systems,
Installations and Equipment and Industrial Products - Structuring Principles and
Reference Designations" (IEC & ISO, 2009). The goal of this work is to supply
a reference for systems theory in the context of plant development. The end
users of these guidelines are managers, developers, and most importantly, system
architects. The guidelines include de�nitions of systems and system structures
(which are consistent with the aforementioned de�nitions and descriptions), but
most importantly, they de�ne the concept of Objects. Objects are governed by the
earlier de�nition of system Elements, as they constitute systems while still being
systems themselves. In this context, they are de�ned more precisely as carriers of
information in di�erent Aspects. Objects can be physical (equipment, items, etc.) or
non-physical, but they carry various kinds of information. Consider an example of a
physical component of an engineered solution with three di�erent kinds of information:
structure (how it is constructed), function (how it works), and location (relation to
other components). Products can be decomposed in these various kinds; hence, a
product can be unraveled by its functional systems, sub-systems, etc. However, it
can also be taken apart in its structural hierarchies, disassembling the product. This
decomposition can be done separately, and when applicable, it can be mapped to
explain how a speci�c function is achieved in the component aspect or to explain the
reasoning behind a particular location of a component.

When developing complex engineered products, systems allow both a division of
responsibility and a structuring of activities to ensure that no aspect is missed. The
systematic decomposition of problems and design challenges allows impermissible or
overwhelming requirements to be targeted more easily while ensuring that everything
behaves according to speci�cations and performance requirements once the system is
put together. Large complex projects involving thousands of stakeholders need and
utilize these techniques as a form of management (NASA, 2007).
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3.2 Platforms

This section provides an overview of Platforms and their accompanying Architectures.
Platforms are fundamental for aligning business e�orts and adhering to a development
strategy. Architecture is the de�nition of a structure that governs the domain of the
platform.

3.2.1 The Product Platform

Traditionally, product design and development are conducted one at a time. The
creation of more than one product per development project is bene�cial in terms
of cost, lead time, quality, and business e�ciency if solutions can be reused. This
strategical reuse in product development is the essence of Product Platforms. The
concept is about "partitioning of the product portfolio and business in a smart way
while thereby gaining reuse e�ects which in turn increase the performance of the
business" (Pedersen, 2010). It is de�ned in various ways in research contexts, but
the following de�nitions were adopted for this study: A Product Platform is...

...a set of common components, modules, or parts from which a stream of
derivative products can be e�ciently developed and launched

(Meyer & Lehnerd, 1997)

...the collection of assets (...) that are shared by a set of products
(Robertson & Ulrich, 1998)

Working with product platforms requires in-depth understanding of the portfolio
and market needs. It is important to identify the possibilities for commonality, and
more importantly, the value potentials of commonality. It entails "deliberate and
carefully planned reuse and encapsulation of product, activity and knowledge elements"
(Pedersen, 2010). Not all commonality creates value, but very speci�c strategic reuse
can have signi�cant consequences for production e�ciency. Working with product
platforms is powerful for planning and executing families of products, as the platform
can be leveraged as a foundation for many derivative products. It might not be
worthwhile for a single product, but product platforms o�er �nancial bene�ts with
families or generations of products in the pipeline. Developing a platform for derivative
product creation can cost much more than the original product line (Ulrich & Eppinger,
2012). Meyer and Lehnerd, 1997 points to the strategic power of leveraging one or
more platforms for one or more market segments by introducing mapping between the
product platform and the market segments.
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Reuse and commonality are not perfect solutions for portfolio rationalization,
as they can compromise the di�erentiation between products and product families.
Incorporating performance levels, speci�c market segment needs, and customization
possibilities can be increasingly di�cult if all the building blocks of the portfolio are
shared. The topic of product platforms transforms into a strategic management task
at this point, wherein it is important to properly identify where and to what degree
products should leverage shared platforms and where specialized development is more
favorable. Creating and utilizing product platforms involves a di�cult balance between
commonality and distinctiveness (Simpson et al., 2006). The product platform can be
visualized as a set of building blocks allowing the creation of products. The necessary
strategic choices concern which blocks to share, what products to build, and from
which platforms.

A platform is a foundation for other strategic decisions as well, such as
determining product commonality goals, working with modular product structures,
and approaching product family design and customization initiatives. The de�nitions
of product structure and product creation are provided by the Product Architecture.

3.2.2 The Product Architecture

E�cient product development requires planning. Apart from traditional project
management planning, the assortment of products, generations of improvements, and
families of variants require strategic planning. To structure product development
e�orts, Product Architecture governs the most crucial aspects of structure, functions,
interfaces, etc.. It essentially serves as a blueprint for development (Ulrich & Eppinger,
2012). In other words, "an architecture is a purposefully aligned structure of a system"
(Andreasen et al., 2004). Figure 3.3 illustrates this top-down approach for de�ning
product structures. Working with architectures can be referred to as the opposite of
historical work practices (Kreimeyer, 2016). Instead of de�ning the portfolio in terms
of "what has been done", it is de�ned as "what is planned as possible". Similar to
many terms in product development strategy, this term is de�ned in numerous ways
by researchers over the years, but this study leans toward the following de�nition: The
product architecture...

... Is (1) the arrangement of functional elements; (2) the mapping from
functional elements to physical components; (3) the speci�cation of the
interfaces among interacting physical components (Ulrich, 1995).

... De�nes the essential technical structure of a product. (Sanchez, 2010)

Architectures are fundamental for development of multiple products. The
architecture supplies the essential mapping of functions, product structures, and
consequently the design work to be carried out. Product families can be de�ned by
product family architectures, and entire assortments can be governed by assortment
architectures (Harlou, 2006).
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Figure 3.3: The product architecture de�nes the fundamental structure of the product.
Redrawn from (Andreasen et al., 2004).

Stone et al., 2000 introduces a work �ow in two main phases. (1) Functional
Modeling Phase: Insights into customer needs should be broken down into functional
models, which will allow quicker solving of sub-functions. Based on such a model,
the product architecture can be identi�ed as a chosen system to solve the required
functions. The solutions are implemented in the second phase. (2) Product
Architecture Phase: When the architecture of product creation (and the solving of
functions) has been determined, the product concept can be generated. This supplies
the structure for subsequent concrete product design. Here, the product architecture
supplies �...in its essence, the transformation from product function to product form�
(Stone et al., 2000).

A popular architecture to leverage solution reuse and functional decoupling is
the Modular Architecture. It de�nes modular product structures with module- and
function-based separation.

3.2.3 Product Modularity

Imagine a world where the need for new wheels required purchasing a brand new
bike or a lamp needing a bulb replacement required replacing the entire lamp. These
are examples of Integral products, where the functional and physical structure of the
product and its constituent parts are intertwined and not easily separated. A Modular
approach entails the opposite, as it de�nes a mapping and separation of functions
between components with �xed interfaces, thus allowing substitution, replacement,
and upgrade (Ulrich & Eppinger, 2012). A Modular Architecture is...

... A one-to-one mapping from functional elements in the function
structure to the physical components of the product, and speci�es decoupled
interfaces between components (Ulrich, 1995).

According to (Baldwin & Clark, 2006), modularization is required for three
purposes: "(i) to make complexity manageable; (ii) to enable parallel work; and (iii)
to accommodate future uncertainty." Here "accommodating uncertainty" relates to the
ability to change designs and products as long as the modular rules are obeyed.
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An excellent description of product modularity is given by its "Component
Separability and Component Combinability" (Salvador, 2007). The refers to strict
interface standardization, which allows individual modules to be swapped, upgraded,
or combined in various ways to form �nal products. Furthermore, it covers "loose
coupling" between modules, where modules are de�ned as clusters of system elements.
These elements can be dependent and interrelated within the cluster but should be
independent from systems elements beyond the interface boundary of the cluster.

Modular products can be designed and implemented di�erently depending on
the needs and possibilities of the design (Ulrich & Eppinger, 2012). Slot-modular,
bus-modular, and sectional-modular are just three examples of modular architectures
used in popular products. Bicycles with many di�erent wheels �tting the standard fork
slots, powerstrips with plugs �tting a common bus, and sofas that can be expanded
with new sections are some examples of modular products.

Baldwin and Clark, 2006 expands on three distinct basic types of modularity:
Modularity in Design, Modularity in Production, and Modularity in Use. Modularity
in Use refers to products of which customers can "mix and match elements to come
up with a �nal product that suits their taste and needs". This strategy is applicable
to most products generated by con�guration systems. Modularity in Production
refers to products where the individual modules can be separately manufactured and
brought together to form the �nal �nished product. The development strategy of most
carmakers with distributed specialized production sites serves as an excellent example
of this type of modularity. Modularity in Design covers products that can be designed
by their individual elements separately. Development strategies with design tasks split
over di�erent areas of responsibility is a good example of this kind of modularity. SE
is a concrete tool for a such strategy. The latter of the three, Modularity in Design,
is the variant that o�ers the most strategic bene�t potentials, as it "multiplies the
options inherent in a complex system. This in turn both increases the total economic
value of the system and changes the ways in which the system can evolve" (Baldwin
& Clark, 2006). A true modular product allows module exchanges and improvements
while retaining the functionality of the product. It requires more than a modular
design; the interplay between modular design tasks and a modular organization is a
must.

The coupling of modular processes and modular organizations can strengthen the
strategy further (Sanchez, 2002). Modularity can be divided into two types: Technical
and Strategic (Sanchez, 2010). Technical Modularity refers to the interchangeability
of components that share interfaces. It is simply the decomposition of a product into
interchangeable modules. Strategic Modularity refers to a higher level of modularity,
wherein functions valuable to the customer are mapped to speci�c modules. It
allows the designer to "con�gure a range of strategically desired product and service
variations", leverage the same modular product and process platform to meet di�erent
customer segments, and create product performance tiers.

When focusing on strategic modularity, a modular product platform and a
modular process platform can together form a Modular Platform. The modularity
transcends the product and in�uences the processes from which the product is made,
namely the processes of design and the strategic considerations of the business and
product development (Sanchez, 2010).
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3.2.4 The Business Platform of Aligned Architectures

Architectures can govern aspects other than product speci�cs. Market Architectures
govern market understanding and guide go-to-market strategies (C. L. Hansen et
al., 2012). Process Architectures de�ne the structure and coordination of activities
in the company, ensuring an e�cient work �ow. As de�ned by (Sanchez, 2010),
the process architecture speci�es "(i) the decomposition of all the supply chain and
production processes needed to make, distribute, and support a product into a set of
functional activity components, and (ii) the speci�cation of the interfaces between
activity components that de�ne how the activity components will interact as the
production and supply chain functions as a product-realization system".

To gain the combined bene�ts from modular products, (Miller, 2001) introduces
the term Modular Engineering. It is an umbrella term describing the interaction
and strategic interplay between the products (Artefacts according to Miller, 2001),
activities and knowledge, de�ned by respective governing architectures, as illustrated
in Figure 3.4. Each architecture governs the systems and interfaces of each domain
(Harlou, 2006).

Figure 3.4: Modular Engineering as the interaction and symbioses of architectures
for products, activities and knowledge, respective. Redrawn from (Harlou, 2006) but
originates from (Miller, 2001).

A product can be de�ned by its product architecture, while production can be
de�ned by its production architecture, and so on. Each governs the assets of one
domain, creating the platform of that domain (i.e., a product platform, production
platform, and the like). Andreasen et al. (2004) de�nes a platform as "an alignment
of architectures", as illustrated in 3.5.

Sanchez (2010) states that the business strategy is de�ned by (or de�nes) the
architectures of each business domain, as seen in Figure 3.6 (left). Similarly, Sawhney
(1998) clari�es that the strategic vision of the company dictates the individual
platforms of each domain, as illustrated in 3.6 (right).
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Figure 3.5: The interaction and alignment between the product architecture and
process architecure (production architecture exempli�ed). Figure redrawn from
(Andreasen et al., 2004; C. L. Hansen et al., 2012; Harlou, 2006).

Figure 3.6: Left: The business strategy is closely interlinked with architectures
governing each the business domain. Redrawn from (Sanchez, 2010). Right: The
strategic vision is the alignment of the respective domain platforms in the business.
Reprint from (Sawhney, 1998).

A business strategy is de�ned by the architectures of the business. A platform
is de�ned as "an alignment of architectures" (Andreasen et al., 2004) for a strategic
purpose. The strategic vision is an alignment of individual domain platforms. Modular
products and process platforms can be combined into a modular platform. It then
follows that a Business Platform can be de�ned as the alignment of all domain-speci�c
platforms in the business. It de�nes the higher-order interaction and alignment
between the platforms and, thereby, architectures. This constellation, illustrated in
Figure 3.7, supplies the de�nition used to govern this thesis and its analyses.
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Figure 3.7: Business platform consisting of various business domain platforms, each
governed by their respective architectures.

3.3 Data, Information, Knowledge and Strategy

To actively use or codify knowledge, it is important to di�erentiate correctly between
information and data. Starting in the reverse order, "data is a record re�ecting the
properties of objects; any properties of a state of an object can be expressed in terms
of data". Once data are transformed and processed, they can become meaningful
information. "The state of data as well as the way the data changes is the core
concept of information". Information can elaborate on data changes and states of
data, but when information is used to indicate changes and understood as leverage for
transformation, it can be used for knowledge generation. "Knowledge usually contains
a certain degree of ambiguity and uncertainty" as it depends on many circumstantial
pieces of information and prior knowledge. Furthermore, distinctions exist among
explicit, tacit, fuzzy knowledge, etc. Knowledge is combined to achieve a particular
goal in the form of a Strategy (Ding & Li, 2010).

Data are concrete, whereas strategy is abstract. However, decision making leading
to strategies can be supported by various data- and information-based techniques.
Refer to Figure 3.8; it can be seen that data steadily ascend the pyramid from
concreteness to information, knowledge and, �nally, strategy. Any one of these steps
can be automated to a certain degree. At the very least, they can be supported.

Companies can be classi�ed as Capability-, Product-, or Process-Oriented
Businesses (Wortmann, 1992). Similarly, decision making and task execution can
be classi�ed in terms of data, information, and knowledge use. Many companies are
attempting to automate trivial decision making or tedious tasks by leveraging data
and algorithms. Many have introduced information tools systems and even knowledge
management systems.
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Figure 3.8: Relationships between data, information, knowledge, and strategy.

Some e�orts have been made to fully codify the experience and knowledge
formerly reserved for humans. Knowledge-Based Engineering refers to the codi�cation
of engineering knowledge in automated processes or engineering tasks. Design
Automation is very similar to Knowledge-Based Engineering, as product designs are
automatically generated from rules or design criteria. Its goals are similar to those
of Knowledge Management initiatives, namely to collect, synthesize, and distribute
organizational knowledge so that it can support the entire business (Montali et al.,
2017; Mourtzis et al., 2014; Stjepandi¢ et al., 2015).

To estimate the required e�orts in development projects, several software
supported techniques are being proposed and tested. Mendes et al. (2002) classify
them into three main categories: Algorithmic Models, Machine Learning (ML), and
Expert Judgement. They argue that even though many have sought to compare
estimation accuracies, there is still no convergence of opinions on the matter. Although
Expert Judgement is di�cult to assess, expert knowledge is valuable in many decision
scenarios, and it certainly serves as an adjusting factor for automated processes
(Mendes et al., 2002). Experts and statistics can complement each other and lead
to an even more valuable solution, as illustrated in Figure 3.9.

Engineers have access to an even larger toolbox if they utilize ML algorithms and
Arti�cial Intelligence (AI) to gather and understand data. Using these techniques
to support experience-based decision making can save time, provide market and user
information, improve fault �nding, and increase manufacturing e�ciency (Hunt, 2020).
It can even redirect human resources from tedious tasks to decisions where human
experience and judgment are the most valuable.
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Figure 3.9: Experience- and fact-based engineering complements each other to drive
portfolio decision-making.

ML and AI techniques do not necessarily require vast amount of ready-to-use
data. Many of these techniques are actually used to extract meaningful and contextual
information from seemingly invaluable collections of unstructured information, such
as text descriptions, signs, documentation, images, and video feeds. The aim here
is to feed the algorithm with collections of unstructured data to receive structured
data. Information (or derived meaning from data) can also be interpreted by use of
algorithms. The software of an autonomous car (i.e., a self-driving car) creates meaning
from the data it receives from sensors and camera. This meaning is then processed
and used to maintain the car on the road, in between speci�c lines, and brake when
required. That same level of information can automatically be generated from supplied
collections of data or automatically derived data from sets of unstructured data. Thus,
data-based decision making can be automated.

3.4 Summary of Theory

Systems allow a structured understanding and framework for information, de�nitions,
responsibility, functions, operations, etc. The theory of systems and the hierarchical
nature of systems and their elements provide a basis for complex work to be broken
down into bits and rebuilt systematically. Systems Engineering (SE) is the term
applied for such systems in the context of engineering development. SE structures
and systematizes e�orts to ensure the functionality, performance, and reliability of
development. Notably, complex product development can bene�t from SE as it
requires much-needed structure. This mindset of systems structure is the basis for
product models and data models as well as studies on higher-level product and process
de�nitions.
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Product Platforms de�ne the totality of available assets for making products.
They are driven by Product Architecture de�nitions. Architectures can exist for entities
other than products; hence, organizations, processes, and markets can be governed by
architectural de�nitions of functions, interactions, and adaptability (C. L. Hansen
et al., 2012). Thus, a Business Platform, which de�nes the totality of all governed
domains of the business, each with a possible architectural de�nition, comes into play.
Figure 3.7 visualizes this platform and its constituent domains, which are governed
by their architectures. The term Platform means alignment, namely the alignment
of architectures and business e�orts. This alignment and control of variation is the
key to variation management and mitigation of uncontrolled variety growth. It follows
the presumption that strict platform governance supports ETO companies and plant
engineering businesses to improve portfolio management.

Modularity covers the division of design and development processes to �t separate
functional groups and create a one-to-one correspondence between needs and required
customization. In its purest form, a single functional change is achieved by replacement
or modi�cation of a single module separated by well-de�ned interfaces. A modular
strategy is the catalyst that allows complex products and intricate development to
reuse speci�c modules, sub-solutions, system elements, or experiences, especially if
modularity is thought to strategically align architectures and not simply as modularity
in form.

Businesses can be operated by experienced organizations or individuals. Platforms
can be designed by knowledgeable experts. In particular, experience is a
primary resource in capability-oriented businesses such as ETO plant engineering
companies. However, given their long histories and large portfolios of past projects,
information that could potentially o�er valuable support to formerly knowledge- and
human-centered decisions is available. Estimation techniques, portfolio decisions, and
design solutions can bene�t from a partnership between individuals' experiences and
algorithm e�ciency. In order to leverage this aspect, data must be gathered and
processed into information that supports the knowledge required for strategic decisions
to be made.
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4 | Findings

The study described in this thesis was centered around the understanding of Platforms
presented in Section 3.2. The aim was to analyze the platform of the case company,
to reveal how portfolio variation is handled and can thus be improved. This chapter
summarizes the conducted studies and the �ndings hereof, focusing on the Process
Platform and Product Platform. The �ndings are divided into four main sections,
which are depicted in Figure 4.1 as a sequential steps in the study, each passing
insights onto the next step.

Modeling of the business and data to enable the study.

Problem setting of the focus areas for the following analyses.

Analyses of product portfolio variation sources and causes.

Improvement of revealed causes by levers for portfolio variation management

Process
Architecture

Projects

Activities

Tasks

Modeling

Problem
Setting

Analyses
Improvement

Product
Architecture

Families

Components

Plants

Parts
PRODUCT PLATFORM

PROCESS PLATFORM

BUSINESS  PLATFORM

?..!

Levers for 
Variation 

Management Sources of 
variation

Problems
from variation

Models and
understanding

Figure 4.1: Overview of the undertaken business platform study.

Several methods and �ndings have been published as scienti�c papers throughout
the course of this project. The �ndings have been presented in this thesis, and the
reader may refer to the related publications in respective appendixes for more details.

Disclaimer! Looking for Trouble: This research focused solely on revealing
shortcomings and issues in processes and products, to identify remedies and o�er
improvements. The aim of this work was not to document the current design praxis
to its full extent along with its positive and negative aspects. Moreover, this work was
not intended to investigate the details of current successful practices and initiatives.
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CHAPTER 4. FINDINGS

4.1 Modeling

Modeling of a business and its platform supports the investigation of portfolio variation
by adding to the references, information, contacts, and understanding relating to the
business.

4.1.1 Organization Model

A map was needed to guide further acquisition of information and data, the ultimate
aim being to understand the business, its development projects, products, and
organization.

Methodology: A Design Structure Matrix is a tool used for indicating the
dependency, interaction, connection, etc. between two dimensions or within the same
dimension (Eppinger & Browning, 2012). These dimensions can take the form of
products, components, processes, activities, information, or any other dimension. A
complete map of interaction and dependence can be created by indicating interactions
or links between individual elements. For a broader perspective, these matrices
can be stacked to correlate more than two dimensions. Such a stack is called a
Multi-Domain Matrix. A set of Multi-Domain Matrices were created to link Project
Details, Documentation, Processes, Archives, and Organizational Units. The model
concept is presented in 4.2.

MDM
Multi
Domain
Matrices
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A
rc

h
.
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rg
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Design
Structure
Matrix

Project Information

Documentation

Processes

Archives

Organizational Units

Figure 4.2: Multi-Domain Matrices used for organizational modeling.

Findings: The product and project information was related mostly to functional
requirements and functional designs. No single source of product portfolio information
existed. This information was divided across multiple sources, such as documents, data
management systems, and individuals.
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Project documentation was found to be concentrated in one speci�c document
archival system. Further investigation showed that this particular archive hosts all
project-related documentation and that every item created for a project is archived
here during and after project execution. The drive consists of regular folder structures,
with documents stored in various categories.

A single project activity stood out, as it concentrated a considerable amount
of stakeholder details and project information: a joint review meeting. Further
investigation revealed that this meeting referred to a single review session that is
conducted for every large plant development project. The focus of that meeting is to
align all concerned parties to the overall plant scope and design.

Some of the identi�ed archives were unavailable to the research team and
thus entailed information retrieval by company representatives. However, a few of
the archives (documentation archives and �nancial data management systems) were
accessible to the research team or access was granted at a later point in time.

Regarding the design of the plants, two organizational units were considered as
the primary focus areas: the teams responsible for the functional/process design and
those in charge of project execution (i.e., those who dealt with the physical/structural
design). Two organizational units were analyzed in the context of the constituent
components of the plant: the executing teams that need the components for the plant
design and the engineering teams responsible for the detailed construction and drawing
of the components.

Conclusions: The main value of this map was threefold: (1) It supplied a basis for
discussion with the company experts and team representatives. (2) The map revealed
that the company functions with considerable dependencies among organizational
units with regard to project details and speci�c items of documentation. (3) The
map revealed key pieces of documentation and information archives central to the
functions of the business and its projects, thus earmarking their value as sources of
information for this study.

4.1.2 Project and Product Model

To understand the product and its creation, a model was constructed to illustrate the
overall design project work �ow and the composition of a plant's design.

Methodology: The model was built from information gathered through interviews
with company representatives and project stakeholders, as well as company literature.

Findings: Figure 4.3 depicts the understanding of the plant composition and
hierarchical design of a plant and its components and parts. A plant is a
function-speci�c section of a processing facility, consisting of a set of primary
components, which in turn are made up of parts. The whole solution is speci�ed
up front in a development project, which initiates plant design activities. Component
speci�cations, which initiate component engineering activities, are decided upon when
these design activities are undertaken. The �nished component designs are fed into
the plant design activities, and the total product design is �nalized. Thereafter, the
realization phases are initiated (this thesis will not focus on these phases as they are
outside its scope).
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Figure 4.3: Model and understanding of the product and product-creation processes.

Conclusions: The model supplies the needed holistic and hierarchical decomposition
of product and product creation processes (projects) needed for further modeling.

4.1.3 Process Function Model

To add to the understanding of the business operation, a process function model was
constructed to analyze the processes undertaken from the project ordering to plant
realization stages.

Methodology: The above-mentioned process model was drawn using the Integrated
DEFinition methods (IDEF) modeling language. IDEF supplies a structured way of
depicting and visualizing processes, chains of activities, or business operations (IDEF,
2020). A process is depicted as a box, with inputs (from the left), outputs (to the
right), resources supporting the process (from below), and any limitations to its actions
by controls (from the top). Processes can have multiple interactions on all four sides.
Each process (box) can be expanded and contain its own system of processes and
interactions. Figure 4.4 illustrates such a process model and the structure of the
IDEF modeling language.

Findings: The process functions of the plant execution were drawn using the IDEF
modeling language in a manner similar to that shown in Figure 4.4. This �gure was
used to identify documentation handovers, support functions, and the main milestones.
The function model supported the understanding of the business and allowed the
search for problematic sources of variance. The model was used to �nd areas of
interest and representatives to interview.

Conclusions: Four areas in particular led to further investigations: (1) How are
sales supported by predetermined designs and component selections? (2) How does the
handover of documentation and continuation of the design from the speci�cations occur
from sales activities to project execution activities? (3) How are component-related
variant standards and feedback from the engineering teams to the rest of the project
teams applied? (4) How are component designs speci�ed and documented?
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Figure 4.4: Process Function Model of project activities.

4.1.4 Data Model

Data management systems and document archives identi�ed from the organization
model supplied valuable information on the project, processes, products, and
development e�orts. Figure 4.5 presents an overview of the information used to
describe the analyzed plant projects. The conducted studies described in this thesis
are mainly based on (1) expert interviews, (2) extracts from documents and project
documentation, and (3) information from data management systems. The gathered
information and data needed structuring and modeling.

Methodology: The data model was created using an SQL database. SQLite
Microsoft Power BI software was used for analyzing the data, and the programming
language Python was used for drawing custom graphs. Figure 4.6 presents the scheme
used for structuring the gathered data, information, and knowledge in this research
project. The model was centered on the project as the main identi�er. Metadata
and project information (project characteristics, parameters, etc.) were then linked to
this central identi�er. The project was split into Project and Process to accommodate
information on these two aspects. Both were decomposed into relevant sub-aspects,
information, characteristics, etc. and linked in several tabular database tables.
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Figure 4.6: Scheme used for modeling gathered information and data.
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Findings and Conclusions: The data modeling scheme proved valuable in
structuring and organizing the gathered information and data. The tabular data were
easily manageable and modi�able. Microsoft Power BI supported the preparation of
the analytical reports, while Python supplied the ability to undertake custom graphing
when simple bar, line, and scatter charts were insu�cient. The above-mentioned
scheme successfully allowed the research team to decompose, organize, and analyze
the collected data.

Structuring and Contextualizing Historical Data for Decision Making in
Early Development

Co-authored for the DESIGN 2020 conference. See appendix A for manuscript details.
Purpose: The aim of this study was to promote proper structuring of data to gain
useful insights for new development decisions.
Methodology: Data structuring schemes from two industrial case studies in product
data analytics were compared with the literature to investigate the best method for
contextualizing data.
Findings: It is important to link data objects and product information in a
hierarchical order to extract information on both holistic and detailed levels.

Structuring Historical Company Data to Scope the Transition from
Engineer-To-Order to Mass Customization

Manuscript submitted to journal for review. See appendix B for manuscript details.
Purpose: This study aimed to investigate how to structure data, information, and
knowledge in an ETO context to support the transition of the business to MC.
Speci�cally, the study attempted to structure project, process, and product information
to produce portfolio insights valuable for variation management.
Methodology: The study reviewed the literature on structuring methods in the ETO
and MC business contexts and arrived at a proposed structuring scheme. The scheme
was tested using showcased results from an industrial case.
Findings: It is useful to structure information with the proposed framework. The case
results prove that the modeling framework can supply valuable insights for portfolio
decisions, thereby supporting the transition by an ETO toward MC strategies.
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4.1.5 Conclusions from Modeling

Companies dealing with complex engineered products often require complex
organizations and information infrastructure. This was also observed in the industrial
case study. Mapping the organization and work �ow helped identify proper sources
of knowledge, information, and data. This understanding of the data and presented
modeling scheme were su�cient for conducting the portfolio analyses. The results of
the organization, project and product modeling supplied the following insights:

1 The organization model supplied a basis for discussion with company experts
and team representatives

2 The organization model revealed high levels of dependency between
organizational units, project details and speci�c pieces of documentation.

3 The organization model shed light on key pieces of documentation and
information archives.

4 The product can be decomposed hierarchically into various levels, namely the
plant, components, and parts.

5 The main milestones of product creation can be divided into (1) customer order,
(2) solution speci�cation, (3) component speci�cation, (4) component design,
and (5) plant design.

6 The development project can be decomposed into (1) plant design activities
and (2) component engineering activities.

The process function model revealed the following focus areas:

7 Sales support for redetermined designs and component selections,

8 the handing over of documentation and continuation of design from
speci�cations,

9 use of component variant standards and feedback from the engineering teams
to the rest of the project teams in the organization, and

10 speci�cation of component designs and documentation thereof.

Moreover, data modeling revealed that

11 It is su�cient to structure data into project, product, and process
decompositions,

12 the gathered data can be analyzed with the three data modeling tools: SQL
database, Microsoft Power BI, and Python, and

13 data analysis required signi�cant time for manually extracting the data from
documents and inserting them into the data model.
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4.2 Problem Setting

Models that support the understanding of the business, processes, organization,
documentation, data, etc. were successfully created. Thereafter, the study needed
to pinpoint the speci�c problems to be solved, which required a suitable Problem
Setting.

To understand the shortcomings in the current business operations and to reveal
focus areas that require improvement, interviews were conducted with representatives
from most organizational units relevant to this study. The topic concerned a particular
plant project case and the issues arising from variation in it. The interview rounds
culminated in an overview of topics, which helped in the identi�cation and assessment
of problems by the company stakeholders. Two topics stood out from this overview:

Design: Design relates to the speci�cation of design intentions, identi�cation of design
solutions, and engineering of the plant product. Many new and unique solutions
had been applied to that particular plant, which resulted in a signi�cant number
of uncertainties, excessive work, and troubleshooting.

Commissioning: Commissioning relates to the e�orts to bring a plant to working
condition on site and ensure that it performs as expected. It includes
quali�cation of the product and checking that the built plant operates as
envisioned in the design (Kirsilä et al., 2007). Together with sourcing,
manufacturing, and installation, it constitutes the Realization of the plant.
The plant in question required excessive work on site due to the unique design
solutions and operational requirements.

The importance of developing MC solutions and improvements to late production
phases is described well in literature, and so is the need in earlier design phases.
However, the choices and strategies depend on each other, thus "MC capabilities
involving several areas are to be developed in parallel rather than in a sequential mode
starting with product design" (Thomassen & Alfnes, 2017).

It was decided that analyses and improvements in both areas (Design and
Commissioning) would be too ambitious for one Ph.D. project. Thus, this research
project would focus on Design. Another Ph.D. research project was initiated to
concentrate on Commissioning.
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4.2.1 Financial Benchmark

The �nances of the project were tracked carefully, the aim being to guide the analysis
by revealing variations in the project �nances and �nancial performance throughout
the development e�ort.

Methodology: These analyses included overviewing the overall project cost and
resources as well as comparing the budget to the �nal expense of a series of plant
projects. As a baseline, the graphs depicted in Figure 4.7 (top) were produced for the
entire population of plant project cases. The Contribution Margin Ratio was plotted
for each plant project. It revealed the most and least pro�table plant projects. The
cost changes were split into Hours and Items and plotted against changes in project
margins. These changes refer to the change between a budget allocated at project
startup and the �nal amount tallied in the books at project closedown. Thus, a
project showing slight changes only indicated very accurate predictions/estimations
or experienced few unforeseen variations along its life cycle.

The charts in Figure 4.7 (bottom) were produced for each plant. The project life
cycle was also plotted for each plant. It included distributions of the registered hours
for plant development and the tracking of project �nances as the project progressed.

Findings from Margin Deviations: An overview of the Contribution Margin Ratio
for all plants helped identify the under-performing projects. Portfolio management can
be envisioned as including one of the following two major tasks: avoiding problematic
projects at the outset or attempting to improve the outcomes of problematic projects
(elevating the earnings from these projects).

Findings from Hour and Item Costs: Plotting of Hour and Item cost changes
versus changes in project earnings revealed that there is a distinct correlation between
increased costs (in both categories) and decreasing earnings. Furthermore the two
categories vary comparably in relative measures but are very di�erent in absolute
measures.

Findings from Project Life Cycle Charts: The collection of produced
timelines revealed no identical patterns in hours expended for the projects; hence,
project execution timelines and thus the patterns of development processes varies.
Furthermore, two types of project timelines could be distinguished: (1) projects in
which the majority (if not all) of the hours were expended before the de�ned project
handover date and (2) projects in which a signi�cant portion of hours were spent after
the set handover date, after which a relatively long period of low, but steady, hourly
consumption continued to be recorded.

Conclusions: The initial �nancial benchmark revealed a set of primary observations
concerning business variation, which gave rise to further investigations.

� The actual earnings deviated from the expected earnings across the analyzed
sample of plant projects. Deviations were noted between the initial contractual
estimates and �nal �gures.

� Both the cost of labor ("Hours") and the cost of material ("Items") increased
steadily during the projects, which directly in�uenced earnings negatively.
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Figure 4.7: Charts used for �nancial benchmark analysis. Top: Overview of earnings
and cost deviations for all projects. Bottom: Timelines of cost, earnings and resource
consumption for each project.
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� Two types of project life cycles were observed: (1) On time and according to
hour budgets. (2) Delayed with over-spending of hours.

� The increases in both cost categories were attributed to "unique project
circumstances" and "individual project variation" by most interviewed
representatives.

� A subset of plant projects should be either (1) avoided or (2) improved in terms
of �nancial shortcomings.

4.2.2 Cost, Complexity and Performance

Understanding a business means understanding a company, its products, and how
it works with those products. It is essential to grasp how the processes of design
and design choices a�ect the outcome (the product). A sub-study was conducted to
comprehend the product design choices and consequences. Three main categories were
analyzed: Cost, Complexity, and Performance.

Methodology: A workshop was hosted for a large group of product (plant) designers.
Their main responsibility in the business is to conceptually devise high-level designs
from customer requirements using fundamental gas equilibrium equations, design
principles, and concepts to govern their work. They designed the functional process of
the plant. They were brought together in a session to evaluate each criteria described
above by elaborating on characteristics, attributes, values, and considerations for each.
Speci�cally, they were requested to place notes indicating low, medium, or high on
three posters relating to each category. Figure 4.8 shows how the workshop was
conducted and the three resulting posters with the notes (the writing on the notes has
been blurred to maintain con�dentiality

Figure 4.8: Workshop setup for the sub-study on Cost, Complexity, and Performance.
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Findings and Conclusions: All the inputs were merged into an overview explaining
which characteristics determine CPC and thus would be interesting to focus on in
the analysis. Most interestingly, some characteristics seemed to be common across
the three categories; they raised performance but also increased project complexity
and cost. Likewise, certain inverse e�ects came to light; for instance, they limited
complexity but drove up costs signi�cantly.

Among the many notes, some insights were directly related to the aims of this
study and thesis. The following excerpt of these insights is divided into the three
criteria, with arrows indicating whether the factor resulted in an increase (û) or a
decrease (ø) of that trait.

Cost was found to be high when the designs were new, unproven, or incorrect
(requiring changes). If the design is unproven, the budget and performance knowledge
might be o� target. Such knowledge can be improved by reusing solutions for which
experience already exists.

û Unknown or wrong designs

û New designs

û Miss-budgetting

û Over-specifying (over-performance of) plant design

ø Re-use (plant and component) design

Complexity is driven by unclear, new, and complicated contracts, project
setups, and execution. Complexity is high when the requirements or speci�cations
are unreasonably speci�c or di�cult to implement, the interconnections between the
components are too intricate, and/or the solutions are unproven. Moreover, any
customer-requested mid-project changes and coordination challenges add to project
complexity.

û New, unique, and unproven (plant and component) solutions

û Intricate connections between plant components

Performance of the solution is driven by knowing what it will contain and then
systematically operating on that knowledge. The scope as well as the supply chain of
sub-solutions should be well de�ned. Performance is ensured by solution certainty.

û Well de�ned contract scope

û Consistency in processes, management and execution

û Standard components and proven suppliers
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4.2.3 Root Cause Analysis

Numerous circumstances, routines, and legacies in�uence how products and projects
are realized in a business, especially in businesses with a focus on project uniqueness.
To understand these aspects better and further reveal how they in�uence project
pro�tability and portfolio architecture issues, a Root Cause Analysis was conducted.
The intention was to link all the obtained clues and discovered issues in the chains
with the goal of �nding the weak links or key connections that could be mitigated for
considerable improvement in the overall business performance.

Methodology: A Cause & E�ect diagram, also known as a Why-Why Diagram, was
created. The diagram contained all the gathered clues, information, and knowledge
obtained thus far for the research project. The information was sourced from
interviews and discussions with company representatives. Based on examples of past
projects, representatives from di�erent organizational units were asked to supply their
perspectives on the e�ects and causes. As such, this information represented current
and past reasons for shortcomings pertaining to the presented cases from the plant
project portfolio.

Findings: Some of the bigger clusters of �ndings are summarized in the simpli�ed
version of the constructed Why-Why Diagram which is presented in Figure 4.9. The
diagram is read in a top-down manner. The uppermost e�ect conveys that the plant
development business was not as pro�table as estimated. Then, the reader can ask
why and follow the links downward to seek the explanation/cause of this e�ect. The
boxes are categorized into three groups, Out of scope, Within Scope, and Focus Area,
to indicate which causes are the primary foci in this study.

The shortlisted focus causes (as indicated in Figure 4.9) are as follows: (1) Lack
of awareness of existing solutions, (2) di�culties in reuse, (3) di�culties in comparing
projects and solutions, (4) project-speci�c documentation, (5) project-speci�c
products, (6) project-speci�c plant design, (7) project-speci�c component designs, (8)
limited �xed or preferred solutions, and (9) integral design.

Conclusions: Many of the cost-related e�ects root back to the customization of
components and plant designs. In fact, this part of the diagram is akin to a funnel;
everything leads back to the fact that every project is handled uniquely and designs
are executed as one of a kind. The inability to compare and reuse was derived as the
main reason for this state of a�airs.
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Figure 4.9: Simpli�ed Cause & E�ect (Why-Why) Diagram produced for the root
cause analysis.
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4.2.4 Conclusions from Problem Setting

The problem setting revealed a set of problematic circumstances related to su�ering
pro�tability of development projects. These causes were studied (see Section 4.3) to
identify the sources of portfolio variation and explain the observed business problems.

1 Margins deviated due to continuous increases in item and hour cost budgets.

2 Certain projects should be entirely avoided or improved upon.

3 Patterns of execution processes vary.

4 Some projects encountered signi�cant "problems" or circumstances resulting in
serious delays that sacri�ce revenue.

5 New, unknown, unique, unproven, and overspeci�ed solutions attributed to
complexity, cost, and misbudgeting of cost and time.

6 Ill-de�ned scopes and inconsistencies led to low solution performance.

7 Comparison between projects and solutions was di�cult, as was the
identi�cation of items for reuse.

8 Reuse of solutions was di�cult or impossible due to documentation, solutions,
and designs being project-speci�c.
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4.3 Variation Analyses

A series of problems, focus areas, and variation e�ects was identi�ed through Problem
Setting (Section 4.2). This section discusses the sources/causes of these variations.
A series of studies was conducted to uncover the extent of variation and potential
for mitigation in the Process Platform and Product Platform as well as the interplay
between them.

The Processes of product creation govern the rules and activities of product
variant generation. These processes are even more crucial in plant-based development
as every customer problem initiates a unique series of processes. Before a product
can be designed, customer needs and requirements must be translated into product
speci�cations. Most importantly, speci�cations draw the boundary for the subsequent
development and de�ne the design activities. Speci�cation and design involve a set of
standard variant rules that add support to the system and structure the process in a
hierarchical manner with a division of responsibilities.

The Products are de�ned by an initial customer order. These orders open up the
solution space and expand the capabilities of the company to respond to customer
needs. The speci�ed solution plays a central role as a reference for any subsequent
development activity. The design is the encapsulation of the exact solution matching
the speci�cation. When the overall goals of the product are determined, the product
can be created block by block (i.e., with the components). In a top-down design
approach, the design boundaries are de�ned before establishing the details.

The analyses targeted both holistic decisions and details throughout various
layers, as depicted in Figure 4.10. Studies on Use of Systems revealed variations
in the coordination among the top-down de�nitions, namely between processes and
products. Findings from Use of Speci�cations analyses highlighted variations in
activities involving product de�nition. Analyses of Use of Standards showed whether
these variant decisions were strictly limited or loosely bounded. Solution Space, Plant
Complexity, and Component Design analyses focused on the product in the downward
direction, from holistic to detailed development.
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Figure 4.10: The cover of the variation source analyses on the business platform.
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4.3.1 Use of Systems

Central to the business is its use of systems, systems de�nitions, systems nomenclature,
and the systems-of-systems engineering used to develop its products. When developing
complex engineered products, it is essential to use systems engineering to direct
development and ensure the systematic ful�llment of requirements. Furthermore,
coordination of activities, planning, design, responsibility division, etc. require a
well-structured decomposition of the product and related processes. A separate case
study was conducted (Bertram, Mueller, Mangum, et al., 2020) to reveal variance
in systems use and apply these insights to suggest coherent systems decomposition
changes.

Research Methodology: The sub-study was conducted as a supervised student
project engaging one M.Sc. student. The goal of the project was to investigate
available documentation from a set of three plant projects and then map the system
nomenclature and decomposition used throughout in order to assess deviations and
alignment potential. The system nomenclature and hierarchical system structure
were extracted from all available and recoverable documentation of three plant
development projects. The extracted information on use of systems was compared in
an analysis framework consistent with the project phases and product/process aspects.
Figure 4.11 presents the methodology used in this sub-study. It consisted of the
aforementioned framework and the subsequent system extraction, system de�nition
comparison, and variation analyses steps.

Findings: The insights from this comparison were structured as inter-project,
intra-project, and phase/aspect-speci�c variance observations. The framework and
method of analyses proved useful in supplying an overview of alignments and
misalignments of systems use. Notably, a gap in systems de�nitions between sales
and development activities was observed. This gap resulted in a "signi�cant jump"
between activities and units. At the outset, the de�nitions were holistic (top-down)
in the early project phases, but later, they became detailed (bottom-up) and lacked
proper explanations of the connections and hierarchical structure.

Conclusions: Systems use was not aligned across documentation, indicating the
presence of project- and department-speci�c de�nitions and decomposition. This result
pointed to the work �ow being compartmentalized in organizational silos. This aspect
presents a major challenge with regard to data- and fact-based portfolio comparison,
and consequently, portfolio decision making.

1 Organizational units engage in project-speci�c systems de�nitions and
nomenclature.

2 The systems were de�ned holistically at �rst, but later, the de�nitions turned
into independent/standalone details
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Figure 4.11: Generic methodology behind the system use variation analyses. Reprint
from (Bertram, Mueller, Mangum, et al., 2020).

A Method for Revealing Misalignment in Engineer-to-Order Products
and Process Structures

Presented at The 9th International Conference on Mass Customization and
Personalization - Community of Europe (MCP-CE) 2020. See appendix C for paper
details.
Purpose: This paper presented a method for systematically revealing system use
variations across project phases, documentation, and process/product aspects.
Methodology: The study was based on decomposition methods of projects, products,
and processes reported in the literature, allowing the creation of an analytical
framework used for variance analyses. These analyses were combined to provide
insights into variations in system de�nitions and decomposition.
Findings: The method was tested on three projects in an industrial case company.
The results of this application allowed the de�nition of three main sources of system
variation.
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4.3.2 Use of Speci�cations

The speci�cations represent direct links between processes and products, as the activity
of the speci�cation directly de�nes product development. Several steps related to
product speci�cations are conducted in a plant development project. The overall
speci�cations are �nalized during sales negotiations to describe the planned solution
to the (customer's) problem. Beyond these broad solution speci�cations, additional
details can be added to sub-solutions through detailed speci�cations.

Research Methodology: Representatives from the di�erent business processes were
interviewed to map the work �ow and understand the use of speci�cations. These
analyses were qualitative and summarized the understanding gained throughout the
industry collaboration period.

Plant Solution Speci�cations: The company in question employed a con�guration
system to generate solutions for new customer problems. Based on a set of problem
features and problem characteristics, the con�gurator automatically conducted process
calculations (using the company's own software) and returned a solution proposal
including process (functional) design, cost estimations (with data sourced from the
company data management systems) and a collection of library case �ow sheets for each
of the solutions sub-systems. Thus, the con�guration system supplied the foundation
of a design that could be customized and modi�ed by the sales team.

The sales team must o�er a solution to the customer's needs and requirements.
This entails conducting preliminary design, process design, and cost estimation.
During these sales negotiations with the customer, the sales management team
utilizes the same set of support tools available to the project execution teams and
a set of solution libraries targeted speci�cally toward sales. The team creates
a preliminary process design, preliminary solution �ow sheets (functional process
drawings), and preliminary 3D drawings of the physical plant structure (build). It
uses the con�gurator and modi�es the generated solution to �t the exact needs of the
customer. One of the utilized libraries contained low-detail placeholders of equipment,
and only the most important features and interfaces are included. When library cases
are not su�cient for a particular customer case, the sales team creates its own design
mockups.

After the project has been ordered (the contract has been signed), the project
is handed over to a project execution group. The execution group includes project
management teams that oversee the ful�llment of the order throughout the life cycle
of the development project. According to representatives of the sales and project
execution groups, the plant documentation prepared by the sales team was treated
as preliminary and used as an input for preparation of new detailed documentation
suited for the subsequent development phases.
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Once the project is handed over from sales management to project management,
the plant is designed and detailed continuously. The plant slowly begins to take
shape, starting with process design and progressing to mechanical design and the
construction of the physical structure. After the initial design is complete, a formal
speci�cation review meeting is conducted. This meeting functions as a �xed stage in
the design process. The meeting includes all organizational units involved in the plant
development. Its purpose is to align all the project stakeholders with regard to the
scope, requirements, design, approach, schedule, etc. of the undertaken development.
This meeting results in speci�c documentation, which reports most of the aspects of
the speci�ed solution.

Engineered Component Speci�cation: When the overall design of the plant has
been determined (but not �nished), the needed components are speci�ed and ordered
from the engineering department. For this task, the organization utilizes a speci�cation
document template that allows the design team to indicate the required components.
This template can be used to check di�erent product families, variant selections, and
key di�erentiating characteristics as well as commentary for custom modi�cations.

Once �lled out, the component speci�cation document is sent to the engineering
department along with the plant design drawings in their current state. Then,
component engineers draw and �t the speci�ed components using one of the following
three methods with ascending level of reuse: (1) Draw the component from scratch
utilizing a base model and thus modifying this base model to the speci�cation, (2)
modify a previously similar component model to �t the new speci�cation, (3) copy
another identical component and conduct minor documentation modi�cations (e.g.,
drawing headers).

Depending on the level of reuse and workload, this process may take varying
amounts of time before the �nished engineering models and technical documents are
returned to the project execution team. The project execution team can then order
the components from the organizational units responsible for procurement, sourcing,
and manufacture.

Control Software Speci�cation: The plant equipment and processes need
controlling. In the case company, the control systems and control software are managed
separately from the other development activities. Control design diverges from plant
design to its own branch of development early in the development, when the process
�ow sheets and lists of mechanical equipment are prepared. Thorough speci�cations
are provided to properly describe the needed control system functionality and the
interfaces to the equipment, design, engineering, sourcing, etc., similar to the main
development activities. These two branches of development formally meet when on-site
erection and installation take place. An important indication here is that "99% of the
control system can be made based on those early pieces of documentation, �ow sheets
and equipment lists" according to control management.
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This in itself is a noteworthy utilization of parallel development potential.
However, as per the interviews with on-site management and process experts tasked
with the commissioning and startup of plants, a common project scenario involves
control systems being �nished on-site at the last minute while other site activities
are paused. In one instance, an on-site team was forced to wait for three days while
last-minute software was coded on-site. This is not uncommon, as the exact suppliers
and brands of sensors and electrical equipment are unknown until the later project
stages. As the control software is highly reliant on sensor-based solutions, changes to
this equipment dictate interfacing with the control systems. Suppliers are selected on
a project basis, and thus, the sensory interfaces might remain unknown as late as the
deployment stage.

Conclusions: The following insights were revealed by investigating the Speci�cations
and their interplay with the product for sources of portfolio variation and issues
relating to product variation management:

3 Current solution con�guration systems did not accommodate customization,
and con�gured solutions required subsequent modi�cation.

4 Component variants were customized, potentially freely, to �t the speci�c
plant.

5 Documentation transferred between organizational units or activities was
rarely reused.

6 Solution speci�cations were not continuously reviewed and never from a
portfolio reuse standpoint.

4.3.3 Use of Standards

The component design speci�cations dictated speci�c features and parameters, but the
remainder was governed by the design variant standards implemented in the business.
The use of component design standards was investigated to uncover any variation from
varied use and their governance. This study conducted three analyses regarding the
(1) work �ow with the standards, (2) design compliance to those standards, and (3)
impacts of the choice of standard on the �nancials.

Research Methodology: The �rst analysis was primarily founded on interviews
conducted with representatives from di�erent organizational units. These
representatives used or contributed to the use of the component variant standards.
The approach was to identify the users of these standards through a typical life cycle
of a plant development project. Each representative was interviewed to understand
(1) which sources they used for standard variant information, (2) how they used the
standards, (3) how the standards a�ected the work, results, and (4) the documentation
created for that speci�c project activity.

66



The second analysis compared the standard variant designs and the resulting
design from the engineering processes. Since production is handled by 3rd party
suppliers, the technical manufacturing drawings produced by the in-house engineering
team served as the proxy for the �nished component design. A distinct histogram
chart was created for the analysis. The chart presented the number of observations of
certain feature dimensions. Figure 4.12 shows such a chart. The horizontal axis shows
the dimension range (length, angle, thickness, etc.), and the vertical axis shows the
number of occurrences. The standard variants of the dimensional values are marked
on the horizontal axis by vertical lines. This visualization allows the observer to
quickly assess the distribution of variants and their coincidence or lack thereof with the
standard variant catalog. To �ll the charts, the current component design standards
and technical manufacturing drawings were collected from all case plant projects.
Information was manually extracted and inputted as data in the research study data
model described in Section 4.1.4.
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Figure 4.12: Top left: Graph type used to analyze the standard compliance of
engineered components. Top middle and right: Overviews of compliance for plants
and product families. Bottom: Finalized overview of dimensional compliance for each
feature and component.
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The third analysis compared project �nancial performances with the choices of
standard or custom component variants. One of the motivators for applying standard
variants is the ability to reuse engineering resources and thus improve earnings-to-cost
ratios. Hence, a correlation was expected between the degree of plant standardization
and achieved earnings. This comparison was conducted with a simple scatter plot.

Findings fromWork Flow with Standards: The study found that several project
stakeholders used localized versions of design standards. Thus, they had to manually
update local copies to ensure that they were implementing the organizationally
released standard variant catalog versions. The standards were disseminated from
the engineering teams to the rest of the organization. They were stored carefully and
were available online. However, several instances of localized out-of-date copies were
encountered. Furthermore, the study revealed that the use of the standards varied
between organizational units and the activities they performed. Some used them as
strict look-up tables for design selections, while others referred to them as dimensional
guidelines. The variants were simply references in terms of performance levels and not
applied as speci�c values in functional process design. It was also revealed that the
selected performance levels sometimes resulted in design modi�cations later, namely
in the detailed engineering stages.

Findings from Compliance to Standards: The produced charts indicated the
level of standardization compliance of product groups in the analyzed plant projects.
Using the charts, it was possible to assess the average compliance and the dimensions
and features most prone to customization beyond the agreed standard variants. It
was observed that all the studied plants contained components customized beyond
the standard dimensional variants. The existence of certain features more prone to
customization than others was also noted.

Findings from Financial Impact of Standard Choices: A correlation analyses
comparing standard compliance and project pro�tability was undertaken. The choice
of custom or standard variants was not shown to have an impact on the pro�tability
of the project. An investigation of the �nancial consequences revealed no e�orts to
expedite the project or lower manufacturing costs when the standard variants were
selected. The sourcing operations were independent of standard variant selections. It
was also found that no e�orts had been made to advertise monetary or lead time gains
due to the application of standard variants during project execution.

Conclusions: The �ndings of this study revealed a lack of a systematic
implementation scheme for variant standards in this kind of business. A proposal for
such a scheme was presented in order to leverage variation management (see Section
4.4.6). The investigation of the variation revealed the following insights:

7 The design variant standards were not unanimous and were used
inconsistently.

8 Design or detail reuse was not incentivized or promoted strategically.

9 Subsequent project activities were handled independently of the choice of
standard or custom variants.

10 Designs were customized beyond de�ned standard variants.
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4.3.4 Solution Space

The �rst and foremost issue pertaining to plant development concerns matching the
customer's needs to a design. This design constitutes physical structures, functions,
and the like, as there are many di�erent aspects to a design (c.f. Systems Theory).
However, the �ngerprint of the design rests in its characteristics and capabilities;
what will it do, how is it made, and what types and variants does it include? The
speci�c goal of this sub-study was to compare plant projects by key characteristics, to
reveal how di�erent solutions solve di�erent customer problems. The comparison was
conducted among parameters, by expanding solution spaces with multiple parameters
and visualizing the spans of the di�erent solutions in this space.

Research Methodology: Project, plant, and product characteristics were extracted
from available documentation to outline the solution space of plant designs.
Characteristic and project traits were identi�ed through a review of the literature and
project documentation as well as expert interviews. The parameters were analyzed
using the constructed data model (see Section 4.1.4), and the aim of the study was
to present how problems were matched with solutions in the tasks of plant design
and plant development. The graphed solutions were compared against many di�erent
parameters to search for correlations or overlaps.

In the second analysis, the solution space data were plotted against several
�nancial measures. The focus here was to identify correlations between characteristics
and �nances. When grouping the included case projects by product families,
overlapping design spaces were observed. Some were pro�table in certain areas but
sub-optimal in others. Figure 4.13 presents the methodology of the comparison,
as shown in the manuscript "Identifying Pro�table Reference Architectures in an
Engineer-to-Order Context" (in review) (see Appendix D). It depicts a few charts
showing these correlation analyses between the solution characteristics and �nancial
measures (Cost and Contribution Margin Ratio). These sub-divisions of the solution
space were found by revealing these correlations and highlighting the most pro�table
areas of the solution space projects in a multi-dimensional area using various solution
characteristics. These areas are highlighted in the lower panel of Figure 4.13.

Findings: It was observed that no consistent solutions existed for similar problem
cases. Di�erent (functional) solutions were provided for similar production scopes, and
di�erent levels of design complexity were noted despite similar problem and solution
characteristics. It was also observed that some design families were typically more
pro�table in certain regions of the solution space.

Conclusions: The proposed approach is indeed useful for implementation and could
be valuable if executed strategically to guide new development. The following insight
was revealed by the this investigation:

11 Multiple solutions with varying results are used in overlapping
solution/problem spaces.
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Figure 4.13: Top: Plots of product (plant) characteristics versus �nancial measures.
Bottom: Outlining of the design spaces and pro�table sub-spaces. Reprint from the
submitted manuscript (see appendix D).
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Identifying Pro�table Reference Architectures in an Engineer-to-Order
Context

The revised manuscript is undergoing in its 2nd journal review. See Appendix D for
details about this paper.
Purpose: The aim of this study was to devise a method to identify Reference
Architectures to improve pro�tability by comparing parameters and characteristics
to form solution spaces where pro�table reference designs are known.
Methodology: The study reviewed the literature for methods facilitating architecture
and complexity cost comparison. Two industrial case studies were presented to test
the proposed approach in the real world.
Findings: The study concluded that a limited understanding of �preferred solutions�
based on solution spaces existed in the two analyzed cases. Applying the proposed
method to identify pro�table reference solutions supported more pro�table project
execution.

4.3.5 Plant Complexity

Designs are key sources of variation in plant-based businesses. The choice of
components and their combinations to create a fully functional plant can directly
a�ect business pro�tability. Speci�c traits of the design can be used as indicators for
such consequences of design choices. Design complexity is one of these traits. The
goal of this study was to construct a high-level complexity index, useful for comparing
di�erent plant designs and enabling a correlation analysis of various business metrics.

Research Methodology: Information on the inclusion of the main components in
the plant design was extracted from early project �ow sheets. This documentation
supplied both high-level information on the design and detailed information on the
system topology (i.e., the structures and interactions of the components). These
two pieces of information were used to generate a directional graph visualizing the
design topology for each plant design. The graphs presented each component as a
node and the interactions between them as links. To investigate the signi�cance of
this high-level design complexity, a complexity score was derived to allow correlation
analyses. Working with directional graphs places a natural limit on the maximum
number of links possible. Directional links refer to links distinguishable within the
�ow in one direction, the opposite direction, or both. The Density of a graph refers
to the number of links present compared to the maximum possible number of links
in that graph (Coleman & Moré, 1983; Diestel, 2017). This density supplies the
measure of complexity in the industrial case, as it indicates whether the design is
simple (containing few nodes and few of the possible links) or complex (comprising
many nodes and many of the possible links).

A comparison was undertaken for various other business metrics. The metrics
were plotted against hourly use throughout the plant development project to reveal
their direct in�uence on business pro�tability and project labor variation. Based
on the internal categorization labels of registered personnel hours, the hours of each
project were split into �ve bins: Design, Engineering, Automation, Commissioning,
and General (Project Management). For each of these �ve bins, the complexity score
of a plant and the respective use of hours were plotted against each other.
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Findings: In industrial plants, the �ow between components is complicated as
powder and air is circulated between them in parallel and feedback-regulating �ows.
Discussing this aspect with the lead designers at the company revealed that �ne-tuning
a plant with many such cross �ows is quite di�cult. Moreover, this di�culty is often
experienced in the realization phases of the project (on-site), namely where the whole
solution must be put into operation. The graphs represent this �ow complexity by
linking the components. Instead of a single input and a single output, most components
have several inputs and several outputs. Hence, the topology of these graphs becomes
more complex, similar to the real design. The varieties of these graphs represented
the diversity of the plant designs. Even when limited to these two high-level pieces of
information, the variety was signi�cant, and identical complexity graphs (representing
identical design topologies) were uncommon.

The comparison of complexity with hour use revealed correlations between
complexity and hours, as presented in Figure 4.14. The hours remained steady or
decreased as complexity increased for two bins of design-related work, namely (Design
and Engineering), indicating that the topological complexities of the designs hardly
impacted the hours needed to create the designs. Conversely, the hours used in the
reactive project phases (Automation, Commissioning, and General) increased with
increasing complexity. Automation was de�ned as making the control software for
the plant, Commissioning involved realizing the plant and putting it into operation,
and General referred to managing the entire project. These project phases entailed
increased hours when the plant designs were more complex.

Conclusions: It was indeed possible to graph an indicator for design complexity
and produce a score to indicate this complexity. The complexity was compared with
resource use and revealed a correlation, especially in general project management and
later project phase activities. Based on this analysis, the investigation provided the
following insight pertaining to variation management:

12 Solutions can be compared by early design structures and traits to indicate
development consequences.

Engineer-to-Order Plant Design: Assessing System Complexity and
Hour Use Based on Directed Network Graphs

Presented at the Annual IEEE Systems Conference (SYSCON) 2020. See Appendix E
for paper details.
Purpose: The aim of this work was to investigate if the topological complexity of
component interactions in plant designs can be used to indicate design complexity and
thereby project resource load.
Methodology: A review of the literature for complexity assessment methods was
conducted to create a measure for complexity based on component interactions in plant
designs using directional charts. Based on this measure, comparisons were completed
for 60 case plants in one industrial case study.
Findings: The comparison of complexity scores and hour use indicated that complex
designs require more resources (hours) in later project phases. Likewise, project
management activities in complex design projects entail higher project resource loads
compared to those in less complex projects.

72



Graph Complexity

Non-Finished Projects

Fully Finished Projects

H
ou

rs
 (E

ng
in

ee
rin

g)
H

ou
rs

 (D
es

ig
n)

H
ou

rs
 (A

ut
om

at
io

n)
H

ou
rs

 (C
om

m
is

si
on

in
g)

H
ou

rs
 (G

en
er

al
 P

M
)

Graph Complexity

Graph Complexity

Graph Complexity

Graph Complexity

Figure 4.14: Hour use di�erent management categories versus topological complexity
of plant designs. Re-plot of results from (Bertram, Mueller, & Mortensen, 2020b)

4.3.6 Component Design

A set of analyses was conducted with focus on a speci�c family of plant components.
The aim of these analyses was to investigate the current designs, variant standards,
variation, performance, and cost pertaining to product solutions. The analyses of
the project was divided into categories, and the �ndings for each are summarized
below. The categories were (1) Change Propagation or the modi�cation of component
designs and the consequences of those modi�cations on the design, (2) Performance
Overlap, namely the overlap of performance levels of varied component designs, (3)
Cost Deviations or understanding the deviation of component realization costs from
budgets, (4) Solution Variety, namely ways to solve a problem systematically using
the same solutions/designs, and (5) Part Design Sharing or the reuse of dimension
and feature combinations between the parts in a design.
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Research Methodology: The study was conducted as a supervised joint thesis
project with two B.Sc. students. The project was based on documentation and
technical drawings of a speci�c family of products from a selection of 21 plant
projects. The goal of the project was to scrutinize the designed components and
accompanying variant standards and budgets to identify improvement potential by
design modularization. While the variation analyses are presented here, the modular
potentials are discussed as a lever for variation management in Section 4.4.7.

The project utilized documentation from the plant projects, namely budgets,
technical drawings, process calculations, hour budgets, workshop invoices, component
speci�cation sheets, component variant standards, piping and instrumentation
diagrams, and component manufacture cost estimation calculations. Furthermore,
it involved interviews with three main stakeholders of these designs: (1) The project
management responsible for the plant project, (2) the engineers who modeled and
drew the components, and (3) the process technologists in charge of the functional
designs of the plants.

Findings from Change Propagation: A part of the analyses concerned analyzing
the consequences of changes (i.e., variations) to parts and dimensions subsequent to
changes in other parts. Speci�cally, the study concentrated on two major areas,Widths
and Angles of speci�c features, which were de�ned as two crucial areas of change by
the functional and physical designers. The intention was to uncover how such changes
drove other modi�cations in the rest of the component design. The concept of these
uncovered Chain of Changes for each of the two typical modi�cations is presented in
Figure 4.15 (top right).

Findings from Performance Overlap: The primary set of performance
di�erentiating characteristics was determined through a review of the technological
literature and interviews with company representatives. Based on this knowledge, an
overview was created to visualize the performances of the di�erent designs included
in the study. For the range of the analyzed sizes, a chart similar to that presented
in Figure 4.15 (bottom left) was created. It presents the range of performance for
each size variant. It was observed that most of them did overlap signi�cantly with the
nearest size variants in both directions.

Findings from Cost Deviation: The costs of the �nished components, speci�cally
the di�erences between estimated costs and actual production invoices, were also
reviewed. The deviations between these numbers were observed from bar charts similar
to the one presented in Figure 4.15 (bottom left).

Findings from Solution Variety: Another analysis focused on a speci�c
sub-solution for an auxiliary optional system that was often included in this particular
family of components. The analyses assessed variations in design and the optimization
potential of reducing such variations. This work concluded with a suggestion for
product modularization (which is presented as a variation lever in Section 4.4.7).
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Figure 4.15: Analyses of component design and part reuse. Top left: Commonalities
among parts. Top right: Chains of changes to design features. Bottom left:
Performance ranges of design variants and component costs. Bottom right: Part
dimension sharing and design uniqueness.
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Findings from Part Design Sharing: The designs of the components were divided
into their constituent parts, and the variation and reuse were analyzed for each of these
parts. Figure 4.15 (bottom right) presents an example of a series of histogram bar
charts depicting the occurrences of speci�c design combinations. It was observed that
most designs were used only once. 4.15 (top left) presents a visualization of the variant
creation by leveraging the diversity of parts. The families of components are further
expanded into variants through variations of each part.

Conclusions: In conclusion, the analyses of component designs showed that the
studied family presented a signi�cant amount of variation, most of which was due to
design dependencies. The design seem to vary for every use-case, leading to variations
in the manufacturing processes as well. This resulted in a portfolio of solutions without
much reuse and increased costs due to the consequential modi�cations of details
and unique sourcing. The potential for improvement from variation management
and speci�cally modularization was estimated to be high. The details on the
modularization potential are presented in Section 4.4.7. The following sources of
variation were noted:

13 Design details were rarely shared between instances of products.

14 Designs were integral to modi�cation dependencies.

15 Performance and resources deviated from estimations due to variant creation.

16 Design problems were solved in various ways, indicating a non-strict product
architecture.
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4.3.7 Conclusions from Variation Analyses

The business platform was analyzed in both the Process- and Product-Speci�c
Domains. The analyses revealed sources of variation spanning from holistic design
decisions to detailed activities and engineering at various levels in both domains.

1 2 A study on systems revealed how systems vary and how this variation
spills into project execution and solution documentation.

3 4 5 6 The insights obtained from the speci�cations uncovered how
speci�cations require and allow signi�cant customization of solutions. It was also
observed that speci�cations were reviewed late in the project and not reused.

7 8 9 10 Studying the sources of variation from standards revealed that
standard variants are not unanimous in the work �ow and components are customized
beyond standards, as incentives to choose from standard variants are lacking. The lack
of di�erentiation of subsequent operations based on standardization was also observed.

11 A closer look at variation in the solutions space revealed that di�erent
solutions overlapped similar problems and that distinct product variants were more
pro�table in certain areas of the solution space.

12 Using complexity assessments, it was determined that it was possible
to reasonably compare plant solutions on product typology and assess solution
complexity. Products identi�ed as complex (topologically intricate) entailed a higher
use of hours.

13 14 15 16 Analyses of component designs determined that variation
occurs due to designs being unique and the use of unique parts because of (1)
change-dependent integrated design and (2) the use of several solutions for the same
design problems. It was also determined that the solution performances overlap and
the costs deviate from expectations.

The insights gained from these analyses o�er possible explanations for the
identi�ed business and pro�tability problems. Using this information, mitigation
strategies and support tools can be formulated to decrease the extent of undesirable
variation in the Process Platform and Product Platform.
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4.4 Levers for Variation Management

Several key issues and sources of variation can be mitigated by controlled improvement
e�orts. This section presents various improvement possibilities as Levers for Portfolio
Variation Management (r). They are listed under one of three categories. Figure
4.16 visualizes these three categories and depicts their coverage of the platform and the
insights they provide into the variation sources. Levers pertaining to Organizational
Comparison ensure that the di�erent parts of the platform, processes, and products
can be properly compared and aligned in terms of development. History-Based
Design levers ensure that solutions are sought within the bounds of past solutions
and certain performance, design, and cost expectations. Design Governance handles
the variation stemming from varied and modi�ed design, particularly undesirable
unnecessary modi�cation.

PROCESSES

Process
Architecture

Projects

Activities

Tasks

Organizational Comparison

History-Based Design

Design
Governance

Product
Architecture

PRODUCTS

Families

Components

Plants

Parts

Figure 4.16: Coverage of variation management levers for the business platform.

Organizational Comparison: Everything works better with cooperation, especially
variation management. Grassroot initiatives and bottom-up innovation is king, but
with regard to variation management in large complex organizations, comparison and
alignment is queen. Alignment is not repetition; it is agreement and consistency in
understanding. If uncertainty in information between departments can be limited or
if work �ow diversity can mitigated, it is easier to compare, learn, and improve.
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History-Based Design: The early decisions of development projects carry the most
weight as they allocate the majority of value (Hicks & McGovern, 2009). In essence, it
means that the earliest decisions are the most fundamental and thus the most di�cult
to change and the costliest to rectify. This is why these early decisions are crucial in
mitigating variation. Supporting these early decisions, or actively managing variation
here, is an investment in future project variation control. As with the allocated
cost of early decisions, early variation snowballs as projects progress. Systematically
comparing and using past deliveries to select the best suited candidate solutions for any
new problem (order) can provide a huge amount of explicit and available experience to
the sales team, early designers, and the management. If the portfolio of past projects
is large enough, it is likely that something similar, or at least useful, would have
been implemented in the past. This trait can be exploited when beginning a new
development project. Comparison can be a superior partner when deciding on new
business endeavors.

Design Governance: Design concerns transformation of requirements into
speci�cations and inked paper containing schematics, �ow sheets, process models,
and manufacturing drawings. Design helps realize concepts and the design is really
settled dictates the course of the project. Moreover, it is during the design phase that
allocated variation is cemented into product variants. A key point in the project life
cycle involves generating or limiting variation in the product portfolio. As in the case
of early decisions, any decision made at such a point entails additional cost allocation
in the future. At the very least, the decisions stemming from design choices should be
strategically made and not left to uncharted consequences.

"A penny in design, is a dime in the workshop, but a pound on site"
- paraphrased from a discussion with project management representatives.

Lever Formulation Methodology: All the identi�ed, proposed, and presented
Levers stemmed from the analyses conducted and the insights gained during the overall
course of the research project. Interviewing representatives from most organizational
units, activity groups, and parties responsible for the project revealed a certain number
of needs and possibilities. Some of these Levers stemmed from speci�c analyses, as
presented in Section 4.3, and others were derived from more general business-related
observations. They share one aspect; they were identi�ed through the �ndings of
the research project, which aimed to analyze and improve product portfolio variation.
Given this aim, the modeling tools described in Section 4.1 played an apparent and
important role in this work.

4.4.1 A Portfolio Management Unit

Who owns the architecture? Who collects portfolio information? These two questions
remained unanswered at the end of the case research studies. The research project
was unable to identify the individual or team responsible for deciding cross-portfolio
archetypal solutions and solution structures spanning processes, organizational units,
and product families. Nor was it possible to identify a single point of collection for
portfolio information, data, and knowledge. This point is likely to be a deciding factor
for solution comparison and will supply a valuable stream of comparative analyses in
portfolio management. These positions were not identi�ed, and thus, in light of the
revealed variation to the portfolio, it was suggested that they be introduced.
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Aggregated Portfolio Information: A variance-driven industry recognizes the
challenges of portfolio management. In an e�ort to compare the challenges across
industry and research, a study was conducted to gather and categorize these current
challenges. What barriers do companies engaged in ETO strategies faced in regard to
portfolio rationalization? This question was posed to a handful of case companies, and
a literature review was also conducted on this topic. In this context, rationalization
is the act of optimizing a portfolio of solutions by reviewing which variants to keep
and which to discard, similar to the idea behind the more general term portfolio
management.

The study concluded that many of the encountered challenges are shared among
companies and that these challenges relate to two major themes (Bertram, Mueller,
Løkkegaard, et al., 2020):

1. Su�cient information and data concerning past and present portfolio solutions
are extremely di�cult to discover and gather to a degree suited for
portfolio rationalization and management decisions. The very nature of
diversi�ed product portfolios and plant-based development organizations cloaks
information in various archives and myriad formats that are incomparable and
sometimes inaccessible. Comparison is di�cult without data.

2. Portfolio management is not shored up to the extent it should be. Portfolio
rationalization (and management) initiatives often �nd themselves breaking ice
in large and complex organizations, going against settled power structures and
encountering severe resistance to change. Even if portfolio rationalization is
accepted, it might not be possible to implement such results in an infrastructure
that is not set up for portfolio rationalization.

Why Engineer-to-Order Portfolio Rationalization Stalls: Challenges in
Standardization, Modularization, Platform Design and Mass
Customization

Presented at The Design Society's conference DESIGN 2020. See appendix F for paper
details.
Purpose: The aim of this work was to collect and categorize the challenges that
companies engaged in portfolio rationalization and management face. It was intended
to create a collection of challenges that can be used (1) for future referencing and the
expansion of lists of challenges and (2) as a checklist for companies engaging in similar
management activities.
Methodology: The challenges described in literature and those witnessed in four
di�erent industry cases were consolidated. The challenges were categorized into
groups and presented in the ADKAR change management model. The challenges
were compared with those of four industry cases.
Findings: Various strategies can be used to control complexity and variety growth in
ETO businesses. Many of them, and especially the challenges faced, are shared. Two
observations were made: (1) Information on past portfolios and deliveries is di�cult to
collect and structure, and (2) the lack of prior portfolio management can leave a void
that complicates the implementation of new portfolio results.
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Coordinated Portfolio Initiatives: Coordination of portfolio e�orts and
improvement initiatives is yet another reason for setting up a dedicated portfolio
management o�ce. Grassroot portfolio initiatives were encountered on multiple
occasions in the research project. During the project span of three years, interviews
were conducted with most organizational units related to portfolio information,
portfolio development, and portfolio e�ciency improvement. When skilled people are
employed, innovation �ourishes, and numerous ideas for improvement are suggested.
Naturally, many of the project stakeholders derived the same ideas for improving the
processes and products. Many of these ideas sparked local initiatives or improvement
e�orts within the respective organizational units. Individuals, teams, and departments
began developing desk prototyping for extraordinary portfolio management tools.
However, this development occurred bottom-up as grassroot initiatives, without
coordination and proper organizational and managerial support.

When a single stakeholder tries to improve single products or single processes, it is
much more di�cult to ensure that the changes will stick and supply long-term bene�ts
compared to changes too entire portfolios and sub-portfolios, where rationalization
e�orts can be coordinated and pushed through strategically.

When improvement strategies are crafted by a single person, getting the right
stakeholders on board and ensuring that the solution encompasses the needed breadth
can be di�cult. If initiatives are driven strategically in a top-down manner, the right
stakeholders can be gathered more easily.

When several stakeholders aim at similar, or even identical, improvement
initiatives, resources are wasted, as e�orts have to be selected for implementation.
If grassroot initiatives are coordinated, they could focus on two di�erent aspects of
the same solution, ensuring that they can be merged for implementation for more
e�cient use of resources.

Grassroot initiatives can struggle to secure the needed support to be sustainable.
Some examples, such as new management positions, new divisions of portfolio
responsibilities, or budget allocations for development of new e�cient processes, proved
that the needed sustainable support was di�cult to achieve when e�orts are not
top-down driven.

Grassroot movements and innovations are the proverbial gold mine for a modern
business, but if they are not coordinated, merged, divided, and sustained, a signi�cant
number of ideas and various resources go to waste.

Sustained Change: Most challenges in portfolio management are not necessarily
company- or even industry-speci�c. Many of them relate to common challenges when
introducing changes in organizations or orchestrating wider development oversight. A
separate study was conducted as a precursor to understanding portfolio rationalization,
especially when using product platform strategies and modularization. This study
focused on 12 companies (small- and medium-sized enterprises) that had engaged in a
similar learning program regarding modularization of product portfolios (N. Mortensen
et al., 2019). They had all engaged in this program to either (1) strengthen their
existing use of modularization or (2) introduce it as a portfolio management strategy.
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The intention here was to collect and deduce the best practices for successful
implementation of such initiatives and apply them to this branch of portfolio variation
management. The study was largely based on structured interviews with senior
managers representing each company. The interviewed representatives were involved
in the introduction of the initiative and its subsequent development. They reiterated
the aspects that helped the initiative to succeed or fall short of expectations. The study
provided three primary conclusions pertaining to successful modularization initiatives:

1. "It is essential that a company is willing to change more than a single product
or product series. It must be enthusiastic and prepared to evolve entire programs
and the underlying organization as well. Only with such changes in the
foundation of the company will signi�cant improvements be created."

2. "Proper organs of the company must be represented throughout the di�erent
phases of the change incorporation. The involvement of top management
and key practitioners must be prioritized initially to successfully acquire the
organizational priority and engage the executional workforce. Sections and
departments across the company must also be engaged. This will secure the
project in all corners of the organizational span and secure a solid foundation
for changes."

3. "The development must be sustained and maintained to properly secure the
achievements and bene�ts. Actions must be taken to continuously prioritize
modularity in relation to legacy development. Examples of measures that will
help secure the accomplishments are the recruitment for dedicated positions and
the allocation of dedicated time or workspace for modularity related tasks."
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Achieving Long-term Modularization Bene�ts: A Small- and
Medium-sized Enterprise Study

Journal paper published at SAGE Publications, Concurrent Engineering: Research
and Applications. See Appendix G for details about this paper.
Purpose: This study aimed to compare a group of companies that have undergone
the same introduction to modularity principles and learning courses. The research
compared their modularization initiatives, progress, and the actions taken to sustain
the e�orts.
Methodology: Twelve companies that shared introductory courses in modularity
were interviewed in a structured manner. The representatives that led the initiative
shared their experiences with regard to the factors that best sustain a modularity
experience.
Findings: The study revealed three main aspects of achieving signi�cant long-term
bene�ts from modularization initiatives: the company must (1) aim big and be willing
to change its foundation accordingly, (2) draw on the right positional strength and
have broad organizational inputs, and (3) properly coordinate work before actively
seeking to preserve the focus and results over a long period of time. The participants
achieved strategic changes, new architectures, fewer variants, higher product earnings,
and new development processes. Some also introduced long-term plans to secure
the results, such as establishing con�gurators, performing weekly analyses, and
recruiting dedicated personnel. The interviews revealed several in�uencing factors,
including management support, internal communication, organizational drive, proper
facilitation, and prioritized project management.

4.4.2 Systems Architecting

Strict and consistent use of systems is a vital aspect for engineering complex products.
Systems Engineering supplies a comprehensive set of nomenclatures and methods for
this purpose. Central to this is the systematic use of systems and proper System
Architecting prior to system design and detailed engineering. The conducted studies
revealed that a comprehensive systems architecture was not implemented. There were
disconnects among the de�nitions used across project activities, and though the word
systems was used extensively, a single set of de�nitions and nomenclatures for the
business structure and topology, as dictated by Systems Engineering, was missing.

Explicit Visible System Architectures: Variation is inevitable during project
implementation when departments, organizational units, and project teams work with
individual systems de�nitions, distinct system nomenclatures, and varied hierarchical
system structures. Aligning this use of systems using organizational de�nitions and
cross-project guidelines would probably reduce portfolio variation. Simply de�ning a
set of governing structures for plants, sections, component clusters, components, etc.,
creating a �xed decomposition for the plant, and reusing this decomposition across
the most commonly used plant documentation would su�ce to begin with.

The word Systems or System X was encountered several times during the course
of the research project. Each time, it referred to speci�c clusters of functionality,
now permanently labeled System X. However, as the Theory of Systems prescribes,
any entity can serve as a system on various hierarchical decomposition levels. Thus,
de�ning a set collection of assets as the system is arbitrary according to SE principles.
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The division principles of SE can be used to sub-divide responsibilities, functional
groups, and requirements. While this sub-division was not observed in the actual case
study, it will likely aid in systematic structuring of project teams, as organizational
tasks could be de�ned from the SE structures. Similarly, project planning could be
based on SE de�nitions.

Piping and instrumentation �owsheets did reveal use of systematic nomenclature
for equipment encountered, and these labels were used between units, documents,
and systems. However, these labels were used solely to identify the equipment and
characteristics, not to govern the product development processes.

One-to-One Comparison: The study of systems use made it apparent that this
aspect di�ers quite substantially in the management and documentation contexts.
This use was particularly critical for organizational units, project activities, budgeting,
and planning. These four aspects showed either slight or signi�cant overlaps in
nomenclature and decomposition, making it extremely di�cult to conduct any
meaningful comparisons.

A stricter alignment of systems o�ered a secondary bene�t, namely the ability to
compare projects and plants. When systems are used consistently, it becomes easier
to compare the costs of sub-systems and the performance of system clusters as well
as relate the expended resources to the estimates. In general terms, more comparable
systems would allow more direct comparisons.

4.4.3 Linked Speci�cation Data

A single point of project comparison, solution alignment, and speci�cation reuse can
be introduced by implementing a new way of structuring speci�cation data. In current
processes, speci�cations are treated as single documents based on document templates.
They are �lled with the respective marks, notes, and numbers and handed over to
other groups for further development. Thereafter, they are used as inputs for new
speci�cations.

Instead, if these separate speci�cation instances were treated as one combined
speci�cation, then it would be possible to e�ectively collect all the speci�cations
in a project throughout its development. The �nal combined speci�cation could be
archived as a single source of solution (and portfolio) information and used directly
for comparative analyses between solutions.

Additionally, a strict version control of this combined speci�cation could ensure
that any solution state could essentially be reused for similar development projects in
the future. Does a customer order resemble that of a previous plant? The business can
reuse the speci�cation from a relevant early project state. Are two projects identical
up until the detailed engineering phase? The business should reuse all the speci�ed
information up until that point and modify the rest. Figure 4.17 visualizes this concept
of continued speci�cations. This technique is inspired by modern data management
systems and software development methods, where strict version control and the reuse
and branching of codes are vital tools for e�cient development.
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Domain Specific Specifications

Specifications 
stored in multiple 
formats in multiple 
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Project stakeholders create specifications tailored to their responsibility
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Figure 4.17: Linked speci�cation data versus regular speci�cations and document
archival.

A Design Speci�cation Chain: A Concept for Improving Revision
Management and Change Tracking

Paper presented at the NordDesign 2020 Conference. See Appendix H for details about
this paper.
Purpose: This paper introduced the concept of a chain-like data structure that allows
the merging of design speci�cations and the tracking of all changes.
Methodology: This work was inspired by state-of-the-art software development
methods. The requirements were founded in two industrial case studies on companies
working with varied design speci�cations and requiring version management. One of
these companies was an ETO business, and the other, a CTO business.
Findings: The proposed concept of "chain-linked" speci�cations solved most of the
requirements for revision control and version management in speci�cations of ETO and
CTO products.
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4.4.4 Comfort Zone Solutions

Some design (sub-solution) spaces are characterized by more successful plant projects
and more pro�table businesses. One might imagine an area of the design space where
(1) the designers know exactly what to design for optimal functionality, (2) the project
managers know exactly how to manage such a project, and (3) the procurement has
already advanced to the supply chain setup with competitive prices and delivery times.
This area of the design space is comfortable for the business as well as the portfolio.
If the characteristics of the plant design and boundaries of the project agreement are
stretched a bit too far, then the design might suddenly require additional equipment
or procurement to bring new suppliers on board. The project would then �nd itself in
trickier territory with regard to the design space.

If these spaces and the preferable designs are known, this information can be
used to guide the bidding and design decisions of new projects. New projects can be
mapped onto the company solution space, and the level of comfort can be determined.

When an order lands at some point within the solution space, we can �ip through
the portfolio of solutions to �nd the best candidates, as illustrated in Figure 4.18.
De�ned reference solutions will exist for speci�c solution spaces, as discussed when
identifying pro�table solution spaces and product references (see Section 4.3.4). This
requires a systematic comparison and mapping of customer problems to reference
designs. It would be signi�cantly simpler if (1) the projects exercised identical system
decomposition and (2) a portfolio management unit had already collected comparable
portfolio data.

However, the initial segmentation can be simpli�ed considerably by dividing
customer orders by problem complexity, performance levels, and di�culties faced.
A quick reference guide can be created to understand how problems may be solved.
Then, by gathering and comparing the portfolio of past product (plant) deliveries (in
a manner similar to that proposed in this research project), the same overview can be
created after referring to the solution complexity, operational di�culty, and project
success.

Stringing these �ndings along the lines of preference would provide a simple yet
e�ective way of connecting archetypal problems with archetype reference solutions.

Complexity Review: A metric for plant complexity can be devised from early
project documentation. The impact of design complexity on hour use is revealed
in Section 4.3.5. Such a measure can be used in early project cost estimations to add
bu�ers to project costs and labor requirements. Based on the designed complexity,
the impact can be estimated for later project phases. Likewise, it can be used to
signal too complex a design or identify a simpler alternative (if it exists) for a similar
order. A library of plant design complexities can be created, allowing the designer to
browse similar conceptual designs and discover possible simpler ways of achieving the
same functionality. In this process, thousands of development hours could be saved by
simply downgrading the plant design complexity by a few steps. When industrial
challenges become exceedingly complex, the organization and processes around it
become more complex as well, adding to the challenge (Maurer, 2016).
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Figure 4.18: Division of the problem and solution space into Comfort Zones with
respective reference solutions.

4.4.5 Sales Project Screening

When dealing with a new plant order, the sales management team needs to establish
if (1) it has worked with something similar before, and in that case, (2) how that
project was handled and (3) the �nal outcomes. Knowledge-based engineering and
experience-based decision making have left this task largely to personal judgment and
experience sharing between individuals. However, with a library of past projects, this
task can be supported by tools for comparison and retrieval of past reference projects.

Methodology: The potential of project screening was investigated in a separate
sub-study conducted as two supervised student projects under one M.Sc. student
(one of these sub-studies was published as an M.Sc. thesis). The student engaged in
two 5-month-long projects covering two distinct focus areas, both in line with the aim
of project screening. The two projects of the sub-study focused on (1) assessment of
the possibility for screening based on pre-order documentation and (2) construction
of a screening tool to demonstrate the value of the support.

Findings from Phase 1: The results of Phase (1) showed that in spite of the large
variation between ETO products and project documentation information, it is indeed
possible to collect and utilize enough data to perform screening. Hierarchical data
structuring had to be implemented to accommodate the project and product structure
of the plants.
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Findings from Phase 2: Phase (2) involved the construction of a database using
40 plant projects and a screening tool developed and tested with the assistance
of sales representatives. The tool was evaluated positively. A hybrid model
combining several screening and comparison techniques was proposed, including the
following three comparison schemes (also visualized in Figure 4.19). Parameter
Comparison: Comparison of individual parameters to determine the location of
new-order characteristics within the solution spaces of past deliveries. Similarity
Scoring : Calculation of the similarity between new plant and product characteristics
and retrieval of the most similar cases from the library of past projects, thus revealing
the best suited references. Performance Evaluation: Calculation and highlighting
of performance indices to show whether the revealed past projects were successful,
ful�lled �nancial expectations, were pro�table, etc. These results present the user
with information on the �nal outcomes of past projects.
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Figure 4.19: Comparison of new projects to the historic portfolio by parameter
comparison, similarity scoring, and performance evaluation. Reprinted from a
submitted manuscript (see Appendix I).

Conclusions: The support tool was developed in close contact with company
representatives and was demonstrated successfully. The tool supplied sales
representatives with decision support, and they observed that such a tool would
bene�t the typical individual knowledge- and experience-based routines. However,
as the portfolio of projects was limited to 40 in the demonstration, such a support
tool would likely be much more valuable if expanded to the entire portfolio of past
projects. Such a massive implementation, however, could be hampered seriously by
di�culties with its integration with company data management systems. The authors
also recognized su�cient data and information collection of past projects to be key
challenges in this regard.
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A Hybrid Approach to Similarity Comparison of ETO Plants

The manuscript is undergoing its 1st review at the target journal. See I for details
about this paper.
Purpose: The purpose of this work was to present a hybrid approach for ETO project
comparison and reference solution retrieval from a historic portfolio, speci�cally to suit
the traits of ETO plant engineering projects.
Methodology: The proposed approach combined three distinct steps: Parameter
Comparison, Similarity Scoring, and Performance Evaluation. These aspects were
de�ned from a literature review. Thereafter, hierarchical data structuring and
combined similarity scorings were added to create the �nal approach. The methodology
was tested in an industrial case.
Findings: A hybrid support tool model was proposed after conducting a literature
review and assessing case �ndings. The method forms the basis for a tool co-developed
in an industrial case. The experimentation and demonstration reported here revealed
that "(1) such a tool has signi�cant value if it contains the entire portfolio of
past relevant company projects, and (2) subjective judgement is indeed supported by
indicating relevant reference products of the past." The approach proved useful, but
signi�cant challenges regarding data infrastructure (in these types of companies) and
portfolio diversity were recognized.

4.4.6 Strategic Component Standardization

The use of design variant standards was analyzed in Section 4.3.3. A strategy
for implementing standards in development processes was proposed as a result of
the conducted sub-study. The strategy introduces �ve implementation measures to
ensure the positive impacts of standardization e�orts. The authors argued that if a
standardization e�ort is implemented successfully, the bene�ts of the initiative will be
long-lasting. The �ve measures are visualized in Figure 4.20 and presented below:

Availability: Standards must be made available to the stakeholders that require them
and in a way that is convenient for the activities being conducted. If these
activities are conducted via software or other tools, the standards should be
integrated into these to ensure they are still e�ective.

Bonding: When standards are used in several activities or organizational units,
these instances must be linked to ensure unanimous information and consistent
standardization.

Compliancy: The e�ective use of the standards must be ensure by compliance checks.
Final products must be compared to standard variants and modi�cations should
be noted and questioned.

Drive: There must be a business drive from standardizing. If this is not the case, then
the standardization e�orts are e�ectively just a speed bump for development.
Drives can be monetary gains from choosing standard variants or the fact that
standard variants ensure legislation compliance for certain markets.
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Encouragement: The stakeholders actively using the standards must be encouraged
to do so. Opting for standard variants to reduce project budgets, secure better
sourcing deals or expedite delivery, are all examples of encouragement needed to
ensure strengthened use of standards.
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Figure 4.20: The �ve measures of success for implementation of standardization e�orts.
Modi�ed slightly from (Bertram, Mueller, & Mortensen, 2020a).

ETO Standardization Strategies: Verifying Implementation and E�ect

Presented at the NordDesign 2020 Conference. See Appendix J for details about this
paper.
Purpose: Companies are employing standardization to increase reuse and variation
control, but the implementation strategy often faces challenges. This paper presented
an approach for assessing a standardization implementation strategy.
Methodology: Based on a literature review, this paper proposed �ve measures for
successful implementation of standardization strategies.
Findings: The following �ve identi�ed standardization strategy measures were
presented in a coherent model for implementation: Availability, Bonding, Compliance,
Drive and Encouragement.
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4.4.7 Component Design Modularization

When entire solutions cannot be duplicated, certain parts of them might still be
candidates for reuse. Modularization is the act of splitting a product up along common
interfaces, essentially allowing a mix-and-match strategy of combining products from
modules instead of developing them using integral designs where single-feature details
can force complete redesigns.

The �rst half of a sub-study on component design is described in Section
4.3.6. It focused on variant commonalities in a family of components across several
plant projects. This study also investigated the potential of modularizing the said
component family to mitigate the need for integral redesign due to detail-related
modi�cations.

Modularization e�orts start with an understanding of variance and the manner in
which the solutions are currently di�erentiated by its parts. This is visualized in Figure
4.21 (left). Once variety and variant creation are understood, the critical interfaces
and potential modules can be determined. These de�nitions help create a selection
of standard modules and modi�able features, resulting in a new product (component)
structure and variant creation strategy based on module reuse. This transformation
is visualized in Figure 4.21 (right).

For this particular study, a modular redesign was proposed at the conceptual
design level for the analyzed component family. The details of this redesign were
omitted due to the con�dentiality mandates of the company.

It was determined that the component family could be redesigned and the design
variety could be rationalized signi�cantly in a few simple steps:

1. Split the component into four main sections with �xed interfacing, allowing the
most typical customization to be completed for each without a�ecting the other
sections.

2. Rationalize the amount of di�erent detail solutions to the same design problems.

3. Purposely divide a new standard catalog based on minimum overlap of
performance levels between family variants and sizes.

4. Introduce a con�guration of solutions as the component would be represented
by its individual, and independently designed, sections.

4.4.8 Open-Access Component Con�guration

Many companies opt for Con�guration Systems to automate a combination of
solutions or sub-solutions and increase the levels of reuse in development. Most
implementations of con�gurators focus on high-level solution proposals and top-level
solution speci�cations. However, in the case of these plants, con�guration strategies
can be exploited via a more detailed process, namely component engineering. By
focusing on con�guration and reuse of plant components, the plants can be designed
according to intricate customer requirements and circumstances while utilizing
component solutions con�gured from a set solution space according to standards and
e�cient variant creation.
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Figure 4.21: Left: Identi�cation of variant commonalities. Right: Identi�cation of
critical interfaces and variant creation from standard modules.

A company, business unit, or team can independently deploy a con�guration
system to expedite development and e�ciently reuse solutions or sub-solutions.
Additionally, it can allow other key stakeholders or collaboration partners to
utilize that same con�guration system to further expedite development. Thus, the
organization allows Open Access. By allowing the external use of the con�gurator,
internal resources are freed. These freed resources can be expended on innovative
development, portfolio management, etc.

Methodology: A sub-study was conducted to collect and assess the external e�ects,
the ultimate aim being the planned introduction of a con�gurator solution. In
particular, the study concentrated on assessing the e�ects throughout the organization
of the introduction of a con�guration system in an important area of the process chain
and its external use by other organizational units engaged in project development and
component use. This sub-study identi�ed the main stakeholders for such a system
implementation and interviewed them over several rounds with varying foci. The
intention here was to understand the impacts of the abovementioned changes on the
work �ow and the possibilities of the resulting e�ciency improvements. Figure 4.22
presents the two main modeling tools used: a map of the ETO business process chains
showing the reach of such a con�guration solution and a map of the con�guration
bene�ts from the said reach.

Findings and Conclusions: The sub-study of the con�guration details revealed
several bene�ts to the chains of processes in contact with the con�guration system.
The main bene�ts to the organization are listed below.

1. The sales teams could con�gure the exact variants needed for the current
customer problem and requirements, allowing them to (1) de�ne the proposed
solution more rigidly and therefore avoid future changes due to di�erently
interpretable initial drafts and (2) provide more precise pricing estimates on
exact variants.
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Figure 4.22: Analyses of the chain e�ects of a component con�guration. Left: Mapping
organizational units and the reach of a con�guration solution. Right: Mapping the
bene�ts from con�gured solutions for each a�ected organizational unit (rows) and
project phase (columns). Reprinted from a draft manuscript (see appendix K)

2. The project execution teams could generate the needed products on demand,
thereby bypassing a signi�cant amount of waiting time. This allowed them to
(1) test more versions/variants of the products in the plant design and react
to many necessary changes earlier. They were also able to (2) freeze the plant
designs later and broadcast these �nished designs to any collaboration partner
or stakeholder that needed them to start/continue their work and (3) prepone
equipment sourcing with more con�dence that fewer changes would be required
later.

3. The procurement team could begin sourcing equipment earlier using more
con�dent sourcing documentation. The sourced material would also be more
similar between projects, as the sourcing requirement was generated from
consistent con�guration systems and not customized for the project.

4. The whole chain was controlled more strictly in line with the technical formats
and templates as well as a single source of changes to them. Furthermore, the
con�gurator solution allowed a single point of error �xing.
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Chain-E�ects of ETO Detail Con�guration

A draft manuscript has been prepared and will be submitted to the target journal
shortly. See Appendix K for more information.
Purpose: This paper described a case of a detailed con�guration and chain e�ects
assessment for a plant-engineering ETO company case. By switching from custom
engineering to con�gured solutions and opening up the con�guration interface to other
organizational units, the organization reaped bene�ts beyond the usual improvements
o�ered by internal department e�ciency.
Methodology: A map showing the additional bene�ts was created by modeling the
e�ects of the con�guration solution in the other business processes and organizational
units. The modeling tool was based on the literature and state-of-the-art methods for
process assessments and chain bene�ts from con�guration systems. The methodology
was tested in an industrial case setting.
Findings: The study revealed signi�cant bene�ts with regard to con�guration beyond
the localized team or department targeted for the con�guration. The modeling
methodology proved useful in the identi�cation and assessment of the chain e�ects
and bene�ts.
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4.4.9 Conclusions to Levers for Variation Management

The context of variation in a business was understood and investigated through

modeling and analyses. In total, 16 sources of variation or insights into portfolio

variation were revealed. In addition, 8 r Levers were shown to improve or mitigate
some of the observed business variation. Some of these levers targeted speci�c sources
of variance, while others addressed more holistic issues in the development strategy.
Table 4.1 indicates how the identi�ed sources of variation are targeted by the proposed
levers for variation management.

Introducing the levers for variation management completes the investigation
journey depicted in Figure 4.1. Modeling the business allowed an exploration of the
problems associated with variation. This resulted in a series of individual analyses into
speci�c sources of variation, both in the process and product domains of the business
platform. These analyses revealed several possibilities for improvement and initiatives
in variation management.

Table 4.1: Grouping of variation management levers and the sources of variation they
target.

Levers of Variation Management Sources of Variation

Organizational Comparison

r A Portfolio Management Unit 1 3 4 7 8 9 11 12 13 16

r Systems Architecting 1 2 5 9 13 14 15 16

r Linked Speci�cation Data 1 5 6

History-Based Design

r Comfort Zone Solutions 3 11 12

r Sales Project Screening 8 11 12

Design Governance

r Strategic Component Standardization 4 7 8 9 10 11 13 15 16

r Component Design Modularization 1 10 13 14 15 16

r Open-Access Component Con�guration 2 4 7 8 10 11 13 14 15 16
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5 | Discussion and Conclusions

This chapter presents a discussion of the �ndings of this research project and the
conclusions drawn from them (Section 5.1). The posed research questions are answered
(Section 5.1.1) and a short summary of industry recommendations is presented (Section
5.3). The research approach and designs of the undertaken studies are discussed
(Section 5.2), and a set of proposed topics is recommended for further research (Section
5.2.5).

5.1 Main Contributions to Variation Management in

Project-Based Design

The ETO strategy relies on product variety and customer speci�city, but does
that automatically mean Invent-to-Order? The results of this research, questions
this strategy, at least to an extent, by suggesting that ETO businesses should not
necessarily continue to invent anew to meet every customer order. Though solution
variety is a necessity, portfolio variation, especially uncontrolled variance, is not.
Variation in products can be created in many ways that employ full or partial solution
reuse, governance of design, and exploitation of business experiences.

MC techniques supply a large expanse of methods and tools for companies driven
by solution variety and wanting to move toward portfolio rationalization and reuse.
Most such companies need to employ a con�guration system and prede�ned solutions
and sub-solutions to allow combination-based solutions to prede�ned problems. For
some industries, this is simply not feasible as problems are always customer-speci�c,
and one-of-a-kind solutions are needed to solve particularities.

MC does not equal con�guration. It refers to business strategies where product
di�erentiation is used strategically and baked into the structure of products and
product-creation processes. For certain ETO companies, the breadth of the problem
and solution space can pose di�culties in creating solution con�guration systems
and tackling late variation. In such cases, other avenues may be considered to
improve, and even, rationalize the portfolio. It is crucial to rationalize what can
be rationalized, align what can be aligned, and reuse what can be reused. Companies
must seek to �x the undesirable, unnecessary, and uncontrolled variant creation and
focus on deliberate variant creation that brings value to the order and facilitates a
customer-independent solution portfolio. ETO businesses should align work �ows,
de�nitions, and nomenclatures to ensure that all employees are on the same page and
working toward the same goal. Catalog experiences, problems, and solution archetypes
should be explored to enable reference retrieval and systematically identify winning
and losing solutions.

This research project investigated the aforementioned strategic demands for
a single industrial case company in order to provide a reference for portfolio
variation troubleshooting e�orts in comparable businesses. Besides the comprehensive
individual analyses, the main contributions of this work concern speci�c management
levers, which have been presented in several scienti�c publications explaining the
process of locating and mitigating variations that jeopardize business pro�tability.
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Identi�cation of Sources of Portfolio Variation in Plant Engineering: The
business and development strategies are de�ned by the company's speci�ed platform.
This platform consists of domain architectures and de�nes the overall structures
governing the development processes and variant product creation.

A systematic analysis of the company's current platform can reveal the weak
spots and lack of rigid control over variation. Thus, the sources and causes for
undesirable and mismanaged variation can be uncovered. In this research project,
comprehensive analyses were conducted for both the process and product platforms
of a plant-developing ETO business to determine how these sources of variation
ultimately create business diversity and sacri�ce business pro�tability. The sources
were identi�ed as occurring in both processes and products, indicating speci�c weak
links in the business design that allow, or even encourage, variant creation beyond
supposed standards. Additionally, the results revealed a lack of systematic reuse in
both business domains.

Levers of Plant Product Variation Management: Managing variety across
platforms requires the business to redesign its platform thinking. When a design
already exists, it must be evolved and improved to best �t the strategic intentions
of platform use. This is possible only through �nding and solving the causes for
non-platform compliance and thus ensuring business e�ciency.

Speci�c investigations of variations in processes and products can help reveal
particular points of interest and deviation. Analyzing the business platform holistically
facilitates a wider understanding and highlights the importance of business platforms
and de�nitive architectures working together to de�ne the strategy. This research
project presented a suite of management levers and tools for the portfolio manager to
focus on for improved variation control in the business. This work can thus serve as a
reference for improving strategic governance in such a business. The presented levers
of management address speci�c sources and causes of variation in both the process
and product platforms. Furthermore, they deal with the underlying shortcomings of
the business caused by the identi�ed business problems.
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5.1.1 Answering The Research Questions

The research project was guided by a set of Research Questions as presented in Section
1.7. The modeling, troubleshooting, analyses, and potential for improvement identi�ed
through separate studies has been described in Section 4 to collectively answer these
questions. The response to each research question is summarized below:

RQ1: How can project-based engineer-to-order businesses be
modeled and analyzed with the aim of revealing product
portfolio variation?

Although ETO products and PB design work �ows pose challenges in terms of the
variety of information they provide, it was indeed possible to model the business,
products, and processes su�ciently. The models facilitated the identi�cation of (1)
focus areas in the organization, (2) activities of interest for analyses, and (3) problem
areas stemming from �nancial and solution-relevant perspectives. Furthermore, the
models supplied the foundation for subsequent studies and analyses of individual
sources of portfolio variation related to both the processes and products of the
business. The following speci�c insights were revealed with regard to modeling the
abovementioned kind of business and product:

� The organization can be studied via modeling to identify points of interest and
concentrations of data, information, and knowledge.

� Product and process function modeling can provide an understanding and
decomposition of the processes and products to be investigated.

� Creating and implementing a data structuring scheme that encompasses a
central project entity by decomposing it into processes and products, each with
their own hierarchical decompositions, is very useful.

� A signi�cant portion of qualitative information can be gained through
interviews, leading to a general tacit understanding of the business.

� A signi�cant portion of manual data can be extracted from available
documentation.

Related Publications (cf. Table 1.1):

A q Structuring Historical Company Data to Scope the Transition from
Engineer-To-Order to Mass Customization

B q Structuring and Contextualizing Historical Data for Decision Making in Early
Development
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RQ2: How can business shortcomings be explained by
undesirable variation in the process and product-platform?

Problems concerning variation were identi�ed by focusing on the initial Problem
Setting. These problems included business variation, solution variation, and solution
uncertainty. The problems were the basis for further investigation into portfolio
variation in both the Process Platform and Product Platform of the Business Platform.
Speci�c studies were carried out in each. Process analyses included the use of systems,
speci�cations, and standards. Product analyses included the solution space, plant
complexity, and component design. Every analyses supplied valuable insights into the
source of portfolio variation that contributed to the identi�ed issues and shortcomings
of the business. The main insights were as follows:

ü The use of many development system de�nitions result in a di�erentiated
documentation structure, which hampers comparison between projects and
solutions.

ü Speci�cations are used to de�ne the solutions, plants, and components, but
they are project-speci�c and encourage customization.

ü Di�erent standards are implemented to control variation in component designs,
but these are not used unanimously and do not impact development processes
or business outcomes.

ü The solution space of a developed plant o�ers di�erent overlapping solutions for
similar problems, which reduces pro�tability for certain aspects in some areas
of the solution space.

ü Some of the complexity in plant design can be attributed to the topology
of components. This complexity can be used to indicate resource needs in
development.

ü Beyond the standard variants, component designs become unique and
modi�cations are change-dependent. They show varying characteristics,
performances, and costs.

Related Publications (cf. Table 1.1):

A q Structuring Historical Company Data to Scope the Transition from
Engineer-To-Order to Mass Customization

B q Structuring and Contextualizing Historical Data for Decision Making in Early
Development

C q A Method for Revealing Misalignment in Engineer-to-Order Products and Process
Structures

D q Engineer-to-Order Plant Design: Assessing System Complexity and Hour Use
Based on Directed Network Graphs

E q ETO Standardization Strategies: Verifying Implementation and E�ect

F q Identifying Pro�table Reference Architectures in an Engineer-to-Order Context

L q Towards Best Practices in The Engineer-To-Order Business: A Framework for the
Structured Analysis of Commissioning Processes (publication not included in the
main �ndings)
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RQ3: What levers of management can be introduced to mitigate
undesirable portfolio variation?

The analyses of variation revealed a set of sources and causes for portfolio, and thus
business, variation. These results were used to suggest the improvement potentials
and mitigation initiatives. The �ndings appear in Levers for Variation Management
and were classi�ed in one of three di�erent groups: Organizational Comparison,
History-Based Design, and Design Governance. They comprised 3, 2, and 3 tools
respectively. They supplied structured approaches to help foresee or control some of
the variation induced by the processes and the highly modi�ed product portfolio of
the business. Organizational Comparison allows proper comparison of solutions across
projects, justifying their use in decision making. History-Based Design promotes the
use of history to decide new designs and the reuse of past projects and experiences.
Design Governance encourages stricter use of standard variants and a planned creation
of variants in contrast to ad-hoc variety creation. The said Levers are explained below.

r A Portfolio Management Unit: One location for portfolio information and a
point of implementation for new portfolio initiatives and rationalization e�orts

r Systems Architecting: Early de�nitions and use of systems across organizational
units and projects

r Linked Speci�cation Data: Combined and reusable speci�cations with easy
access to comparative information

r Comfort Zone Solutions: Known areas of the solutions space with better or
worse results, including dedicated solution references in each zone

r Sales Project Screening: Structured and semi-automated assessments of new
project orders and retrievals of reference projects from the business history
portfolio

r Strategic Component Standardization: Driven and encouraged uniform use of
standards to limit non-standard modi�cations

r Component Design Modularization: Use of modularity principles with strict
interfacing and standard modules to localize modi�cations to typical features
and mitigate change propagation of design changes

r Open-Access Component Con�guration: Improvement in variant certainty and
reuse e�ciency of component designs using con�guration systems available
across organizational units.

Related Publications (cf. Table 1.1):

C q A Method for Revealing Misalignment in Engineer-to-Order Products and Process
Structures

D q Engineer-to-Order Plant Design: Assessing System Complexity and Hour Use
Based on Directed Network Graphs

E q ETO Standardization Strategies: Verifying Implementation and E�ect

F q Identifying Pro�table Reference Architectures in an Engineer-to-Order Context

101



CHAPTER 5. DISCUSSION AND CONCLUSIONS

G q A Hybrid Approach to Similarity Comparison of ETO Plants

H q Achieving Long-term Modularization Bene�ts: A Small- and Medium-sized
Enterprise Study

I q Why Engineer-to-Order Portfolio Rationalization Stalls: Challenges in
Standardization, Modularization, Platform Design and Mass Customization

J q A Design Speci�cation Chain: A Concept for Improving Revision Management
and Change Tracking

K q Chain-E�ects of ETO Detail Con�guration

M q Identifying Modularity Practices Across Mechanics, Electronics and Software
(publication not included in the main �ndings)

5.2 The Research Project

The research project was designed as an Exploratory Abductive Single-Case Action
Research Study framed as platform variation troubleshooting in an industrial setting.
This section explains the design of this research project and discusses this design in
terms of academic and industrial results.

5.2.1 Research Approach

The academic and industrial problem was targeted using a combination of theory- and
problem-based research approaches, structured by DRM research phases and utilizing
methods from engineering design research.

This approach inevitably facilitates targeting many issues and areas of concern
simultaneously. Each of the above would have provided an interesting and rewarding
research project by itself. However, the time constraints, resources, and ultimate aim
of this particular project did not allow such an in-depth focus for each of the uncovered
topics of interest. Nonetheless, the results of this methodology will no doubt serve as
inspiration for a set of new inspiring research projects.

Theory- and Problem-Based Research: Industry supplies the problem while the
research supplies the theory; this is the premise of the problem- and theory-based
research approach. Each supplies a track of discovery that leads to new scienti�c
knowledge, practical results, and contributions. One of these sides (industry) will
focus on issues analytically when trying to diagnose problems, whereas the other
(research) will synthesize the focus and evaluate the usefulness of the theory, methods,
etc. This mix proved valuable in this research project, as the industry-speci�c
observations could be explained theoretically and were mirrored in state-of-the-art
understanding to provide explanations and solutions. Additionally, the observations
and methods used in this industrial setting contributed to research by allowing the
validation of new methods and o�ering fresh insights. If the research aspect would
have been disregarded, the solutions might not have been generalized or bene�ted
society. Similarly, if the focus did not rest on industry, the theory would be merely
hypothetical. In sum, a foot in both worlds is truly valuable.
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DRM Research Phases: The phases of design research (Research & Problem
Clari�cation, Descriptive Study I, Prescriptive Study) have been adopted for this
research. They can be recognized in the overall division of �ndings into Research &
Problem Clari�cation: Modeling and Problem Setting, Descriptive Study I : Variation
analyses and Prescriptive Study : Levers for management. The framework also
describes most of the methodology used, namely methods for case research and data
gathering. This methodology and framework for research design supplies suiting and
supporting boundaries and guidelines for the conducted research project.

Exploratory Research: An open mind and keenly observant eyes are the best
prerequisites for exploratory research. Such research poses several challenges when
the scope and aim of the project is not strictly formulated. However, it also allows the
researcher to pivot and redirect the study should any pressing issues be uncovered.
Starting with a strict problem formulation can complicate repositioning of the research
in light of new information. Though exploratory research is accompanied by the
frustrations of loosely de�ned project goals, it also supplies the agility to adapt. This
adaption is crucial in an industrial setting, which often proves much more complex
and intricate than that of a controlled laboratory experiment. This agility has been
valuable for this project.

Single-Case Troubleshooting: When the focus rests on a particular problem or a
particular solution proposal, several cases and experiments can add certainty to the
results and reveal whether the �ndings are generic in nature or simply one-o�-results.
For a broad and exploratory focus, several cases and an expansive experiment can add
even more noise to an already complicated study. It becomes increasingly di�cult
to pivot and adapt the research if several smaller projects are in motion. Instead of
engaging in a shallow study involving a breadth of cases, one can instead analyze a
single case in depth. Given the need for this research project to troubleshoot problems,
a single-case study was the right approach, as it allowed the researcher to dive into
many di�erent areas pertaining to the same case instead of viewing a series of cases
only brie�y.

Holistic Perspective with Detailed Analyses: Holistic refers to viewing the
situation from a bird's eye view and observing the details in a top-down manner.
Detailed analyses involve digging into speci�cs and �xing issues from the bottom to the
top. It is di�cult to conduct research with the aim of solving problems from a top-down
business perspective, especially when these problems need to be solved simultaneously
by engaging in detailed analyses that focus on speci�cs and case-in-case particulars.
Nonetheless, this project aimed to do just this. Though the holistic and detailed
analytical approaches appear to be opposites, they can work together. However, they
also pose distinct challenges: (1) Maintaining the holistic perspective can be di�cult
when dealing with the speci�cs of detail analyses. (2) If the speci�cs are not considered
in a holistic light once in a while, the project can get carried away with the details.
(3) In a realistic scenario, the project would point to many di�erent directions worth
investigating, as every small case-in-case study adds to the overall direction in the
search for solutions. Hence, the results would present bundles of guidance instead of
a single distinct piece of advice.
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Abductive Reasoning: Abductive reasoning is the generalization of results from
the known incomplete information. This research project focuses on single industrial
case with intention that the results can be used in similar contexts and cases in
the industry. The industrial case is representative for ETO companies engaged in
complex engineering with project-based organizations and design. Though the data
and results might not be relevant to all other companies in this industry, the process
of investigation, the theory and general �ndings as presented should be applicable.

5.2.2 Academic Impact

This project contribute to current state-of-the-art by a representative industry case
to be used as reference for variation management in project-based design e�orts.
Furthermore, this research project has contributed to 13 publications relevant to the
research and theory used to conduct the project. Figure 5.1 present Areas of Relevance
and Contribution from 2.1, with the addition of produced publications.

Figure 5.2 re-presents the Reference Model from Section 2.3.2 as an Impact Model
containing industrial and research contributions. The identi�ed problems (o) are
primarily located on the top of the diagram, referring to problems related to business
pro�tability and the consequences of customization on estimations. The analyses into
sources of variation (ü) cover mostly the causalities leading to the ability to compare
and the ability to re-use as these are the key factors to in�uence, in order to ensure
the accuracy of estimations. The presented solution proposals, levers for variation
management (r), deal with the aspects that attribute to these causalities, tempting
to mitigate unwanted variation. Additionally, the publications created during this
project (q) deal with the same a�ecting aspects, but mostly to strengthen the ability
to compare and the derived ability to re-use.

5.2.3 Industrial Impact

Throughout the industrial collaboration project, presentations and discussions were
used to disseminate the immediate results to the primary contacts of the company.
On several occasions, the interest in the results sparked more meetings and interviews
with senior members of management. It was apparent that some of the data-driven
�ndings were unknown to some members of the company. Some of the �ndings also
veri�ed already existing theories by department representatives or con�rmed intuition
and rumors. This served somewhat as a veri�cation of value from data-supported
knowledge, as described in Section 3.3.

As such there are no concrete evidence for industrial impact, as the solution
proposals has not been implemented as part of this research project. However, several
of the suggested improvements resemble initiatives being developed in the company
or now on the agenda.

5.2.4 Research Limitations

The study approach and conducted analyses su�er from some key limitations, which
must be mentioned here.
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Figure 5.1: Area of Relevance and Contribution (ARC) with publications of this
research project. Figure adapted from (Blessing & Chakrabarti, 2009).

Data Availability: Complex products entail complex processes and complex
organizations. In the context of the case company, this complexity concerns the data
infrastructure. Such infrastructure is di�cult to navigate, let alone gain access to,
especially when approaching it from the outside (as researchers). Con�dentiality and
data security concerns limit access to information; this is true for company personnel,
and more so for outsiders. In fact, most of the company representatives/contacts who
assisted with this research project could not access the entire suite of data sources
that were sought for this study. Each sub-study required the involvement of company
representatives and a discussion on data access. In many cases, concrete data were not
available or simply did not exist. For most cases, the information resided in various
documentation lookup systems and network drives, and the documents needed to be
extracted manually and scrutinized. For some instances, access was never granted
and only summaries were available. At times, the data were partly missing. Thus,
the analyses presented in this thesis concern only topics for which some data were
accessible and the available information was su�cient to conduct the said analysis.
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Figure 5.2: Impact model of business causalities and contributions.
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Single Case Research: This research project involved a single case company for
all the conducted research activities. This arrangement allowed an in-depth analysis
and the application of a more detailed approach in the context of this sole company.
Notably, in exploratory research, the activities and focus are de�ned gradually as the
case is uncovered. However, basing the study on a single case introduces an obvious
bias, as observations, �ndings, and solutions are acquired and targeted toward that
case alone. Thus, the �ndings are di�cult to generalize to other companies and the
industry in general. Though it may be di�cult to transfer company-speci�c results
directly, the reasoning and arguments relevant to the studies are transferable. The
particular approach for portfolio optimizing and variation control might di�er, but
the needs might be comparable. Adding a second or third case company to the study
would have de�nitely enabled more generalizable �ndings, but the research would then
have presumably failed to deal with the deep-rooted issues that were troubleshooted
in the analyses.

Breadth of Scope: The research project was intended to focus on portfolio variation
and its mitigation. However, the speci�c target business areas, business processes, or
organizational units were undecided. The project was thus exploratory and proper
scoping was part of the initial project clari�cation period. The scope was narrowed
to a single family of plants to focus on the technologies used in a section of these
plants. However, the results revealed that the sources of variation was not necessarily
contained within this scope, and thus, the scope was broadened for the remainder of
the study.

The goal of this work changed to identifying causes of troublesome portfolio
variation and mitigating them as well as their e�ects. A much too large a scope for a
project of this nature would have resulted in a super�cial approach instead of narrow,
targeted one. However, this larger holistic approach was suited to this project, given
its aim of revealing systemic issues and o�ering overall business e�ciency suggestions.
Each of the revealed areas of interest could then serve as a separate research project
by itself, supplying both the problem and a suggested solution.

Always Another Reason: One particular and expected challenge was encountered
during this project, which is also true for many broad analyses that touch upon many
topics and areas of the business. Every matter investigated and every variation that
was sought to be explained would always have a proper explanation as to why it
arose from special or particular circumstances. The size of the organization, diversity
of projects, and inherent uniqueness of every customer situation meant that every
variation could be explained by other variations, that is, by variation of context.
Every issue in a detailed area could so be easily explained by issues in other detailed
areas. This aspect makes it even more di�cult to track and investigate the source of
a problem, let alone isolate and work on solutions for it. In a project with a holistic
perspective (such as this one), the lack of details for every sub-topic made it di�cult
to dismiss or explain such Pointing Fingers. Thus, a �nal verdict inevitably becomes
a rarity in projects such as these.
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CHAPTER 5. DISCUSSION AND CONCLUSIONS

Evaluation of Solutions: A downside to the design of this research project was the
lack of evaluation of improvement suggestions. A Descriptive Study II, as suggested
in The Design Research Methodology (Blessing & Chakrabarti, 2009), could not be
executed. This means that even though the proposals target identi�ed problems and
shortcomings, there is no evidence that the suggested initiatives would indeed solve
the issues. The facts that (1) the solutions target speci�c revealed issues and (2) such
solutions are used for similar issues in other industries and state-of-the-art research
must su�ce as our evidence of evaluation.

5.2.5 Suggestions for Further Research

This study has opened the doors for troubleshooting portfolio and architectural
variation in ETO companies. Behind those doors lie plenty more challenges. Among
those are a few that are key to managing these tasks or exercising such troubleshooting
in other industries. In the author's opinion, these challenges deserve more attention.

Activating the Old Archives: Most companies already have vast archives of
information; they simply have not put this stored information to use yet, not because
they do not want to or because it has not attracted their attention, but because the
stored information has not been processed into useful data. Typically, it resides in old
documentation, emails, project schedules, and suites of data management systems.
This information simply needs to be gathered, extracted, and connected to harvest
the value within. However, this is no simple task. Given the many di�erent formats,
types of information, and di�culty in categorizing useful insights from useless �ling,
this task becomes a monumental challenge.

Development of assisted or even automated information recognition and
extraction has seen impressive growth. Machine learning techniques have marched
onto the agendas of numerous companies and are being viewed as a way to withdraw
meaning from vast amounts of archived information that currently does not convey
much meaning. Tapping into this existing source of deep business insights and
exploiting the historic knowledge stored within could businesses vastly improve their
activities. Business architectures and portfolio management o�er huge potential
for activating the historic information. Unlocking it would allow a higher level of
automation in this part of portfolio analyses, releasing resources from data gathering
and structuring to portfolio trend analyses and decision making. This topic deserves
much more attention in the area of business platform design.
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The Power of Re-usability: Industries that engineer custom solutions for unique
orders would bene�t greatly from the ability to reuse among projects. It is easy to see
that duplicating technical drawings between two customer orders saves resources, but if
the drawings are drawn to speci�cations and formatted to �t a certain order, then they
are not necessarily transferable. How can they be reused in such cases? How should
technical documentation be represented to allow reuse? Most portfolio management
research and the product architecture literature describe the overall approach and
bene�ts of reusing. Be it platform-based development, interface standardization, or
module commonality, it is crucial to modify the product to facilitate reuse. However,
they seldom address the di�culty of making solutions reusable in praxis for industries
heavily focused on customer-centric project documentation. Instead of focusing on
the need and bene�t of reuse, attention must be paid to the characteristics that
actually enable reusing information, documentation, processes, and other business
entities. To this end, the characteristics of reusable and non-reusable entities should
be identi�ed. Transformation guidelines on reusability could be produced for an
industry-wide context.

Name Your Architect: This research project gave rise to an interesting
experimental idea: letting the employees of a company identify the architect of the
business by virtually pointing to the next in "architectural command". The experiment
would be simple. It could start anywhere in the organizational hierarchy and ask "Who
decides on product architectural decisions?" and "who has the authority to make or
remove variants from the portfolio?" By asking individuals sequentially and repeating
the questions to anyone associated with the business, a trail could be drawn across
the organization. Once the preference clearly converges or diverges, inspecting this
trail would supply interesting insights. For instance, does the trail instantly converge
on a single responsible party? Does it shift around the organization with no de�nitive
conclusion? Does it loop back to the same individuals multiple times? This experiment
would e�ectively reveal if the role of the architect is clear within the organization, and if
the responsibility for architectural decisions have been properly settled. Unfortunately,
the author was not able to conduct this experiment for this particular industrial case.

5.3 Recommendations to Industry

This research project and the insights it provided into state-of-the-art strategy research
as well as everyday business ordeals have sparked a few overarching thoughts on
business improvements in the context of portfolio management. This section presents
a few of these thoughts as recommendations for the industry in general.

5.3.1 Business Platform Design

When something goes wrong or performs unexpectedly, the �rst reaction is often to
lay blame and �nd the culprit of the said action. However, this might not be the right
approach according to Don Norman, the author of The Design of Everyday Things. In
reality, there are many examples of designs of items, systems, machines, organizations,
and infrastructures that impose impossible rules, tricky interpretations, or improbable
expectations on the user. When something goes wrong, rather than blaming the user,
one should blame whatever let them take the recriminating action. "It's never the
human's error, the error lies in the design." (Norman, 2013).
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CHAPTER 5. DISCUSSION AND CONCLUSIONS

The heart of a complex business lies in its organization, routines, work �ow,
decision-making mechanism, rules, guidelines, and the processes that drive its
development, standards, and templates. These supply the e�ciency, e�ectiveness, or
compliance vital to the business. However, they can also be described as essential
Business Design, namely the rules governing the company and de�ning how its
customers, teams, and individuals work with it. The right business design can
nourish innovation, speedy development, and sustainable growth. The wrong design
can cripple collaboration, prevent innovative initiatives, or immobilize even the most
proactive ambassadors for improvement. When unexpected business behavior is
observed, the goal should not involve �nding the decision maker who made the wrong
decision or the team that supplied the misinterpreted information. Instead, the goal
should be to identify the process that allowed such an important decision to be
misdirected or the reason the important information was misinterpreted.

If the system lets you make the error, it is badly designed. And if the
system induces you to make the error, then it is really badly designed.

(Norman, 2013)

In the basic product development process, Planning precedes Concept
Development, which in turn precedes System-Level Design (Ulrich & Eppinger, 2012).
That process is designed to su�ciently control product development e�orts and ensure
e�cient design. Nonetheless, these concepts are governed by the structured planning
of concepts and systems. They present another tier of processes that supply the
de�nitions to be used. In fact, this is the purpose of the business platform and design.

5.3.2 The Architect

In ETO companies, the top management's primary focus rests on contracts and
order acquisitions. It concerns securing work for the very capable business that can
create any needed solution to match the requirements of the customer. The middle
management and engineering departments are fully engaged in problem solving and
generating solutions (Wortmann, 1992). They focus on design, operations, and support
tooling. Neither of these roles have adequate freedom or focus on strategic interdomain
architectural alignments. They either sacri�ce order intake, and thereby revenue, or
overlook problem solving and solution development, and thereby the products. It
seems as if the territory in between these roles is missing a critical link.

A powerful shift toward total control of the portfolio and governance of the variant
creation requires that the business is clear about the responsibility of architecting.
Everybody must know the identity of the architect, whose responsibilities are to
ensure that (1) the product architecture accommodates the needed solutions and (2)
the catalogs of products, parts, sub-solutions, and variants are su�ciently governed
according to that architecture. If the architect is known, then the decision-making
responsibility can be assigned when a new solution variant is required or when
circumstances dictate modi�cation of a key interface.

110



One of the toughest challenges concerns conveying the architect's privileges and
authority. For the purpose of governance and decision power, this role must be
associated with the top management and strategic agreements, not tucked away in
a branch of a department division. Various suggestions have been provided as to the
managerial structures for architects and platform owners. With regard to the supply
chain management of ETO companies, (Pandit & Zhu, 2007) even goes so far as to
draw the architect as a separate organizational unit comparable to sales departments,
engineering units, and project teams. It is this sort of organizational leverage that is
needed to really push agendas and give the architect the much-needed authority.

5.3.3 Mixing Standard Portfolio With Customer-Speci�cs

When developing one-of-a-kind products, Wortmann (1992) advised that a strict
division should exist between customer-independent information and customer-speci�c
information. The former, as the name suggests, is independent of the immediate
problem and the immediate project. The latter is speci�c to the problem and the
customer. Those two categories of information must be maintained as strictly separate
to avoid cluttering the solution portfolio.

Project-based development and highly custom plants require circumstantial �xes
and partial redesigns to a very particular context. However, at the end of a project
life cycle, these particularities must be kept clear of the portfolio; they should not
be included in the platform and mistaken for new standard variants or preferred
solutions. They should instead be classi�ed as customer-speci�c solutions, as opposed
to customer-independent solutions. A strict division must be maintained between
designing for the project and designing for the platform.

5.3.4 Collect Now, Analyze Later

The main challenges of reuse in these businesses involve the localization of varied
data from many data sources, which are scattered in many systems across a suite of
management systems, and methods of retrieval (Silventoinen et al., 2014).

It does not matter if the data are redundant, in di�erent formats, or appear
invaluable at the time. Information can be derived from data, but if the data do
not exist, it is di�cult to generate anything. The use of modern data extraction
tools, text recognition software, ML algorithms, and cloud data services can certainly
help ascribe meaning to any collected data. Therefore, it is important to continue
collecting data, information, and knowledge even when the goal is unclear and making
sense of the information seems impossible. Remember, we have yet to come across a
data-driven project that complains of too much information. In contrast, we know of
many projects for which the opposite complaint is valid: "There is simply not enough
data."

Another clever and e�ective way of uncovering the hidden treasures of
organizational data is to let them be available and accessible to the employees of
the company. If everyone were to see the data, some individuals are likely to be able
to access them and think up ways of using them. Businesses should host data analysis
challenges or present periodic overviews of untapped data collection to encourage
innovativeness among their employees.
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The only way to reduce the incidence of errors is to admit
their existence, to gather together information about them,
and thereby to be able to make the appropriate changes to
reduce their occurrence. In the absence of data, it is di�cult
or impossible to make improvements. Rather than stigmatize
those who admit to error, we should thank those who do so
and encourage the reporting. We need to make it easier to
report errors, for the goal is not to punish, but to determine
how it occurred and change things so that it will not happen
again.

The Design of Everyday Things by Don Norman
(Norman, 2013, p. 192)
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6 | Final Remarks

We have to �nd the problem, to know the problem and then to solve the problem.
That is the aim of designers and the mindset of this thesis. We might know o�
problematic areas and circumstantial di�culties, but knowing a particular problem
means underlining it with explicit knowledge, fact, data and analytics. Then and �rst
then can we engage in meaningful e�orts to solve the actual problem that improve the
situation and the strategy.

Sharing is caring. I like the idea of learning and growth across industries and
businesses. Hopefully this thesis can inspire or guide decisions in more than one
industry setting. Hopefully it will improve more than one problem. If you are reading
this to improve your business, then I count that as a win. Thanks for reading my
work.

I have personally learned a lot from engaging in and managing a Ph.D.
research project. Dealing with project scoping, stakeholder management, information
gathering, presentations and structured analyses. I have no doubt that most of
the work and learning of this project will be valuable for me going forward, both
professionally and personally. It adds yet another important piece to life's puzzle.

Stay safe and stay sane.
Cheers // C. A. Bertram

á
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Structuring Historical Company Data to Scope the Transition 

from Engineer-To-Order to Mass Customization 
 

 

Abstract 

In recent decades, an increased demand for customized products lead to the development of 

mass customization strategies. Similarly to mass producing companies, businesses that follow 

the Engineer-To-Order (ETO) approach need to manage their product variety to accommodate 

the required customization. However, challenges in data and knowledge management prevent 

ETO companies from establishing an extensive, explicit understanding of their highly varied 

product portfolio. Existing methods for the transition from ETO to mass customization do not 

account for the missing understanding of the product range in the company. To address this 

issue, this paper proposes a data model to support ETO companies in gaining insights into their 

product portfolio and consequently scoping future mass customization initiatives. Data for the 

comprehensive representation of product, process and project management aspects of 

development projects is identified and structured. The developed data model is investigated 

through a case study with a company from the ETO sector. It is shown that, despite challenging 

data and information management, historical company data can be utilized to gain insights into 

the product range and to identify products and processes that shall be focussed on with future 

mass customization initiatives. 

Keywords: Knowledge-Based Engineering, Data Driven Decision Making, Engineer-To-

Order, Mass Customization, Product Portfolio Planning 

 

1. Introduction 

Over the last decades, an increased customer demand for customized products lead to a shift 

from mass production to mass customization to offer more product variety while maintaining a 

profitable business model. The concept of mass customization was coined by Davis (1989) and 

further developed in Pine et al. (1993). Since then, many methods and tools have been 

developed to support companies in their transition from mass production to mass customization. 

One of the key enabling technologies is product configuration (Hvam et al., 2017), thereby 

moving the company towards a Configure-To-Order (CTO) business model. Other methods 

include the re-use of existing design elements (Jiao et al., 2007) and standardization and 

modularization approaches. By shifting their business model towards mass customization, 

companies can reduce manufacturing costs, production errors and delivery time (Haug et al., 

2009; Mäkipää et al., 2012; Petersen, 2007).  

Similarly to mass producing companies, companies that follow the Engineer-To-Order 

(ETO) approach have been looking for ways to manage their product variety. The ETO sector 

encompasses a variety of industries and products that differ from mass produced goods. The 
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ETO approach is often applied in the product development of one-of-a-kind and highly complex 

products, where specific customer requirements need to be fulfilled by re-engineering and 

customization of proven designs (Gosling and Naim, 2009). The unique customer demands and 

diversity in design, manufacturing and operation result in high variety and low volume products 

and respective development projects (Willner et al., 2016). 

Mass customization approaches stem from mass production, with studies regarding the 

transition from an ETO business model towards mass customization being scarce. However, 

some studies have focussed on that transition by providing methods that allow ETO companies 

to transform their business model towards mass customization (Bonev, 2015; Haug et al., 2009; 

Hvam, 2006). 

Despite their undisputed benefits, the existing approaches rely on an extensive, explicit 

understanding of the existing product variants and solution space prior to the application of the 

methods. In ETO companies, that requirement is seldom fulfilled due to certain typical 

characteristics. In companies that follow the ETO approach for product development, product 

variants emerge from individual development projects over time based on specific customer 

demands, often without following a defined strategy (Ulonska and Welo, 2016). Furthermore, 

a project-based or project-led form of organization is most common in the ETO industry, 

resulting in a lack of systematic knowledge (Duchi et al., 2014; Hobday, 2000; Ulonska and 

Welo, 2016). However, knowledge management plays an important role in the implementation 

and management of mass customization strategies (Helms et al., 2008). Bertram et al. (2020) 

and Haug et al. (2019a) identify insufficient knowledge management as one of the drivers for 

the failure of portfolio rationalization and mass customization initiatives in ETO companies. 

Additionally, data and information management proves to be challenging in the ETO context. 

Data is often of insufficient quality and scattered across different IT-systems, leading to 

difficulties when trying to obtain information about past projects (Böhm et al., 2011; Brunoe 

and Nielsen, 2012; Foehr et al., 2015; Hvam et al., 2006).  

In order to enable ETO companies to successfully apply mass customization methods, 

historical company data needs to be utilized to gain insights into the product range, identify 

focus areas for future mass customization initiatives and enable the application of existing 

methods. However, to the author’s knowledge there has not yet been a study providing a method 

for the identification and structuring of historical company data that enables an ETO company 

to build an initial knowledge base regarding their product range which can be used to transition 

towards mass customization. To address this gap, this paper examines the following research 

questions:  

RQ 1: How can historical company be utilized in order to scope mass customization initiatives 

in the Engineer-To-Order context? 

RQ 2: How can a company identify products to focus on with mass customization initiatives? 

RQ 3: How can a company identify processes to focus on with mass customization initiatives? 

Relevant literature on existing approaches for the transition is reviewed and used for a detailed 

exploration of the research gap. A method for the identification and structuring of historical 
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company data is developed and proposed. Furthermore, a case study with a company from the 

ETO sector is conducted to assess the feasibility of the developed data model and to evaluate 

its potential for supporting ETO companies in the transition towards mass customization. 

2. Research Methodology 

First, the existing body of literature is reviewed in order to summarize existing studies that 

support the transition from ETO to mass customisation. The purpose of this study is not to 

present an exhaustive literature review but to provide an overview of relevant studies in the 

field. A narrative literature review is conducted to enable a qualitative interpretation of prior 

knowledge and provide a comprehensive background (Cronin et al., 2008; Davies, 2000; Green 

et al., 2001; Sylvester et al., 2013). The focus of the literature search is on approaches that 

enable the transition from ETO to mass customization and related tools such as product 

configuration and modularization. The literature study was conducted using the databases 

Scopus and Web of Science. Two clusters of keywords were combined and applied in literature 

search: (”engineer*-to-order” OR ETO OR ”one-of-a-kind” OR ”capital goods”) AND (“mass 

customi*” OR “product configuration” OR “modulari*”).  

A method for identifying and structuring data is proposed based on existing literature. 

Furthermore, in order to assess the potential benefits of the developed method, an industrial 

case study with an ETO company is conducted. The case study is part of a long-term research 

collaboration with the case company and is conducted over a period of 9 months. Applied 

research methods include the conduction of expert interviews with multiple stakeholders such 

as sales personnel, project managers, planners, designers, engineers and 

installation/commissioning managers across different business units. Furthermore, data is 

collected from different IT and data management systems (e.g. ERP and PLM/PDM systems) 

and data storage servers. Details regarding the case company and collection of data are 

presented in the case study section of this paper. 

3. Transition from Engineer-To-Order to mass customization 

Mass customization is rooted in mass production, with research regarding the transition from 

ETO to mass customization being scarce. Since the characteristics of the ETO industry differ 

greatly from mass producing companies, a definition of mass customization in the ETO context 

could be: “mass customization enables companies to provide a large variety comparable to 

purely customized of goods and services at significantly lower costs and/or shorter delivery 

times” (Mäkipää et al., 2012). Many ETO companies face challenges when attempting to 

transition from an ETO business model towards mass customization. Some theories developed 

for the transformation of mass-producing to mass customizing companies might be applicable 

in the ETO context as well, but not all developed methods prove to be useful (Mäkipää et al., 

2012). Instead of opening up the company’s solution space in order to offer more perceived 

product variety to the customer, an ETO company needs to narrow down the solution space and 

consequently limit their product offering and accept a higher degree of standardization (Haug 

et al., 2009). 
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Haug et al. (2013) present a framework for the reduction of the solution space in ETO 

companies in order to shift towards mass customization. The first steps of the developed 5-step-

approach concern the analysis of overall product and business data. Similarly, the 5-step-

approach developed by Seiler et al. (2019) for the transition from an ETO to a Configure-to-

Order (CTO) business process starts with the acquisition and analysis of data regarding past 

products to gain an understanding of the current product variation. Many approaches for the 

analysis of product offering variation have been proposed, both of qualitative and quantitative 

nature. Examples of model-based methods include the generic organ diagram (Sudjianto and 

Otto, 2001) and the resulting interface diagram (Bruun and Mortensen, 2012), product variant 

master (Hvam et al., 2008) and product family master plan (Harlou, 2008). Furthermore, matrix-

based approaches such as the design structure matrix (Pimmler and Eppinger, 1994) and 

function- and technology-based methods (Ulrich and Eppinger, 2012) aim at optimizing the 

management of products and processes. It is assumed that companies that transition towards 

mass customization possess an extensive, explicit product knowledge that can be utilized in the 

analysis preceding the transition. However, many ETO companies face challenges when it 

comes to data and information management, making it difficult to retrieve information about 

past projects (Brunoe and Nielsen, 2012; Hvam et al., 2006; Robertson and Ulrich, 1998). 

Ulonska and Welo (2014) attack this shortcoming by presenting an approach for the analysis of 

the product portfolio in ETO companies. They identify the revelation, systematization and 

structuring of product knowledge as essential to successfully establishing a CTO business 

strategy. However, no details are presented regarding what data to use and how to structure the 

gathered data in order to enable such a portfolio analysis.  

From state-of-the-art research it becomes clear that the acquisition of and access to 

information and knowledge play a key role in the successful transformation of an ETO company 

towards a mass customizing business model (Haug et al., 2019a). In companies that have 

successfully implemented the mass customization model, that information and knowledge is 

enabled by the use of tools such as product configurators (Petersen, 2007). Frequent product 

combinations and their cost performance can be identified, analyzed and used to adapt the 

product portfolio and introduce standardization. This leads to a chicken and egg dilemma, 

where knowledge that is generated by mass customization tools is necessary to transition to a 

mass customizing business model in the first place. In order to enable an ETO company without 

those tools and knowledge to start transitioning towards mass customization, the structuring of 

historical company data is necessary to enable an understanding of the product portfolio and to 

identify focus areas for future product and process improvements.  

4. Generic data model 

A generic method for the creation of a data structure is developed based on the identified 

requirements. The aim is to enable the comprehensive analysis of the product range and its 

performance in order to gain an understanding of the current product portfolio and to scope 

future mass customization initiatives. Therefore, three dimensions are identified to be of 

importance: project management, product and process. 
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4.1 Project management 

In order to identify focus areas for future mass customization initiatives, successful and 

unsuccessful product development projects need to be determined. The most commonly used 

measure for project management success is the Iron Triangle, consisting of the factors cost, 

time and quality (Bryde, 2008). It offers the opportunity to deal with a project’s complexity by 

introducing a simple measure (Pollack et al., 2018) and is therefore forming the basis for 

describing the project management dimension of the ETO product development process. The 

factors cost and time, often considered to be objective measures, are widely agreed upon in 

literature. The quality factor on the other hand is less certain due to its subjective nature (Chan 

and Chan, 2004; Jha and Iyer, 2007) and is sometimes substituted with other measures such as 

scope or performance. Papke-Shields et al. (2010) discovered that especially in large, costly 

projects, such as ETO product development projects, the focus lies on cost and time rather than 

quality.  

In the developed data model, the project dimension is therefore described by incorporating 

the factors cost, time and quality of each development project, with quality being of less 

importance (see Figure 1). In order to assess the project’s performance, data regarding both 

estimated and actual cost and scheduling need to be included in the project management 

dimension.  

 

4.2 Product 

Mass customization initiatives aim at optimizing the Iron Triangle of cost, time and quality. 

Therefore, the design of the developed product and its impact on the performance of the 

development project in regards to these factors need to be analyzed.  

The product dimension entails the developed (physical) product. In order to model the 

products in the product range, system theory and its distinction between function and structure 

is applied (Hvam et al., 2008). The function of the product represents its main features. In the 

ETO context, the customer requirements build the basis for the product development process 

and define the required function, while design calculations and concepts detail the actual 

function of the final product. The product structure on the other hand decomposes the physical 

product system into sub-systems, components and parts (Meadows, 2009). On each level of the 

decomposition, the structure needs to be defined similarly across products to enable a cross-

project comparison. In order to adequately describe the product, both product function and 

structure need to be represented with data (Standard, 2019). The aim of including the physical 

product properties is to identify areas in the product range that should be part of future 

improvement initiatives. 

 

4.3 Process 

In addition to the physical product, its lifecycle and product development process influences 

cost, time and quality of the project and shall therefore be included in the data model. The 

process dimension captures all phases and steps necessary to deliver a product that fulfils the 
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customer’s requirements. Several characteristics differentiate the workflows and business 

processes in an ETO company from mass-producing companies. In the ETO business, product 

design and engineering are the core activities (Hicks et al., 2000). Due to the high complexity 

and low production volume of ETO products, a significant amount of engineering effort is 

necessary before production (Caron and Fiore, 1995; Hicks and McGovern, 2009; Rahman 

Abdul Rahim and Shariff Nabi Baksh, 2003). At the same time, the customized character of the 

products means that main engineering tasks can only be executed after receiving the customer 

order (Wortmann, 1995). 

The described characteristics lead to deviations concerning the sales-delivery process in 

ETO companies that need to be covered for a thorough project analysis. In Amrani et al. (2010), 

two major phases of the sales-delivery process are identified. Phase 1 includes the reception of 

the customer’s order and its interpretation. Phase 2 concerns the development and 

manufacturing of the requested product, especially its design, engineering, industrialization and 

realization. Brière-Côté et al. (2010) distinguish between three main phases of the ETO sales-

delivery process, namely the sales lead phase, quotation phase and order phase. Brunoe and 

Nielsen (2012) define four process phases: (1) Quotation and sales, (2) engineering and 

procurement, (3) production and (4) commissioning. Similarly, Willner et al. (2013) define the 

four main business processes in the ETO business as Sales, Design, Make and After Sales. Kłos 

(2016) follows a similar approach and also includes after-sales activities like Service in the 

product development process. Furthermore, project management is included as a parallel 

activity across all phases. In their case study, Strandhagen et al. (2018) also identify project 

management as a main business process in the ETO context. In addition to management tasks, 

this business process includes the continuous improvement of all business processes.  

The following business processes and their main aspects are identified to be essential for the 

success of product development projects in the ETO context: (1) Sales, (2) Design and 

engineering, (3) Realization (including Manufacturing, Assembly, Installation and 

Commissioning) and (4) After sales (see Figure 1). Depending on the company or industry, the 

level of detail on each of the business processes might differ. In some cases, a business process 

or an aspect of a business process might be added or disregarded in order to account for the 

uniqueness of ETO products and companies. 

Delays and cost overruns pose an eminent threat in the development of ETO products. It is 

therefore necessary to include both scheduling data and resource allocation information of every 

identified business process. 

 

4.4 Linking of data via project metadata 

The identified data needs to be structured in a data model in order to enable a comprehensive 

analysis of the product range. Therefore, project metadata such as project number, customer 

name/identifier, project location, responsible business unit etc. shall be included in the data 

model.  

The data shall be arranged in a form that allows for every data entity to be linked to the 

respective project and its metadata (see Figure 1). For example, every component dimension 
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shall be linked to the project this component was designed for and every resource allocated to 

a specific project phase shall be linked to the respective project. This enables the analysis of all 

data points across all product development projects, thereby providing a comprehensive 

overview of the product range.  

 

4.5 Conclusions 

The proposed data model accommodates three main domains of ETO product development 

projects: product, process and project management. Furthermore, metadata is included to 

convey information without any specific foothold in abovementioned domains. The data 

modelling structure is built upon requirements from literature and will support portfolio 

decisions needed for product portfolio planning, as requested but not encountered in existing 

literature. 

 
Figure 1. Proposed data modelling method 

 

5. Case study 

In order to evaluate the developed data model and its ability to answer the research questions 

presented in Section 1, a single case study is carried out as described in Section 2. The aim is 

to evaluate the feasibility of building the data model in a practical ETO context and to assess 

its ability to provide initial knowledge about the product range to support the scoping of future 

mass customization initiatives and the transition towards a mass customization business model. 

5.1 Introduction to the case company 

The collaborating case company is designing and realizing processing plants for the 

chemical, pharmaceutical and food industry by following the ETO approach. Product 

development projects start with the customer’s request for a new plant. After a development 

duration of two to five years, including sales, design, engineering, procurement, installation and 

commissioning, the plant is handed over to the customer for operation. Every customer request 
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is executed as a separate product development project with the objective of designing a solution 

that fits the customer’s requirements. Products are either developed from scratch based on 

expert knowledge and experience or by adapting past product designs. In order to increase the 

profitability of product development projects, the company aims to shift from an ETO approach 

to a mass customization strategy. However, missing and incomplete knowledge regarding the 

current product portfolio prevents the company from successfully initiating that transition. 

5.2 Creation of the data model 

In order to establish a mass customization or product configuration strategy in an ETO 

company, the scope of the analysis needs to be chosen wisely, for example by following the 

method presented in Haug et al. (2019b). Considering the aim of this case study being to 

evaluate the benefits of the developed data model in regards to building an initial product 

portfolio knowledge base, the analysis of the product range in the context of this case study is 

limited to one product family. Via expert interviews with sales engineers and project managers, 

the most popular type of food processing plant offered by the case company is selected as 

subject of this study. Within the product family, all product development projects that started 

in 2001 or later and the resulting products are included in the analysis. Older projects are 

excluded because of challenging data availability and negligible relevance for future operations.  

 

5.2.1 Product dimension 

The structure of the developed products is represented by a combination of raw data and 

calculated design metrics. The product design is represented by including P&ID (piping and 

instrumentation diagram) data and bills of material, while component and part design are 

represented by extracting specifications and dimensions from technical drawings. This raw data 

is extended by the inclusion of a calculated metric for the complexity of the physical product 

as described in Bertram et al. (2020).   

ETO products are typically based on broad design principles and rough concepts. Thus 

projects are prone to design changes throughout the product development (Willner et al., 2016). 

Therefore, the function of the product needs to described in two states: the required function, 

taken from customer requirements in the initial project contract, and the actual function of the 

delivered plant at the end of the development project, specified with data from plant design 

calculations.  

 

5.2.2 Process dimension 

The general processes identified in Section 4 must be adapted to individual cases to represent 

the case company and context accurately. The realization process is split into procurement, 

installation and commissioning to allow for a detailed analysis of these project phases. In case 

of the selected product family, all major components are purchased from external supplies, 

eliminating the need to include internal manufacturing processes. Furthermore, after sales is 

excluded from the analysis due to a lack of data in the case company. The analysis is aimed at 

providing knowledge on product development projects in the company, so this should not 
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inhibit the analysis. The resulting ETO process applied in this particular case study is defined 

as: sales, design and engineering, procurement, installation and commissioning. 

In order to describe each process element, data providing details on the scheduling and use 

of resources in each phase is included in the data model. Scheduling information is extracted 

from project plans and transformed into tabular data. Resource data is extracted from employee 

hour allocation, documenting the project, task, employee, hours and cost of each allocation 

entry. 

 

5.2.3 Project management dimension 

The project management dimension is represented by the three elements of the Iron Triangle: 

time, cost and quality. The time element is partly covered by the scheduling aspect of the 

process dimension and extended by extracting contractual milestones such as final product 

delivery and payment deadlines from the project contract. In order to determine the cost of each 

project, three main categories of costs are identified via expert interviews and a preliminary 

analysis: item cost, internal hour cost and third party service cost. In order to account for 

changes to the project scope throughout its execution, initial cost estimations as well as final 

cost positions need to be considered in the model. Therefore, cost estimation data is included 

in the data model. Actual item costs are extracted from ERP systems and BOM, while internal 

hour costs are included in the process dimension. In case of projects that include third party 

services such as consulting or installation services, contract data is included in the data model 

to account for the resulting costs. As discussed in the previous section, the quality aspect is left 

out of the data model since cost and time pose the major performance measures in large ETO 

projects. 

 

5.2.4 Linking of the data 

The described collection of data was stored in an SQL database system in tabular form. 

Microsoft Power BI was used to link all data entities via the project metadata and allowed the 

analysis of the different dimensions across projects (see Figure 2). Furthermore, Python scripts 

were used for the creation of customized diagrams throughout the analysis. 
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Figure 2. Applied data model in the case study 

5.3 Identifying the scope of future mass customization initiatives 

The aim of creating a data model as described above is to gain insights into the product 

portfolio and solution space and to draw conclusion regarding the scope of future mass 

customization initiatives. Therefore, a two-step analysis is performed.  

In the ETO business, a product is developed to fit specific customer requirements. The range 

of key product characteristics is therefore plotted for each development project (see Figure 3-

A). Furthermore, colours are added to indicate the physical complexity of the products 

developed in each project. In order to determine the products' complexities, the system typology 

approach described in Bertram et al. (2020) is applied. A measure is developed, describing the 

number of main components that constitute the product as well as functional dependencies 

between them. By applying this method, the physical complexity of the product can be 

represented by a single value. A high design typology (> Q75) indicates a complex design of 

the physical product with a high amount of components and functional dependencies. From 

Figure 3-A it becomes apparent that the case company designed numerous solutions with 

different design complexities for similar customer requirements. The product architectures 

behind these solutions should be reviewed and modified to provide specific, standardized 

solutions to fulfil common customer demands in an economically efficient way, thereby 

identifying the product scope of future mass customization initiatives. 

After identifying the solution space that needs to be covered by one or several product 

architectures, the influence of design decisions on project profitability is investigated. In this 

case, it was decided to assess the financial performance by using the accuracy of the profit 

estimation (ratio of actual gross margin and estimated gross margin). Figure 3-B indicates that 

spending many hours on automation/software, commissioning/start-up and general project 

management leads to a decreased profitability. In addition, the development of products with a 
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high amount of functional dependencies between its components (high design typology) 

increases the risk of spending an increased amount of hours in these crucial project phases (see 

Figure 3-C). Therefore, it can be reasoned that product designs with a design typology of less 

than 0.3 have a positive impact on the financial success of the product development.  

5.4 Conclusions from the case study 

A case study was conducted with the aim of evaluating the developed data model in an 

industrial context. The generic data model was adapted to the specific characteristics of the case 

company. Based on the proposed method, the structuring of historical company data was 

performed successfully. 

Furthermore, the creation of the data model allowed for the analysis of customer 

specifications and resulting product designs. Information on design, management, resources 

and financials proved to be useful to gain insights into the product portfolio. Areas in both 

product design and project execution that shall be focussed on with future mass customization 

efforts were revealed by applying the developed data model (research questions 2 and 3). In 

conclusion, the developed data model represents a valuable approach for ETO companies to 

scope mass cusstomization initiatives (research question 1). 
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Figure 3. Results of the product range analysis (*adapted from Bertram, Mueller and Mortensen (2020)) 
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6 Discussion and Conclusion 

Mass customization is a powerful approach to support companies in handling an increased 

customer demand for customized products by enabling the increase of external (customer-

perceived) variety at low internal cost. Although studies have been published proposing 

methods and tools for the transition from an ETO to a mass customization business model, they 

all rely on an existing, extensive knowledge regarding the product range in the company. In this 

paper, a method for the systematic selection, structuring and utilization of historical company 

data is proposed to enable ETO companies to build a knowledge base regarding their product 

portfolio. This knowledge consequently allows the company to scope future mass 

customization initiatives. 

The structuring of data plays an important role when pursuing to gain insights into the 

consequences of development decision and product portfolio strategy (Sigsgaard et al., 2020). 

Existing literature emphasizes the challenging data and information management in ETO 

companies. Similarly, in the case company, an immature knowledge management lead to a 

situation where an overview over the developed solution space was impossible to obtain from 

existing data sources. Initially, company representatives expected the creation of the data model 

to fail due to data challenges and project incomparability, a belief that is not uncommon in the 

ETO industry (Bertram, Mueller, Løkkegaard, et al., 2020). However, this study shows that 

historical data can and should be utilized to get insights into the product range and to build an 

initial knowledge base.  

In the case study section of this paper, one result of the application of the proposed data 

model in the collaborating company is presented. It presents the identification of product design 

solutions that have a positive impact on the profitability and thereby success of the respective 

product development projects. In order to narrow the scope of this paper, only one result of the 

company analysis was presented. However, multiple analyses have been carried out based on 

the created data model over the course of the long-term collaboration with the case company, 

providing useful insights into the offered product range. Examples of these studies are the 

identification of compliance of product and component design with internal engineering 

standards and the influence of standardization on financial project performance, an analysis of 

the interaction of product and service offerings, an analysis of customer requirements and their 

influence on the product development success and more. The authors intend to publish selected 

analysis results in the future. 

A challenge in proposing a generic data model lies in the uniqueness of ETO products and 

companies and the resulting need for a unique data modelling method. The method developed 

in this paper is built on existing literature to describe the different dimensions of the product 

portfolio and thereby offers a general approach to data modelling in ETO companies. 

Nevertheless, as shown in the case study, minor adjustments to the generic method might be 

required to account for the uniqueness of the specific company.  

Another challenge of creating and utilizing a data model as presented in this paper lies in the 

highly complex nature of ETO products, resulting in a high amount of factors that have an 

influence on the development project’s success. Therefore, it can be difficult to identify clear 
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causal relations in the analysis. This challenge can be mitigated by defining a fairly wide scope 

of the analysis. By including a sufficient amount of products and development projects, outliers 

can be identified and data gaps can be disregarded. 

The application of the developed method requires gathering data from different stakeholders, 

business units and IT systems in the company. In order to allow for this in-depth collaboration, 

a single case study is chosen to assess the feasibility of the method (Blessing and Chakrabarti, 

2009). Further research is necessary to test the developed method in other ETO companies that 

struggle with the transition towards a mass customization business model. 
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Abstract: Unique solutions for unique requirements 

is typical for Engineer-to-Order companies.  This entails 

variance in products and processes which is often 

mitigated by efforts in standardization, modularization 

or platform design, etc. Such portfolio strategies depend 

on coherent system definitions like well defined solution 

spaces, common definitions and shared nomenclatures. A 

method is proposed to systematically uncover, reveal and 

visualize variation in system definitions and 

decompositions to support such strategies. The method is 

tested with an industrial case company and three 

projects are subject to analyses. From this application, 

three sources of system variation are identified.  

 

 

Key Words: Systems Engineering, Variation 

Analysis, Project-Based Development, Portfolio 

Management 

 

 

1 INTRODUCTION 

Engineer-to-Order (ETO) products are characterized 

by high levels of variety and low production volumes. 

The products are typically created in a project-based 

organization where every project focuses on controlled 

customization of a known solution space or previous 

designs to fit a set of specific customer requirements. 

Ultimately it results in a changing organization that 

creates one-of-a-kind products and does so with project-

specific processes to support the high levels of 

customization needed [1]–[4]. 

The variance of customer requirements, product 

solutions and processes makes ETO projects more 

unique and risky compared to Make-To-Stock or 

Configure-To-Order manufacturing which operates with 

more static solution spaces. The uniqueness originates in 

the diverse customer requirements and the business 

concept of designing to specific needs. The risk 

originates from the uncertainties of contracting complex 

product engineering based on preliminary rough designs, 

cost estimates and functional expectations. Signing an 

order for a product that will take years of development to 

complete entails a lot of uncertainty, uncertainty of 

solution details, performance levels and cost. There are 

thousands of product aspects that are subject to change 

and such changes ultimately risk the financial success of 

the project [5], [6]. 

Control of the product and project variance is needed 

in order to minimize the uncertainty and risk of 

conducting ETO projects. Popular strategies to mitigate 

this product and process variance include 

standardization, modularization, platform-based design 

and mass-customization solutions like configuration 

systems. The aim is typically to reduce the variance 

internally (i.e. streamlining and re-using solution within 

the company) whilst maintaining external variety (i.e. 

still being able to delivery variety to the customer) [6]–

[13]. Focus is often on cost reductions, lead time 

reductions, product commonality, design re-use and 

managing customization actively instead of reactively 

[6]–[13]. 

Most portfolio management initiatives focus on the 

product and how this can be split up, re-used, optimized, 

re-designed, etc. What is often neglected is the 

ecosystem of processes around the product. The 

introduction of a product platform is more than just the 

shared product-base, it is also the shared processes across 

the organization, the platform knowledge base, internal 

and external collaboration, management strategies and so 

on. The efforts taken to optimize ”must  concern all 

aspects of the firms strategy” [14], [15]. It can be 

beneficial and sometimes necessary to go beyond the 

company and include more of the supply chain (e.g. 

suppliers and customers) in such strategies [16]. It must 

also include the system in which that design is 

embedded: The tasks around it, the behavior it entails, 

the interactivity with other system elements, etc. All of 

the aspects needs to be accounted for, in order to get a 

just evaluation. ”The reality of failing to take a systems 

approach is all too often evidenced as a failure or as an 

inefficient process.” [10]. The proper integration of 

systems when performing portfolio management is one 

of the most often missed parts of such efforts. Systems 

integration is crucial in ensuring that benefits endure and 

hard earned improvements do not diminish due to old 

work habits [17], [18]. 

Portfolio changes need to be linked to the system of 

the product, the processes, the organization and the 

business structure. The system needs to be fully defined 
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in itself to avoid confusion and errors. Unclear system 

decomposition (e.g. how products are broken down into 

sub-solutions and the split between processes and 

activities) might cause confusion concerning 

responsibility and hand-overs between organizational 

units. Any handover is prone to mistakes if the subject of 

the handover is not consistent, e.g. one department uses 

one set of names and labels and another department has 

their own set. Changing system definitions along project 

lifecycles also de-links the project aspects. If initial and 

final system definitions do not match, then any work 

related to the first will not match the latter.  

Complex one-of-a-kind production needs to be varied 

to meet the customers’ requirements, but the systems and 

the systems definitions what guide development need to 

be consistent. They need to be consistent for 

collaboration purposes, for traceability, to avoid or 

reduce re-work and to optimize the workflow of the 

organization. Systems and model-based engineering 

prove that ”The defined ontology helps to increase the 

traceability during the system development and enables 

the impact analysis of changes” [19]. Separate system 

definitions, changing system decompositions and 

inconsistent nomenclature can significantly reduce the 

ability to trace cost through projects or do portfolio 

comparison between projects. Detailed cost follow up 

analysis and portfolio management becomes difficult to 

conduct.  

Any misalignments between the work of different 

departments or systemic mistakes in the design, must be 

mended before project closure, adding excessive cost to 

the final project phases.  

1.1 Contribution 

A long list of methods exists for managing portfolios 

and the complexity and variance of the portfolio. There 

is even a surplus of toolboxes to define product systems 

and do systems-based development. However, the 

authors were not able to identify tools or methods that 

enable analysis of the variance of the underlying system 

definitions and decompositions for ETO products. 

This paper presents a method for mapping the 

variation of systems across a suite of engineering 

projects. The method is tested with an industrial case 

study where three customer ETO projects were subject to 

analyses. The method is intended to aid in systematically 

retrieving system definitions and decompositions from 

available project and product documentation, allowing 

the comparison of system structures and identification of 

key misalignments. This can be used to pinpoint key 

improvement potentials from streamlining and 

coordinating system definitions across projects, products, 

departments and project lifecycles.  

The paper proceeds as follows. Relevant state-of-the-

art research, methods and tools are reviewed in Section 2 

followed by a presentation of the method in Section 3. In 

Section 4, the application of the method in an industrial 

case setting is presented along with produced results. 

Section 5 interprets the case results and discusses the key 

benefits and limitations of the method. Lastly, the 

method, application and results are concluded in Section 

6. 

2 BACKGROUND 

Systems are fundamental for ETO product 

development and the proposed method of this paper. 

Systems Engineering is a topic that covers the definition 

of systems and the approach of engineering based on 

systems thinking. It covers theories and methods 

developed for managing and analyzing engineering 

systems and definitions and approaches for defining and 

decomposing systems. The state-of-the-art knowledge 

which form the foundation for this paper are presented in 

the following summaries. 

2.1 The Power of Thinking in Systems 

Products and processes of complex nature need to be 

founded in a well-defined system. The product-centric 

part of this system is often known as the Product 

Architecture which forms the blueprint of the overall 

structure of the product and how those products are built 

from standard solutions with common interfaces, like 

modules or likewise. The architecture defines the 

boundaries of the solution and construction of systems, 

in which design choices can be made to fully shape the 

product that matches the requirements [20], [21]. It is 

imperative to have (or develop) an architecture for the 

intended solution before the work on the actual solution 

commences. The system structure is very similar, only 

that it covers the entire system including processes and 

organization around the product [22].  

Early decisions are forming the basis for many of the 

later decisions in product development processes. Hence 

the early decision making carries a high influence. When 

20% of the product has been developed, 80% of the cost 

has already been allocated or committed [22]. Any 

changes or fixes to mistakes is consequently affecting 

large portions of the already-defined product. Hence 

there is a strong incitement to get the system right in the 

first place, since these early conceptual decisions are 

representing a lot of value. Errors or misalignments in 

the initial definition of systems can propagate through 

the project lifecycle and cause a lot of harm in terms of 

re-work, changes and errors, an event known as Change 

Propagation [20], [22]–[25].  

These system definitions and decompositions will 

shape the overall structure of the product and the 

realization process. They draw boundaries of 

responsibility, they link customer requirements to 

functional specifications and they translate one 

departments design choices into another department’s 

requirements. Product details or functionalities can be 

defined by their role in the system. If then the system 

definitions are altered, it might blur the obvious value of 

those details.  Consequently, they might need to be 

replaced or redone. Changing a system or any of its 

definitions, ultimately changes the game for anyone 

playing. [26], [27] 

In a report on modularization, the consultancy firm 

Roland Berger found that the problem of modularizing 

products properly was not entirely product-centric, rather 

the challenges include: Baking it fully into the 

organization with an organization-wide product strategy; 

Proper management alignment and support; 

Standardization of processes [15]. A frequent pitfall for 
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portfolio rationalization activities is neglecting to 

properly incorporate them into the systems of processes 

– making the benefits they bring easily diminished [17], 

[18]. 

The American National Aeronautics and Space 

Administration (NASA) works diligently and 

systematically with systems to ensure consistent work 

and a common understanding of responsibility across all 

stakeholders. Their formulated definitions, defined 

system structures and common nomenclature are 

fundamental for their ability to work consistently and 

precise [28]. 

2.2 Defining Systems 

Specifying, designing and engineering complex 

products can be a mammoth task. Not only by size and 

effort, but also structuring, planning and organizing the 

processes it takes to realize it. Especially the 

dependencies between requirements, functionalities, 

design choices, operational criteria, etc. This is where the 

school of Systems Engineering becomes valuable. It is an 

umbrella term that encapsulates nomenclature, tools, 

methods and skills that are beneficial, and sometimes 

necessary, to employ when systematic system creation is 

needed [20], [22], [26]. 

By definition, the term System has an abundance of 

meanings. Generally it refers to a collection of functions, 

components, control measures, people or even all of the 

mentioned. A system is comprised of system elements, 

which in turn can be systems themselves, with 

subsequent system elements. Parts can be within parts or 

functions can be within functions. Systems in Systems 

Engineering are no definitive thing. It refers to the goal 

of systematically making sure that all aspects of the 

product is accounted for, and that dependencies and 

interactions across systems and system elements are 

resolved [22], [26], [29]. The International Council on 

Systems Engineering (INCOSE) describe Systems 

Engineering as “(…) a transdisciplinary and integrative 

approach to enable the successful realization, use, and 

retirement of engineered systems, using systems 

principles and concepts, and scientific, technological, 

and management methods.” [30].  

In accordance with the described fundamentals of 

Systems Engineering, The International Electrotechnical 

Commission (IEC) and The International Organization 

for Standardization (ISO) jointly published the 

international standard 81346 [29]. Here they define a 

Technical System as “a group of components working 

together for a specific purpose”. 

2.3 Decomposing Systems 

There are many options on the decomposition of 

systems, however they abide by the same principles of 

division and definition. D.H. Meadows writes that ”a 

system must consist of three kinds of things: elements, 

interconnections, and a function or purpose.” [26] 

essentially agreeing that ”a system is a purposeful whole 

that consists of interacting parts” [22].  

Everything within this system, being functions, 

components, etc. can be viewed as Objects which is an 

instance of something with associated information [29]. 

This object can be viewed from multiple Aspects, e.g. 

Function: “Intended or accomplished purpose or task”. 

Component: “Product used as a constituent in an 

assembled product, system or plant” Location: “Intended 

or accomplished space”. They also define the creation of 

the product (e.g. assembly, construction, etc.) and any 

interacting operations that transform, transport or store 

information, materials and energy as Processes. [29] 

Decomposition of such a system can then refer to a 

separation of the system’s constituent elements and 

mapping their interaction [31]. Systems can also be 

decomposed into different perspectives of objects. So 

objects carrying information can be looked at differently, 

depending on what information is needed. [29]. 

Likewise, the before mentioned Product Architecture is a 

system definition and can be decomposed and viewed in 

different aspects, e.g. operational, functional and 

technical perspectives [20]. A functional system 

decomposition is a great tool for supporting proper 

integration of modules, components and sub-systems in 

product development processes when dealing with 

modularization or standardization efforts [18]. 

Ultimately, thinking in systems and rigorously 

defining proper systems and accompanying definitions 

early on in product development can expedite 

development, mitigate change propagation and reduce re-

work. These systems can advantageously be decomposed 

into different system aspects and perspectives that can 

then drive system integration efforts and efficient 

product processes. 

3 METHODOLOGY 

According to the reviewed literature and the case 

work undertaken by the authors, the formation of 

systems is important for ETO product development. 

Thus variation analyses of such systems must be enabled 

to mitigate the variance of such systems. This paper 

proposes a method do enable exactly this.  

The method is designed to reveal inconsistencies and 

misalignments of systems in projects and products. By 

comparing these systems and highlighting the present 

variance in decomposition and nomenclature, the most 

typical and fundamental deviations can be identified and 

possibly rectified.  The method consists of four overall 

steps that are described in detail in the sections below. 

1. Framework.  

Establish the framework for analysis. 

2. Documentation.  

Structure the available information and 

documentation according to the framework. 

3. Systems.  

Retrieve and visualize system definitions and 

decompositions from available documentation. 

4. Analysis.  

Analyze the variance of system decompositions 

within and across projects to identify systematic 

variance and potential improvements. 

3.1 Framework 

The aim of this study is to enable analyses of the 

variation of system definitions within and across 

engineering projects. That relies on system information 

and definitions to be available for analysis. To structure 
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this work and convey the information, a framework is 

established. It will form the foundation for the 

subsequent steps of the method. 

The definitions and decompositions must be 

consistent across the different aspects of both products 

and processes, as well as through the lifecycle of the 

development. As ETO products are often done in project-

based development, references to these systems must 

likewise be consistent throughout the project lifecycle. 

Hence, the first dimension of the established framework 

must describe this lifecycle. The columns of the 

framework, as seen in Figure 1 (Step 1 – Framework 

Establishment) separates the project into phases.  

The other axis of the framework splits the project into 

the possible views or perspectives. These are labeled 

Aspects which represent the different views of 

information, relevance or context. As the definition of 

Aspects states that it can essentially be anything, they are 

further separated into two main categories; Product (i.e. 

what the system is supposed to do, be and comprise of) 

and Process (i.e. what goes into making the product). 

Inferring the definitions from IEC and ISO [29] the 

Product aspect is further divided into Function, 

Components and Placement. The Process aspect is 

further divided into Workflow (i.e. the activities and 

processes that are conducted to realize the product) and 

the Resources needed to fulfill them. 

Figure 1 (Step 1 – Framework Establishment) 

presents the framework. It unfolds a matrix of lifecycle-

aspect pairs. These are referred to of Framework Cells 

and will be important for the subsequent analysis 

described in this paper. 

3.2 Documentation 

Complex product development includes creation of 

vast amounts of documentation. These can be specific 

pieces of specification, guides for further work, project 

plans, budgets or task descriptions, technical drawings, 

etc. The available, and relevant, documentation for the 

projects must be gathered and structured. The 

documentation is structured into the established 

framework in step 1. Individual pieces of documentation 

are annotated into the Framework Cells they supply 

information about. If the document supplies information 

for several cells, this span is marked as well. Figure 1 

(Step 2 – Documentation Overview) presents the 

framework as described with the following examples of 

available information: 

A. Functional requirement specifications might be 

used early in the project to describe the 

functionality. 

B. Engineering bill-of-materials are used in later 

project phases, to describe constituent parts of the 

solution. 

C. Project plans relate system elements specific 

activities and/or timeframes. 

D. Hourly budgets link resource allocations to 

specific systems or system elements. 

3.3 Systems 

With an overview of available information, each 

piece of documentation can be inspected with the goal of 

extracting its system description for the specific residing 

framework cell. The identified systems are visualized in 

that particular cell in the framework. Single 

documentation pieces can span multiple cells in the 

framework, so it might be possible to identify several 

different systems within a single source. When multiple 

systems are identified for the same framework cell, both 

visualizations are shown in that particular framework 

cell. To exemplify this, a product order tender can be 

considered. It might describe functional requirements 

(Phase 1, Function), the delivered goods (Phase 1, 

Components) and the overall project plan (All phases, 

Workflow). This piece of documentation is spanning 

multiple cells within the framework. System information 

for each of these cells can be extracted from this single 

piece of documentation. The extracted system 

information is then visualized in the respective 

framework cells. Hence not everything from a document 

is used in every cell, only the information that is relevant 

to the particular cell.  

When visualizing the extracted system information, it 

is important to include the naming of the systems and 

system elements. Though two system definitions might 

look alike, share structure or number of system elements, 

the naming of the constituents might reveal that the 

system have been defined and labeled entirely different 

in the two sources, e.g. two departments might agree that 

the products have two main functions, but if those are not 

labeled identically it might lead to executional or 

realization problems. Figure 1 (Step 3 – System 

Information) presents an example of this methodical step 

including the following examples: 

E. A description of the components comprising the 

product in the earliest project phase, broken down 

into a tree-like system decomposition. 

F. Four separate decompositions of the product 

components, as described by the four pieces of 

documentation 

G. Two separate decompositions describing the 

process workflow of the earliest project phase. 

3.4 Analysis 

A framework including system definitions and 

decompositions now exist for each project included in 

the analysis. The goal in this step is to assess the 

variance within each of these overviews and finally 

between them, as visualized on Figure 1 (Step 4 – 

Variance Analysis). To structure the analysis of system 

variation, four analytical steps are undertaken for each 

included project.  

System definitions can vary within a project yet still 

be consistent across projects if only comparing a single 

project aspect. The opposite is also a possibility, where 

the system definitions are consistent within a project, but 

vary significantly between projects. Figure 1 visualizes 

the four following analytical steps: 

4.1 Going through each row of the framework, noting 

inconsistencies and possible clashes of systems 

definitions regarding that particular aspect (function, 

components, etc.) 

4.2 Going through each column of the framework, 

noting variation across a single project phase.  

158



4.3 Looking more broadly at the whole framework at 

identifying critical variation across single cells, e.g. 

differences between the definition of Components in 

Phase 1 and the manufacturing budgets in 

Resources, Phase 4.   

4.4 Comparing system definitions across projects, based 

on individual framework cells. 

 

Finally, the aggregated observations and insights 

from the variance analysis are used for drawing 

conclusions on systemic variation and possible 

improvement potentials in the way systems are defined 

and used in the projects. 

4 CASE RESULTS 

The described method is applied in an industrial 

setting with an ETO case company. For a selection of 

recent projects, the framework was established, 

documentation structured and system information 

extracted. Finally the inter- and intra-project system 

variance analysis was conducted. The following sections 

present the progress and results for each of the 

methodical steps. 

4.1 Case Company and Case Projects 

The company operates on a global market, selling 

custom processing plants. They are involved in the entire 

development process of the order: Selling, designing, 

 

 
Figure 1: Steps of the proposed method. (1) Establishing the framework with project aspects and lifecycle phases 

on either axis. (2) Structuring project documentation and available information according to the framework. (3) 

Retrieving and visualizing systems decompositions. (4) Analyzing variance within and across projects. (4.1) 

Observation of variation within rows. (4.2) Observation of variation within columns. (4.3) Observation of variation 

between framework cells. (4.4) Observation of variation between projects.  
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engineering, procuring, building, installing and 

commissioning the plant. The plants are done 

specifically to the requirements and order of a certain 

customer, often leveraging and customizing previous 

builds and past solutions to fit the new challenge at hand. 

The plants are done by project teams within the 

organization, collaborating and working together with a 

suite of supporting functions e.g. calculation teams, 

engineering departments, simulation experts, etc.  

Together with the company, a sub-type of processing 

facility was chosen as subject for this analyses. Three 

recently conducted projects were chosen. The three 

plants are comparable in size and type, but located in 

different parts of the world. All three involve a great deal 

of internal collaboration as well as external partners and 

suppliers. Given the size, timeframe and cost involved, 

any development mistakes, delays and unforeseen 

troubleshooting can are costly for such projects.  

4.2 Establishing the Analysis Framework 

The proposed analysis framework is set up to match 

the execution process of the company and the three 

included projects. The aspects (rows) are kept 

methodical: Product is split into Function, Components 

and Placement while Process is split into Workflow and 

Resources. The columns were chosen to match the 7 

overall phases of project execution in the company: 

Sales, High Level Design, Detailed Engineering, 

Procurement, Installation, Commissioning, and Service. 

4.3 Structuring the Documentation Overview 

For each of the three plants, available project 

documentation was noted onto the framework. From 

these overviews, a few observations were made; The 

focus of the documentation seemed to change along the 

progression in project phases, with initial emphasis on 

product documentation and later focus on process 

documentation; Like most real life cases, perfect data is 

not available and the available documentation was not 

identical in all three case projects. Although some 

information seems to be missing, the majority of each 

project can still be represented by the available 

information; There were numerous occasions, where 

several pieces of documentation/information overlapped 

the same framework cell, hence supplied several sources 

for the same system information. 

Ultimately the three frameworks containing the 

overviews of documentation supplied a consistent and 

sufficient bundle of information to continue the analysis. 

4.4 Visualizing System Information 

With the three analysis frameworks in place and the 

available documentation structured, the extraction of 

system decomposition information could follow. This 

entailed looking through each piece of documentation 

with the intent on extracting just the system information 

regarding the framework cell in which the document was 

listed. An order tender can still be used as an example for 

this: Given that the order tender contains much of the 

product information in the early phases, it can be 

browsed with the sole intent of extracting the functional 

system decomposition. Looking through the order tender 

to find descriptions of sold functionality and then the 

way this information is structured. This information can 

then be used to fill the information in the framework cell 

containing the product-function aspect in the sales phase.  

The extraction of system decompositions was done 

for each document listed in the three established 

frameworks. The result were three large collections of 

information. This information was then listed and 

visualized on three large posters. The posters still 

contained the established frameworks, but instead of 

listing documentation, they now contain visual 

representations of the extracted systems. Significant 

efforts were put into the visualization of the system 

information, to aid the following observations of 

variance. 

4.5 Analyzing System Variation 

According to the method depicted in Figure 1, the 

system information frameworks were evaluated for the 

individual projects on row-basis, column-basis and cell-

basis and then lastly between projects. 

Comparing the overview of observations of system 

variance lead to many relevant insights. For reasons of 

paper length, method simplicity and company data 

confidentiality, only a selection of these observations are 

presented below.  

 

The Leap from Sales into Execution 

The collection of insights indicate that there exist a 

significant gap in system definition between the sales 

project phase and the subsequent project phases. The 

system hierarchies and nomenclatures seem to change in 

every case. The system and product descriptions done at 

the point of sales might not be sufficient and typical to 

ETO products it needs further detailing throughout the 

project lifecycle. However, the way the products are 

detailed in the coming phases and various departments 

are not coherent and identical. It seems the systems are 

detailed differently every time, even though they set out 

from roughly the same starting point. It is as if the rest of 

the organization does not find the systems used in sales 

sufficient, so they define their own detailing.  

 

Top-Down versus Bottom-Up Engineering 

When looking broadly at the lifecycle of the projects, 

there is a shift in the perspective on product engineering, 

from top-down to bottom-up design. The documentation 

in the sales phases describe the customer requirements, 

product capabilities and intended product structure in a 

top-down perspective. They enforce restrictions and 

boundaries on the further detailing, ultimately describing 

the solution space of the product. When the project 

execution starts and designers take the lead, the project 

perspective switches to bottom-up engineering. The 

product is now described almost exclusively from its 

constituent components and as a collection of detailed 

sub-solutions. This is especially visible in an observable 

gap in system definitions between the initial top-level 

systems used in sales, and the absence of systems 

hierarchies when engineering the product components: 

There is no description of which constituent components 

belongs to which of the initially described systems.  
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Allocation of Resources 

The system definitions observed in the allocation of 

resources represent an organizational compromise. They 

only partially match everything else but matches nothing 

else perfectly. A possible reason for this can be observed 

in the way the products are described using systems or 

not. Systems are generally used to describe the supply in 

the projects – deliveries, components, procurement, etc. 

However, the functionality of the product and the 

processes undertaken to realize that functionality are 

missing system contextualization. Hence the system 

structure needed to contextualize resource allocation is 

absent and a miss-match between these systems are 

almost unavoidable. 

 

Working in Silos 

The main project phases are headed by different 

organizational units and they use different hierarchies for 

top-level systems. Although many of the systems are 

recognizable, they differ slightly in the order of 

appearance, the nomenclature used and the hierarchical 

relationship between system elements. However, it 

seems that within a single project phase they are quite 

aligned and coherent. The discrepancies are mostly 

visible between phases. 

 

Project-Based Development 

As described, ETO businesses typically operate in 

project-based manner. This is observable in the way the 

projects are increasingly detailed throughout the project 

lifecycle. The product is not entirely defined (maybe not 

even entirely known) at the point of sales, and it is up to 

the design teams to work out a solution. However, this 

subsequent work is not guided by fixed system 

definitions and hence they alter between projects and the 

resulting work differs slightly in definitions and 

nomenclature. The further away from the point of sales 

they get, the more they have moved away from the 

common starting point and the more the systems differ. 

There seem to be no common set of definitions that they 

all abide by. 

5 DISCUSSION 

The method has been developed to fit project-based 

product development like ETO business praxis. It has 

been applied on three case projects of an ETO plant 

engineering company which produced, amongst other, 

the described system variance observations and insights. 

The method and its application is discussed below. 

5.1 The Method 

The proposed method is intended to be applicable in 

various product development projects where system 

definitions need coherency. Hence the underlying 

framework can be modified to fit the context.  

 

Qualitative Retrieval of System Information and 

Analysis of System Variation 

The presented method is a structured approach for 

systematizing the gathering of information and the 

subsequent analysis of this. However, the extraction of 

system information from the identified documentation is 

qualitative and subjective to the individual undertaking 

the task. Hence the identification and extraction of 

information should preferably be done by experts of the 

product, processes and projects, at least in collaboration 

or correspondence with such. 

 

Value-adding and Non-value-adding Variation 

This method does not cover the subject of 

determining value-adding and non-value-adding 

variation. Given the nature of the products and projects, 

some variation is necessary. Having variation between 

systems of separate parts of the supply chain can be 

justified, if necessary. This is value-adding variation. 

Other types of variation, however, occur because of 

misalignments between departments, unclear system 

definitions or unstructured work processes. The latter are 

examples or non-value-adding variation, which should be 

avoided when possible. The assessment of the value of 

variation types is left for further research. 

 

Framework as a Strategic Tool 
The proposed framework and analytical method can 

be used for streamlining and coordinating improvement 

efforts and process development in a project-based 

company. Using this framework to map company 

initiatives to phases and project aspects, could expose 

potential overlaps, gaps or possible symbioses 

possibilities that could be exploited to further improve 

company operations.  

5.2 The Case Application 

The proposed method was tested with three case 

company projects. The produced results were presented 

in Section 5, and some of the observations of this process 

are discussed below. 

 

The Inherent Variation of ETO Products 

Since ETO products are inherently varied to suit 

different customer specifications, the product structure, 

functionality, cost, etc. will vary. This means that a strict 

system that is kept identical between projects is almost 

impossible. However, the varied systems can follow the 

same system definition and overall structure – meaning 

that there should be no doubt where new system 

elements or added functionality belong. Essentially 

allocating system elements in advance. Everything 

should have their dedicated location in the system 

descriptions and these locations must be identical 

between projects that share the same system elements. 

By doing this, comparison becomes possible across 

projects and linkage of product/process aspects within 

projects becomes stronger. Like mass producers building 

generations of products on an architecture, ETO products 

must follow a system architecture.  

 

Case Breadth 

If the method was tested on a single product 

development project, it would be possible to analyze the 

system variation within this project, but not between this 

and others. It could be either well-defined or ill-defined, 

without revealing if it was the norm or a mere 

coincidence. To add analysis perspective, a second 

project has to be included. A third projects adds 
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perspective to the results of the first two projects. If two 

out of three projects are concise and consistent in the 

ways of defining and using systems, it indicates that the 

third project is out of order. Furthermore, adding more 

product development projects to the analysis also allows 

the assessment of typical variation and inconsistencies.  

 

Data Availability and Quality 

The execution of portfolio management has a 

common complication: To collect and access sufficient 

information in a proper format in order to do satisfactory 

analysis. In other words, data is typically inadequate and 

of too low quality to perform the necessary analysis and 

draw the necessary conclusions. This is important to 

consider when performing these types of analyses. 

However, the analytical method described in this paper 

can still be conducted with an imperfect data-landscape. 

Though attention must be paid to the fact, that the 

produced results might not be the entire picture of the 

situation in case of missing information due to 

incomplete or erroneous data. 

 

Consequences of the Analysis Findings 

When the description of the product changes (e.g. 

changing systems and nomenclature) it becomes 

increasingly difficult to describe the targets of the 

development. Estimated spending of resources, 

achievable product performance indicators, activity and 

project planning become increasingly difficult to 

accomplish when the underlying systems are not static.  

Without rigid systems definitions, the interactions 

between the parts of the solution becomes difficult to 

oversee and manage. And when the interactions between 

the systems of a solution are unmanaged, the real effect 

of the work and possible re-work due to changes 

becomes untraceable. Proper system control is powerful 

for foreseeing change-propagation, risky project work 

and forecasting performance issues. Lack of rigid 

systems control work the opposite way. 

 

Improvement Potentials 

One of the key sources of system definition variance, 

appears to be the lack of a commonly decided set of 

system guidelines. Such a guideline could dictate the top-

level system hierarchies and nomenclatures. That would 

still allow further detailing and customization in the 

individual departments and organizational units, but it 

would ensure coherency between project phases and 

across project aspects regarding the overall system 

structure. 

There was a noticeable gap between the top-level 

systems defined at the point of sales, and the subsequent 

detailing of components and solution parts in project 

execution. There were no description of the constituent 

elements of the systems as the documentation skipped 

directly from top-level systems in sales to detailed sub-

solution descriptions in design. A stage could be 

introduced in-between, to break down the product into its 

main systems and define what belongs where. This could 

be on a project-basis, but a set of general system 

structures to be used in every project would be further 

beneficial. These could be part of the before mentioned 

project system guidelines.  This definition could also be 

the foundation for resource allocation to further increase 

system coherency.  

To govern the use of systems, a review process or a 

governance unit could be established. Reviewing the 

system hierarchies and nomenclatures throughout the 

project execution would ensure that the parties of the 

project are aligned in their use and naming of the 

systems. An organizational unit with focus on systems 

engineering could be responsible for these cross-project 

reviews of project processes and documentation, tasked 

with the upholding of system coherency. 

5.3 The Value of Consistent Systems 

The value of consistent system definitions and 

coherent decompositions across the organization is 

difficult to determine. It allows other valuable process 

optimization or cost reduction initiatives to progress 

more easily and tie into the systems of the organization. 

Essentially it is boosting the benefits and potentials of 

those initiatives. Even without these other efforts, it 

might reduce errors between departments, reduce the 

amount of work to be re-done, improve cross-

organizational communication and ultimately more 

optimized work because the frame of reference stays 

constant. Hence the direct value of the consistent systems 

is difficult to document, as most of the value appear as 

derivative effects. Research of these effects and their 

value is much welcomed by the authors. 

5.4 Further Work 

The method was devised and tested with a single case 

company, yet across several case projects within this 

company. The method proved useful for this case. 

However, using and testing it with multiple cases would 

allow the method to be further developed and prove its 

usefulness in varied product creation companies. The 

authors invites all interested parties to use the method 

and test it by publishing more case applications. 

Extending the method with assessment of value-

adding and non-value-adding variation would strengthen 

the overall variance analysis. The authors invite the 

research community to extend the method where 

suitable. 

6 CONCLUSION 

System definitions are essential for complex 

engineering as they supply a broad set of boundaries and 

definitions from which the product solution can be 

created. The importance of Systems Engineering and 

Portfolio Management is widely described, and the 

severity of making changes to these fundamental 

definitions during product development is also 

documented. However, identifying variation of these 

underlying systems and translating that variation into 

improvements potentials has not been investigated to the 

same extent.  

To elaborate on the identification of system variance, 

this paper proposes the following; A systematic approach 

to reveal variance (i.e. differences) in definitions and 

decompositions of systems in Engineer-To-Order (ETO) 

projects. The proposed method (1) Establishes an 

analysis framework based on the project aspects in ETO 
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project-based product development; (2) Structures the 

available project information according to this 

framework; (3) Extracts and visualizes system 

information and lastly; (4) Undertakes a structured 

analysis of the present system variation.  

The undertaken case application resulted in a lot of 

interesting insight into system variance. The most 

prominent sources of variance was observed to be: (a) 

The project-based development workflow where the 

products are described on higher levels at first and then 

gradually detailed as the projects progress. This causes 

the projects to follow slightly different paths of detailing, 

resulting in varied use and definition of systems. (b) A 

noticeable gap between the top-level systems described 

in the first project phases and the subsequent detailing of 

sub-solutions and product parts in the later project 

phases. Without a description of the systems and what 

system elements belong where, the systems are open for 

interpretation by the execution teams and that reveals 

itself in varied system hierarchies.  (c) A systematic 

variance of system nomenclature and a general 

incoherence between systems in different project phases, 

possibly due to a lack of a set of shared system 

guidelines and a governance of a common system 

definition. 

Ultimately the insights produced by this analysis can 

be exploited directly for improvements to the project 

management methods, introducing system governance 

and prioritizing system consistency in execution. This 

will not only ensure coherency in project execution, but 

supply a more easily manageable set of systems when 

dealing with resource allocation and possibly portfolio 

management. Having everybody describe their work by 

the same set of system definitions consequently makes it 

more manageable to oversee project portfolios, analyses 

project execution and compare projects and product 

ventures. 
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Identifying Profitable Reference Architectures in an Engineer-to-

Order Context 

Martin Løkkegaard, Christian Alexander Bertram, Niels Henrik Mortensen, Lars Hvam 

Companies operating with a project-orientated engineer-to-order (ETO) business 

model, where a low number of products are delivered per year and a high level of 

product customization is part of every project, are often challenged to generate 

the desired profit. Profit margins are seen to vary greatly from project to project 

and a reason for this is the lack of references to guide design-decisions. New 

product offerings are often based on reuse of design knowledge. However, the 

knowledge transfer and reuse across projects are often unstructured, incomplete 

or not providing a suitable reference for design specification. To address the 

issue, this paper presents a method to identify Reference Architectures under the 

consideration of profitability. The paper combines and extends known methods 

within the fields of product architectures and complexity cost estimation to cover 

part of the ETO domain. The method has been tested in two case studies. One in 

a company delivering industrial spray drying plants and another in a company 

delivering solutions for production of confectionary products. The studies 

indicated that a limited understanding for "preferred solutions" existed in the two 

case companies and applying the suggested method to identifying Reference 

Architectures could potentially support a more profitable project execution.  

Keywords: Product Design; Engineer to Order; Cost Analysis; Reference 

Architecture; Complexity Cost 

Introduction 

Engineer-to-order (ETO) companies design, manufacture, and construct industrial 

systems that are highly customised. This could be power, chemical, or food processing 

plants, material handling systems, ships etc. The systems are complex in nature i.e. they 

include a high number of components and subsystems, with many interactions across 

these systems (Foehr, Gepp and Vollmar, 2015). Based on the average number of units 

sold per year and the average engineering hours per unit Willner et al. (2016) classifies 
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four archetypes of ETO; the basic ETO, the complex ETO, the repeatable ETO and the 

non-competitive ETO. The basic and complex ETO archetypes are classified by a low 

number of annual units sold and a varying engineering effort per project. The two 

archetypes are the main interest of this paper. A low number of annual projects often 

result in a low order repetition rate and a project-by-project approach. This challenges 

the definition of design references and the ability to reuse design information 

(Silventoinen et al., 2014).  

Within this scope, the customers are highly involved in the product specification phase 

(Hicks, McGovern and Earl, 2000; Hobday, 2000; McGovern and Hicks, 2006; Hicks 

and McGovern, 2009). Design freeze is usually in the quotation or tender phase (Hvam, 

Mortensen and Riis, 2008) and these early specifications are often of varying quality 

(Foehr, Gepp and Vollmar, 2015; Haug, Shafiee and Hvam, 2019). Combined with 

technical risk and cost estimations, pricing consequently comes with a high degree of 

uncertainty – making it difficult to achieve the desired profit in some ETO projects, 

(Mortensen et al., 2010; Gepp, Foehr and Vollmar, 2016; Johnsen and Hvam, 2018). 

This is especially difficult if operating under a fixed price contract. As shown in the 

study by Hvam, Mortensen and Riis (2008), contribution ratios of ETO projects can be 

seen to vary greatly, and where some projects generate profit others generate a loss – 

ultimately reducing the yearly earnings. Several factors play a role in this challenge, for 

instance many ETO companies operate with a cost-based pricing strategy, where 

unexpected cost added during project execution quickly results in reduced project 

profitability (Hooshmand, Köhler and Korff-Krumm, 2016). Examples of this could be 

unexpected need for changes leading to extra time spent on engineering and 

production/assembly hours, unexpected cost related to commissioning, and non-

conformance costs etc. (Rahim and Baksh, 2003; Haug, Ladeby and Edwards, 2009; 
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Johnsson, 2013; Gepp, Foehr and Vollmar, 2016; Kristjansdottir et al., 2017). A 

competitive market that focuses on short lead-times and competitors pressuring price 

levels, further adds to the challenge of executing profitable projects in an ETO context 

(Hooshmand, Köhler and Korff-Krumm, 2016; Markworth Johnsen, Kristjansdottir and 

Hvam, 2017).  

To stay competitive, companies are required to be efficient in their project execution 

process and able to handle the uncertainty inherent in their projects. This requires 

extensive design knowledge and ETO companies often rely heavily on experienced and 

highly skilled domain experts and former project documentation, like drawings, 

specifications and budgets to provide a design reference (Grabenstetter and Usher, 

2014; Hooshmand, Köhler and Korff-Krumm, 2016). Even if the required knowledge 

exists within the companies, it might be difficult to access due to resource constraints or 

to access it at the time needed (Elgh and Sunnersjö, 2003). On top of this, it can be 

difficult to fully understand the technical consequences of product customizations, 

which have not yet been designed (Martin and Ishii, 1996; Johnsson, 2013).  

Addressing these challenges and a gap in existing literature related to applying a 

profitability perspective as a guiding factor for selection and definition of suitable 

design references in an ETO context, this paper suggests a method, based on analysis of 

product attributes and profitability of historical projects, to identify Reference 

Architectures as a way to capture design knowledge and apply it as reference for future 

projects. Historical project data is used to determine the boundaries of the existing 

solution space and to identify preferred designs for matching sets of key product 

attributes. To assess profitability, a complexity cost perspective is used (Hansen, 

Mortensen and Hvam, 2012). The suggested method has been applied in two ETO 

companies, and results indicated that defining and matching Reference Architectures 
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with a set of customer requirements, can support this type of ETO companies in 

improving the profitability of their projects.  

Research method 

Industrial insights obtained through engagement with ETO-based companies initiated 

our interest in supporting profitable project execution in an ETO context. Reviewing 

state-of-the-art in the existing literature, a gap was identified in supporting ETO 

companies to define design references based on historic project profitability. 

Methodology related to product architecture modelling was used as basis for capturing 

such product knowledge and establishing references for design. Specifically, the 

interface diagram as tool for structural and functional product architecture modelling 

(Bruun, Mortensen and Harlou, 2014) and the Product Family Master Plan (PFMP) by 

(Harlou, 2006), as basis for capturing knowledge across product and organizational 

domains, provided an understanding of how to capture design knowledge in a Reference 

Architectures.  

The concept of market segmentation and definition of optimal number of architectures 

in a product program (Meyer and Lehnerd, 1997) was our inspiration for how to 

systematically identify a number of architectures to optimally cover a solution space. 

Finally, the concept of complexity cost (Hansen et al., 2012; Hvam et al., 2020), was 

used as basis for assessing profitability of historic ETO projects.  

The theory is primarily known from the Make-to-stock (MTS) industry, where 

several studies over the past decades have shown how the concept of product 

architectures has been used to capture, document and apply design knowledge (Karl 

Ulrich, 1995; Fixson, 2005). This is often seen in relation to product standardisation, 

rationalisation and modularisation (Jiao and Tseng, 2000). The concepts have also 
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gained attention in the context of products that are delivered based on a project-

orientated ETO approach (Haug, Ladeby and Edwards, 2009).  

Based on a descriptive approach and building on the theoretical basis, a conceptual 

approach to support ETO companies in identifying profitable Reference Architectures, 

was developed as part of two research projects at the Technical University of Denmark 

over a period of 2 years from 2018 to 2020. The scope covers the basic and complex 

ETO archetypes. The situation of one-off projects with no historical reference point are 

not included. The reason for this being the initial observed industrial need for 

supporting profitable project execution, originated from an ETO context, where 

relatively large existing product programs and low order repetition rates were negatively 

impacting the project execution performance. 

An action research approach (Coughlan and Coghlan, 2002) was applied in the process 

of data gathering and the testing and validation of the suggested approach. The two case 

companies were selected as representatives for the situation with low order repetition 

rate and a history of delivering unique yet relatively similar products within a known 

solution space. In relation to the archetypes of ETO by (Willner et al., 2016), one case 

companies represented the basic ETO archetype and the other the complex ETO 

archetype. Working together with company experts, the suggested method was applied 

in the two cases to identify profitable Reference Architectures. 

As a first step, historical project data were collected. This included data on the delivery 

processes, product specifications, financial performance, and cost factors. The 

information was combined from internal data management systems into a single 

database from which correlations could be assessed. 51 historical ETO projects, focused 

on delivery of complete processing plants executed over a period of 5 years, created the 
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basis for the analysis. Based on this, profitability was analysed in relation to product 

attributes and complexity cost factors. The proposed method is mainly analytical rather 

than statistical, meaning that mathematical modelling was not used in the analysis of 

project data. Instead, data visualization and workshops with key stakeholders were used 

as tool to assess correlations within the dataset. The reason for this approach was the 

challenge of identifying performance, cost driving product attributes, and related 

complexity cost factors without qualitative input from key stakeholders i.e. project and 

sales managers. 

Review of state-of-the-art 

State-of-the-art is reviewed within the field of defining and documenting references for 

design in an ETO context. Then, ETO product attributes are discussed to establish an 

understanding of how ETO products can be subject to analysis and comparison. Finally, 

methods for assessment of ETO project profitability are reviewed. 

Defining references for design in an ETO context 

In an ETO context with low order repetition, a reoccurring need often exists to find new 

yet relatively similar solutions to satisfy customer requirements. Brière-Côté, Rivest and 

Desrochers (2010) states that a significant impact on product development efficiency is 

achievable by improving the capabilities to reuse existing design knowledge. Elgh et al. 

(2018) generally places the documentation of such existing design knowledge, within an 

ETO context, in three categories: (1) Application of rule-based parametric models to 

accommodate knowledge-based engineering. (2) Automation of engineering tasks to 

allow a level of design automation. (3) Configuration of predefined modules, handled in 

some kind of Product Configuration System (PCS).  
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Generally, design automation is found to support customization of product designs in an 

ETO context and is not only applicable for repetitive design tasks (Willner, Gosling and 

Schönsleben, 2016). Stokes (2001) introduces the framework MOKA: Methodology and 

tools aimed at developing knowledge-based engineering applications. MOKA applies 

formal and informal models i.e. functional, structural, and behavioural product models, 

to support design automation. The framework provides general support for capturing 

design and engineering knowledge related to product design across domains. Elgh 

(2014) presents a framework for a knowledge management system supporting design 

and manufacturing of customized products. Brière-Côté, Rivest and Desrochers (2010) 

present the Adaptive Generic Product Structure (AGPS), based on the Generic Bill-of-

Material (GBOM) (Hegge and Wortmann, 1991), to improve the reuse of product 

information in the sales-delivery process in an ETO context. André et al. (2017) 

presents the Design Platform (DP) as a model for ETO based companies to leverage the 

benefits of product platform design. In the DP, a number of Generic Product Items 

within the ETO solutions space are identified for use as reference for future designs. 

Model Based System Engineering (MBSE) is another general framework to manage 

design knowledge (INCOSE, 2015). It applies a number of product models to represent 

the system of interest. In the framework requirements can be mapped to three structural 

product levels; functional, logical and physical. MBSE have also be used to capture and 

manage design knowledge in ETO context (Elgh, 2014; Hooshmand, Köhler and Korff-

Krumm, 2015).  

Using parametric product models allows customization of designs based on a set of 

rules and constraints. Generally, changing a feature of a model will update all related 

features. Parametric modelling is an efficient way of storing design knowledge in an 

ETO context and can improve the reuse of knowledge across different project (Jensen, 
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Lidelöw and Olofsson, 2015). PCSs can be used to handle such parametric models and 

can allow the configuration of predefined product modules in an ETO context (Hvam, 

Mortensen and Riis, 2008). A level of design preparation and standardization is required 

to be able to configure products and the approach can fall short when extensive product 

customization is needed, as is often the case in an ETO context. This challenge can be 

seen both in the early quotation phase, but also when customizations are needed later in 

the ETO design and delivery process. However, several studies have shown how ETO 

companies can benefit from managing design knowledge using PCSs (Shafiee, Hvam 

and Bonev, 2014; Kristjansdottir et al., 2017).  

In an ETO context, parametric modelling, design automation and PCSs represent 

methods to store and apply existing design knowledge. A common feature across the 

different tools and methods is the use of structural and functional representations of the 

ETO products. The approaches themselves are mainly technical and only, on a 

conceptual level, address the question of which design knowledge to actually document. 

Limited support is found to explicitly support cost and profitability aspects as a guiding 

factor for defining which design knowledge to prioritize when defining references for 

design within an ETO context.  

Comparing ETO products 

As indicated, ETO products can be represented by applying structural and functional 

viewpoints, and despite the uniqueness of the individual products, a relative comparison 

is possible through assessment of the variable structural and functional product 

attributes i.e. weight, size, layout, capacity etc. (Shafiee, Hvam and Kristjansdottir, 

2015). A large number of such attributes can be relevant to consider and which to 

include depends on the type of product and context. Functional and structural properties 
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can typically be viewed as a hierarchal composition of elements (Brière-Côté, Rivest 

and Desrochers, 2010).  Meaning that a limited number of high-level product attributes 

can be identified as the main drivers for product performance and often also cost 

(Hooshmand, Köhler and Korff-Krumm, 2016). This could for example be the capacity 

of a production plant, dictating the size of the plant and equipment needed or the 

complexity of the production tasks, dictating the need for different types of equipment. 

Product structure, functional elements and their interactions can be represented in the 

architecture of a technical system. Ulrich (1995) defines product architecture as (1) the 

arrangement of functional elements, (2) the mapping of functional elements to physical 

components and (3) the specification of interfaces among interacting physical 

components. Structural properties mainly focus on geometrical aspects of the product, 

whereas the functional aspects are mainly focused on the flow of information, material 

and energy across the technical system. Bruun, Mortensen and Harlou (2014) presents 

the Interface Diagram as a comprehensive and visual representation of the product 

architecture, capturing structural and functional elements and interfaces across the 

system. Comparing product architectures and high-level product attributes can allow for 

a relative and meaningful comparison across ETO products.   

Project profitability in an ETO context 

Project success defines the overall profitability in an ETO context. As indicated, a key 

factor for this success is the ability to capitalize on existing design knowledge (Elgh et 

al., 2018). However, cost can significantly influence the threshold for when a project is 

successful or not. As stated, cost estimation in an ETO context often comes with a high 

degree of uncertainty (Kingsman and De Souza, 1997). Furthermore, offering a wide 

range of products, introduces cost that goes beyond material cost, labour cost and 
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engineering hours (Hansen et al., 2012). In an ETO context, the loosely defined solution 

space and high level of customization of product offerings, can quickly increase the so-

called complexity cost (Schleich, Schaffer and Scavarda, 2003; Parry and Graves, 2008; 

Hvam et al., 2020). This could, for example, be the need for R&D resources, 

documentation, flexible manufacturing capabilities, an extensive and responsive supply 

chain, or training of service technicians to enable adequate service regardless of 

variations of the individual products. Orfi, Terpenny and Sahin-Sariisik (2011) divide 

cost driving complexity into 5 dimensions i.e. Structural, Functional, Design, 

Production and Variety and link these to associated cost elements. They conclude that 

the product complexity is an essential driver of cost along the product life cycle. 

Assessment of complexity cost is used as basis for product program rationalization in a 

Make-to-Stock context (Hvam et al., 2020) and consensus in existing literature seems to 

be, that product complexity across the different dimensions significantly influences 

cost. The main application of complexity cost as means for product program 

rationalization is to cut away unprofitable product variance (Hvam et al., 2020), which 

can be difficult in an ETO context, as product variants which have not yet been 

designed, are difficult to cut away. However, it is possible to identify designs which 

historically have performed well in terms of profitability when considering complexity 

cost. It is when we consider these factors, across the life cycle of the ETO product, that 

it is possible to identify suitable References Architectures to support profitable project 

execution in an ETO context.   

Conclusion on state-of-the-art 

The review of existing literature indicates that several tools and methods exist for 

capturing and managing design knowledge in an ETO context, this includes 

documentation and application of design knowledge for sets of customer requirements 
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and documentation of structural and functional aspects of the ETO products. The 

methods and tools can all provide suitable support for reuse of design knowledge within 

an ETO solution space. However, limited support exists for defining which design 

knowledge is the most essential to document and manage, and a gap exists in relation to 

applying a profitability perspective to support the selection of suitable design references 

within an ETO solution space. 

Identifying profitable Reference Architectures in an ETO context 

Addressing the observed industrial challenges and the gap in the existing knowledge 

base, this section presents the suggested method. It combines elements found in existing 

literature to support ETO companies in identifying profitable Reference Architectures 

within their existing solution space. The method includes 3 steps: (1) Scoping and 

collection of historical project data (2) Assessment of correlations between main 

product attributes, cost and profitability. (3) Identification of profitable areas within the 

existing solution space and identification of matching Reference Architectures. Each 

step will be presented in the following sections and will be illustrated through the two 

case studies.  

What is a Reference Architecture? 

The term Reference Architecture is found in the software domain to describe a 

generalized template solution. Nakagawa, Oliveira Antonino and Becker (2011) 

describe the term Reference Architecture as a way to encapsulate knowledge about 

system design within a specific domain. This includes business rules, architecture 

styles, best practice, domain terminology, etc. However, no consolidated understanding 

of a reference architecture exist, but it is generally agreed to be on a high level of 

abstraction (Angelov, Grefen and Greefhorst, 2012). Reference Architectures are also 
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used within the domain of technical systems, defining unified terminology, standards, 

the structure and responsibilities of system components, etc. (Van Brussel et al., 1998). 

In the suggested approach, the term Reference Architecture is used to describe the 

derived principle solutions for profitable project execution within an ETO solution 

space. The term is well suited to cover ETO products which are not fully specified and 

to capture design principals which have been balanced under consideration of cost 

driving complexity.  

Case company A 

Case company A is a manufacturer of industrial solutions for production of 

confectionary articles. The company had a yearly turnover in 2019 of approximately 

EUR 85 mill. and 400 employees. The product program covers different branches and 

majority of the yearly turnover is generated by selling complete plants for continuous 

production with a capacity ranging from a few hundred kg/h to several ton/h. The 

company represents the basic ETO archetype, with a delivery of 10-30 complete plants 

per year and an average engineering effort per project just below 2000 engineering 

hours. 

Case company B 

Case company B is a manufacturer of processing plants for handling of liquid and 

production of powders. The case study was focused on a sub-division of the company 

employing 600-800 employees, supplying plants for drying condensed milk into powder 

particles, ready for further processing. The sub-division represents the complex ETO 

archetype, with a delivery of 5-15 plants per year and an average engineering effort 

above 2000 engineering hours per project. 
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Step 1: Defining scope and collect project data 

The first step is the selection of projects to include in the analysis and the identification 

of project data to collect. To limit the effort of data collection, it is advisable to focus on 

a limited number of product families within the existing ETO solution space. The 

authors suggest selecting the product families which constitutes a majority of the yearly 

revenue over the last 5 years. A large variety of projects can exist in an ETO company, 

for example, projects focused on upgrades of existing assets, service and maintenance 

projects etc. However, as the focus in this approach is to identify profitable design 

references for future ETO products, focus should be on projects aimed at new customer 

requests and focusing on a finished-goods level i.e. projects where a complete process 

plant has been delivered. 

We divide the project data collection into three categories: Project information, Product 

attributes and Cost elements. Within each category a number of quantifiable data points 

exist. Project information describe general information about the project i.e. customer, 

country of delivery, date of delivery, product structure/layout, specific product 

configuration, sales price, etc. The data in this category allows filtering the delivered 

products to identify if they match the selected scope and finally to backtrack which 

product designs have performed well in terms of profitability. Product attributes 

describe the main variable product features, e.g. capacity, size etc., and the Cost 

elements describe the main cost drivers across the product life cycle. Data availability 

can be an issue as it is typically scattered across several systems, drawings, documents, 

etc. As the suggested approach is based on data-driven decision making, we suggest 

spending the effort to extract all relevant information and convert it into data that can be 

processed. An essential element is to create a holistic overview of cost distribution 

across the life cycle of the products, this will ensure the optimal basis for further 
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analysis. Available and collected data in the two cases are presented in Table 1. In each 

of the two cases, data were available thought the corporate IT systems, possible to 

calculate, or to extract from available project information and resources.  

Table 1: Data categories and available case data 

DATA 

CATEGORIES 

DATA POINTS CASE 

COMPANY A 

CASE 

COMPANY B 

PROJECT 

INFORMATION 

 

Customer X X 

Country/region of delivery X X 

Delivery date X X 

Layout of plant X X 

Sales price X X 

Discount rate X  

Profit margin X X 

Profit margin adjustments  X 

Budgets X X 

Product family/architecture X X 

PRODUCT 

ATTRIBUTES 

 

Production volume X X 

Production mix X X 

Number of tasks in process plant X  

Production flow X X 

Size of plant X  

Sizes of product to be produced X X 

COST 

ELEMENTS 

 

Material cost X X 

Labour cost  X X 

Nonconformance cost X  

Shipping cost X  

Cost of design  X  

Cost of installation  X X 

Cost of commissioning  X 

Warranty cost  X  

 

Other data categories might be relevant to include depending on context and it is 

difficult to present a thorough compilation of data points that will suit any case. 

However, based on the authors’ experience, study of existing literature (Orfi, Terpenny 

and Sahin-Sariisik, 2011; Shafiee, Hvam and Kristjansdottir, 2015) and findings from 

the two case studies, Table 1 represents a fairly generic collection of relevant project 

attributes and cost factors to include when performing an analysis of historical ETO 

project delivery.  
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Step 2: Identify main product attributes and their correlation with cost and 

CMR 

This step covers the identification of the main product attributes and their correlations 

with cost and contribution margin. To do this, each of these product attributes are 

plotted against both cost and Contribution Margin Ratio (CMR) to create an overview. 

This can be used as basis for discussing links between product and project profitability. 

The CRM is expressed as a percentage defining the relative difference between the sales 

price of a project and variable cost factors. The cost used in this analysis is the sum of 

the collected variable cost factors across the lifecycle.  

Through the process of data collection and interactions with key stakeholders in the case 

company A, the main product attributes were in this case identified as:  

 Production volume: The maximum capacity in terms of kg/h 

 Number of tasks: Total number of value-adding processes in the plant 

 Production mix: The number of different products to be produced in the plant. 

 Production technologies: The technologies used for different products to be 

produced; this indicates how homogeneous the products are. 

Figure 1 shows how these product attributes were plotted against CMR and cost. Data 

have been generalized to avoid disclosing confidential information from the two cases. 

Thus, the axis on the graphs indicate, on a scale from low to high, how variations in, for 

example, CMR correlate with changes in production volume. 
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Figure 1: Cost and contribution margin ratio plotted against main product attributes for 

case company A 

 

Looking at the graphs, the top left plot indicates how an increase in production volume 

influences the CMR of a series of projects. The top right plot indicates how the same 

change in production volume influence the sum of variable cost factors for the same 

series of projects. Vertically the plots illustrate how variations of the main product 

attributes historically have affected the CMR and project cost. Looking at the number of 

tasks, a linear correlation exists when considering an increase in number of tasks and 

the sum of variable cost. On the other hand, it is less clear how CRM changes when the 

number of tasks in the plant is increased. This could tell that the company is able to 
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perform cost-based pricing fairly accurate, when it relates to number of tasks in the 

process plant.  

Similar to case company A, it was possible to identify the main product attributes in 

case company B as the following:  

 Production volume: The maximum capacity of the plant in kg/hour across all 

production scenarios. 

 Number of tasks: Number of key functional components in the plant 

 Production range: Number of different products to be produced in the plant. 

 Production mix: Expressed as an index of homogeneity of the produced 

products are.  

 Production flow: The number of interactions across value-adding processes. 

Figure 2 shows how the five attributes correlate to CMR and cost (including the 

available cost elements from table 1). 
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Figure 2: Cost and contribution margin ratio plotted against main product attributes for 

case company B 
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As mentioned in the research approach, no mathematical modelling was applied in 

identification of the main product attributes and in assessing correlations between 

parameters. Instead, based on the data visualization, workshops with key stakeholders 

were used as means to discuss and identify these key correlations. One reason for this 

approach, is that historical project data only to a certain extent can indicate what 

happened during the project. Other, and undocumented, factors can have had an impact 

on aspects like cost and profit, for instance decisions of strategic sales where low 

earnings are expected. The combination of data visualization and review with key 

stakeholders is believed to be a strong and valid approach in identifying key correlations 

between product attributes and profitability of historically delivered projects.  

Step 3: Map solution space and identify profitable Reference Architectures 

In the final step, the ETO solution space is visualized from the perspective of the most 

significant product attributes when considering cost and profitability. This is done by 

narrowing down the number of product attributes to allow a simple representation of the 

existing solution space by plotting two product attributes against each other. In case 

company A, production volume and number of tasks were identified as the main drivers 

for cost and profitability across the life cycle of the ETO products. In case company B, 

it was the production volume and production mix. Combining this with the information 

about product families, allowed to visualize how different designs had performed 

against each other. As ETO projects are often quoted based on an expected contribution 

margin ratio (Mortensen et al., 2010) and this level varies from case to case, the authors 

suggest to identify the benchmark for when a project is considered successful or not. By 

comparing if the realized CMR equals or is higher than the forecasted/benchmarked 

CMR enables us to indicate where profitable projects have historically existed within 

the solution space. The visualization is then used to identify profitable Reference 
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Architectures within the ETO solution space.  

Figure 3 shows how the solution space of case company A was visualized. The two 

main product attributes are displayed as indices and the product families within the 

scope are represented by spanning a polygon based on maximum and minimum on the 

two axes.  

 

Figure 3: Visualisation of the existing solution space for case company A and indication 

of profitable reference architectures. 

 

Three different product families were included in the scope. Within the areas 1 and 2 we 

find the projects where the realized CMR equals or is higher than the forecasted CMR. 

Outside area 1 and 2 are projects, which historically have not been able to generate the 
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desired profit.  

Three product families were included in the analysis for case company B. Each of them 

differs by the design of a key functional system and structural architectures. The 

solution space is visualized in Figure 4. The two areas 1 and 2 indicate the historically 

profitable areas within the existing solution space.   

 

Figure 4: Visualisation of the existing solution space for case company B and indication 

of profitable reference architectures. 

 

Figure 3 and 4 indicate that profitable areas exist within the exiting solution spaces of 

the two companies. The observations suggest that when receiving new orders, the 

specifications can be matched against these attributes to identify the preferred solution 

which most likely will turn out profitable – the reference. Table 2 provides an overview 
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of what makes up the identified Reference Architectures in the two cases. 

Table 2: Identification of Reference Architectures 

 CASE COMPANY A CASE COMPANY B 

AREA 1 Product family A is under the following 

constraints considered a suitable reference 

for profitable project execution: Capacity 

range of [80-220], with a maximum 

number of tasks to be performed of 11. 

Product family A is under the following 

constraints considered a suitable reference 

for profitable project execution: Capacity 

range [0;2000], with a production mix up to 

2. 

AREA 2 Product family B is under the following 

constraints considered a suitable reference 

for profitable project execution: Capacity 

range of [300-650], with the number of 

tasks to be performed in the plant between 

[10-14]. 

Product family B is under the following 

constraints considered a suitable reference 

for profitable project execution: Capacity 

range of [4300-7200] and a production mix 

up to 4. 

As the purpose of this approach is to identify the profitable Reference Architectures 

within an existing ETO solution space, we do not go further into detail of how to 

practically describe the architectures. Documentation of how to design products within 

the relevant product families already exists in the two case companies, however as the 

ETO solution space by nature is arbitrary, the suggested approach supports ETO 

companies in consolidating and describing references for design under a number of 

limitations, thus improving the likelihood of achieving the desired CMR.  

Discussion 

In this paper a 3-step method for identifying profitable Reference Architectures in an 

ETO context has been presented and tested in two industry cases. In the analysis of the 

existing body of knowledge several methods and tools were found to support the 

definition, documentation, and application of functional and structural references for 

187



design in an ETO context. However, a gap exist in relation to explicitly support the 

identification of design references, under the consideration of historical project 

profitability. The presented method addresses this gap and builds on existing concepts 

to support decision makers in including profitability as a parameter, when defining 

references for future designs. 

Defining design references for tomorrow’s projects based on insights from historical 

projects has both benefits and limitations. It is generally a reactive approach and for 

ETO companies with no problems of controlling cost and achieving the forecasted 

profit margins, this might not provide much value. However, many ETO companies are 

challenged to deliver solutions which are on the edge or just outside their capabilities, 

for example, increasing capacity or functionality beyond what have previously been 

designed. Without a clear reference for when such inquiries are in- or outside of known 

competences, it is difficult for managers to assess uncertainty and predict if a project 

will be attractive or not in terms of potential profit. As shown in the two cases, it is 

possible to identify areas within the ETO solution space where project profitability is 

higher than other areas. This might be logical, but if the companies are not aware of 

what defines these profitable “comfort zones”, they have no chance to leverage them. 

This is why it is useful to identify Reference Architectures within an ETO solution 

space based on historical analysis of profitability. It is not to say that ETO companies 

should never go outside the boundaries of the Reference Architectures, but it will 

clearly tell when it is the case and extra risk or cost should be expected. 

A general challenge related to this approach is the inability to include considerations 

related to market development and future product requirements. Future research 

activities should address the challenge of systematically including these parameters in 

the analysis. Furthermore, a number of non-functional project parameters such as the 
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composition of the project team, sourcing strategy, and production planning etc. could 

be relevant to consider. However, as indicated in the application of the suggested 

method in the two industrial cases, it provides in its current form, an operational and 

useful support to identifying the profitable areas within an existing ETO solution space.  

There is a difficult trade-off between being reactive and innovative in an ETO context. 

Do we risk killing all innovation, by defining clear references for design? The answer is 

not straight forward. As mentioned, the idea with the suggested design method is not to 

restrict the solution space, but to highlight optimal design references when considering 

profitability. However, as expressed by one of the executive managers in one of the case 

companies; as soon as the design references are clearly defined and documented, there 

is a high chance that we will see our sales activities centred around these designs. If this 

is the case, we risk limiting the natural evolution of the solution space within an ETO 

context, with the risk of compromising the competitiveness in the long run. However, if 

the alternative is to sell unprofitable solutions, this might be a rational approach. If 

companies are not in control of their core product offerings, success in other parts of the 

solution space can be difficult to achieve. Thus, consolidation of design references for 

the core product program is considered an essential enabler profitable project execution 

in an ETO context. 

A limitation of the suggested method is data availability. The lack of data can make it 

challenging to conclude anything useful about Reference Architectures. Different kinds 

of project information exist depending on context and some information might not have 

been documented at all. Furthermore, the number of projects from which it is possible 

to extract relevant data can be low, due to the generally long lead times in the business. 

In the two industry cases, lead times ranged from approximately 1 to 5 years and it was 

possible to extract data from 51 projects where complete plants had been delivered. As 
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the suggested method applies an analytical approach rather than a mathematical and 

includes input from key stakeholders, it is the authors’ understanding that it supplied a 

sufficient basis for drawing conclusions in the two cases. However, in future application 

of the suggested method, it is necessary to discuss if sufficient data exist in the given 

context. 

The suggested 3-step method has been tested in the two industrial cases representing 

part of the ETO sector. Additional research activities are needed to generalise the use of 

the method. This includes additional testing in different ETO contexts and the 

evaluation of effects over a longer timeframe. However, the method addresses a 

significant challenge in an industry with low order reptation rates, which make it 

difficult for decision makers to assess the probability of achieving the desired profit 

margins. Future research activities should also include detailing of how to model 

Reference Architectures and how to practically represent dimensions, design variables 

and constraints. Furthermore, an area for exploration could be the application of 

simulation to identify different optimum within existing solution spaces based on 

profitability analysis. However, similar to existing approaches for documenting design 

knowledge, a simplified representation of the ETO product is considered useful as 

design support. Thus, for providing operational support for ETO companies in 

successful project execution – the abstract and high-level definition of Reference 

Architectures is, at this stage, considered suitable to establish a reference for profitable 

project execution within the scope of this paper.   

Conclusion 

The main contribution of this paper is the suggested 3-step method to support ETO 

companies in identifying profitable Reference Architectures within their existing 
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solution space. When operating with an ETO business model, the ability to capitalize on 

existing design knowledge is essential for successful project execution. Several methods 

exist to capture design knowledge in formal and informal product models, focused on 

documenting structural and functional properties. However, existing models are mainly 

focused on the documentation of reference designs. Support has been needed for ETO 

companies to determine which Reference Architectures are the most suited when 

considering profitability. The presented method has been tested and validated through 

two industrial cases representing an ETO context with low order repetition rate. It has, 

however, been difficult to quantify the direct effects of applying the suggested approach 

in the two cases, since ETO projects are generally executed within a long timeframe and 

are even longer prospect to changes. To further generalize the suggested approach, 

additional testing in other ETO contexts and assessment of effects over a longer period 

of time are needed. However, this paper contributes to the field of identifying design 

references in an ETO context, by including profitability as a guiding factor for defining 

design references.  
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Abstract — For an engineer-to-order case company that 
produces processing facilities, the complexity of conducted 
product designs is visualized with network graphs. The graphs 
represent the primary flow of material between the main 
functional components of the facilities. The network graphs 
exposes the design solution space of the analyzed products and 
the densities of the network graphs are used as measures of 
system complexities. The densities are compared to hour use in 
the corresponding projects to reveal the impact on hour use 
based on this complexity measure.  

For a population of facilities with similar and sometimes 
identical build, the network graphs revealed varying 
combinations of components connectivity. Comparing graph 
types to hour use indicated that dense graphs increase the 
likelihood of spending more hours in the development project – 
mainly in the later project phases where the financial impact of 
increased hour use is typically worse. The results raise the 
questions, whether all solutions are equally profitable and how 
network graphs could aid design choices early in the projects, in 
order to limit additional late-phase risk. 

Keywords — Engineer-To-Order, ETO, Plant, Complexity, 
Design, Network Graph, Topology, Risk, Hour Quantities,  

I. INTRODUCTION 

There are 915,103,765 ways to combine six of the normal 
eight-stud LEGO bricks [1]. If the number of bricks was 
variable and the bricks were instead complex engineered 
components, then it is safe to assume that the number of 
combinations for Engineer-To-Order (ETO) products are 
much higher. Assuming that all of these combinations are not 
equally efficient and some might perform better than others 
for the given purpose of the product, there must be a subset of 
optimal solutions. It is this subset of the solution space that 
this paper aims to reveal by condensing ETO products into 
network graphs. 

When engineering companies work by the concept of 
Engineer-To-Order or Modify-To-Order it entails a great deal 
of customization and new development for each customer 
order. Over time, this adds more and more variety to the 
solution space of products in the company and complexity to 
the solutions [2]. When adding complexity to an already 
complex product, it might jeopardize the manageability and 
the overview of the portfolio. Not knowing what was built in 
previous projects makes it increasingly hard to compare to 
current design work. Increasing complexity might also 
jeopardize the functionality of systems as inter-dependencies 
and correlations within and beyond the system becomes 
difficult to master [2]. 

There is a need to mitigate and limit the expanse in the 
solution space and the design complexity, to avoid excessive 

R&D and lifecycle costs or delivery times [3] [4] [5]. For 
ETO companies and production businesses there have been 
much focus on portfolio rationalization such as 
standardization, modularization, platform design, complexity 
management and product configuration [6] [7]. A 
commonality between them is the need for a portfolio 
overview and support in navigating the design solution space. 

Product portfolio management efforts and design support 
programs, aim to steer product creation towards the best 
possible outcomes. Whether that focuses on re-using proven 
designs (e.g. standardization), combining proven sub-
solutions (e.g. modularization) or reducing the portfolio to a 
smaller and better solution space (e.g. rationalization), etc. 

 

The aim of the study behind this paper, is to derive metrics 
based on higher level system information, for guiding product 
designers towards preferable designs. Preferable designs in 
this sense being functionally proven and with less financial 
risk. This particular paper describes the work of correlating 
the high level topology of ETO processing lines to the risk of 
overconsumption of project resources (i.e. project execution 
hours). The goal is to let product designers use this metric to 
indicate if simplification of the current design is needed to 
decrease the risk of overconsuming hours in later project 
phases.  

The paper proceeds as follows. Section II introduces 
network graphs, how graph densities are calculated and how 
such graphs are used to estimate system complexity. Section 
III presents the methodology used in the described case study. 
Section IV presents the results from the casework – including 
graphs, graph density calculations and correlations with 
project hour use. Lastly, Section V captures the indications 
and variance observed in the results while relating it to project 
execution risk. 

II. BACKGROUND 

This section presents the state of the art research on which 
this study is based. Besides the three main areas of research, 
it is outline how this paper combines these fields anew. 

A. Directed Network Graphs 

A network is ”any netlike or complex system or collection 
of interrelated things (…)”  as defined by The Oxford English 
Dictionary [8] or ”constituent components (or ‘nodes’) and the 
‘links’ or interrelationships between them” [2]. The 
conceptual and mathematical network is the basis for 
”network-based analysis” and ”graph theory”. However these 
interconnected things and their connections can be 

198



represented visually using Network Graphs [9]. These models 
can be further detailed as ”Directed Graphical Models” where 
the connections are not only present or not, but also include 
information about the dominant direction [9]. 

B. Graph Density 

When working with simple network graphs, a typical 
measure is the Graph Density [10] [11] [12]. It is a calculation 
of the ratio of the number of present links compared to the 
maximal number of possible links. In general the equations for 
density (d) of directed graphs (1) and un-directed (2) are given 
as: 

ddirected = L / (N(N-1))    (1) 

dun-directed = 2 × ddirected   (2) 

Where d is the density of the graph, L is the number of 
individual links present and N is the number of nodes. Fig 1 
shows examples of both un-directed and directed network 
charts.  

C. Graph Based Engineering Complexity 

Reference [13] works with a structural complexity 
measure based on the topology of a system architecture. Their 
work focuses on the system elements and the connectivity 
between them and between systems. System complexity is 
summarized as Matrix Energy based on an adjacency matrix 
that captures the connectivity between the system elements. 
However, the work revolves around network graph 
visualizations of systems. They discuss these measures in 
relation to system modularity and development cost and 
indications for non-linear growth of cost with increasing 
complexity. They suggest a measure like this for system 
engineering decisions. 

Reference [14] works with a structural complexity 
measure for complex engineering systems. It is based on three 
main factors; the complexities of the individual components 
that are included in the system, the complexities of the 
individual interactions (links) between components and lastly 
the topological complexities of the system i.e. how 
components are connected to one another in the system. The 
complexity measure is put to use through a network graph 
depicting components and their interactions within and across 
systems. 

Reference [15] discusses complexity in a general sense – 
how complexity can be understood within many fields of 
interest; systems engineering, organizations, functions, 

biology etc. The network graph is used to describe systems 
complexity as it incorporates both components and 
connections, based on the argument that both these aspects are 
important to assess complexity. The number and kinds of 
components included form the compositional complexity 
while the connectivity between them form the relational 
complexity. Together they form the structural complexity. 

D. Using Network Graphs to Describe Complexity and 
Financial Risk 

The connection between ETO products and complexity 
has been widely researched and discussed – namely the links 
between system complexity and integration difficulties. 
Likewise, a great deal of effort has gone into describing 
systems and complexities of systems network graphs. 
However, the combination of the abovementioned with the 
financial impact and risk related to system complexity, 
described through network graphs, has not yet been explored. 
Hence the existence of this study and paper to describe it. 

III. METHODOLOGY 

The methodology used for this study is described in this 
section. The following steps outlines the steps used in the 
industry case presented in IV. Industry Case Results. 

A. Retrieve System Design Information and Identify System 
Topology 

The high level system topology describes which key 
functional components are included in the solution and how 
their primary interaction (e.g. connections) are laid out. In 
order to obtain this, the key components which represent the 
bulk of products must be identified. This is done by reviewing 
product specific technical literature and interviewing experts. 
Project documentation (e.g. technical drawings and 
flowsheets) describing these and their layout must be 
retrieved for each reviewed product. Thus the topology of the 
systems are now identified. This is illustrated as the 
progression from (a) to (b) on Fig 2. 

B. Formalize System Topology as Data and Produce 
Directed Network Graphs 

The system topology information (inclusion of key 
components and their connectivity) is formalized as 
tabularized data. Each row of this dataset describes a link 
between two nodes in a specific product. Table 1 shows an 
example of this with numbering of products, links and letter-
based categorization of individual components types. The 
network graphs in this paper are constructed using the 
programming language Python [16], however there are 
several other programming languages options available to do 
similar work. In the Python environment, two specific 
libraries are used; Pandas [17] for managing the data and 
NetworkX [18] for constructing the network graphs. As the 
graphs are produced, so is a collection of the metrics for each 
graph (nodes, links, calculated density). This is represented 
by the progression from (b) to (c) on Fig 2. 

C. Calculate System Graph Density and Correlate to 
Project Resource Consumption 

Based on the formalized system topology data, network 
graphs are created.  They are constructed with nodes 
representing the key components and links representing 

 

Fig 1: Examples of graphs and densities (d). Left column: Un-
directed graphs. Right column: Directed graphs. 
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primary interactions (e.g. connections) between them. From 
these graphs, the densities are calculated using (1).  

The graphs and the metrics describing them are then 
plotted against measures describing the execution of the 
respective projects, e.g. project execution hour consumption. 
This is illustrated on Fig 2 (d). 

IV. INDUSTRY CASE RESULTS 

This section presents the work done and results produced 
from applying this methodology on industry case products. 
The variation in graph topology is presented along with the 
variation in the calculated network graph densities as a 
measure for design complexity. Lastly, hour use in the design 
projects is plotted against the calculated graph densities to 
investigate possible correlations between design complexity 
and project execution effort. 

A. Introduction to the Industry Case 

The case for this work has been an ETO company which 
develops, designs, manufactures and erects large and complex 
processing facilities (plants). A subset of their design types 
has been the scope for this study. Across the case projects, the 
same types of key functional components are used. There are 
numerous other equipment and auxiliary functions, but this 
study has focused on the primary components which supplies 
the main functionality of the product. Within these component 
groups, there are different sub-types and sizes. However, the 
study was only concerned the inclusion/exclusion of 
component groups and their primary functional interaction 
with each other. 

B. Retrieving Design Information and Indentifying System 
Topology 

For the products in scope of this study at the case 
company, the key functional components were identified 
partly from technical literature and verified with design 
engineers. For each of the processing plants built, there were 
documentation on the overall process flow through 
components. These flowsheets depicted the key functional 
components and the flow of material (i.e. powder product in 
these cases) through the processing plant. The topology of 
each of these plant designs was recorded in a database 
manually in accordance with Table 1. 

C. From System Topology to Network Graphs 

The key functional components were identified for each 
plant case and added as nodes to the network graphs. Each 
group of components are labeled A, B, C etc. If there were 
more entities present from the same group, they were given an 
additional number to the label, e.g. A1, A2 etc. The primary 
flow of product between these components was mapped onto 
the graphs as directed links.  

Fig 3 presents six of the total 60 network graphs produced. 
The numbers (prefixed by #) correspond to the case plant 
number in Table 2. Please note that the direction of the graph 
links are marked with thickened line ends instead of 
arrowheads. 

 
Fig 2: Transformation of system typology information into 
directed network graphs, following primary flow of material. 
(a) system documentation, (b) system topology, (c) directed 
network graph and (d) comparison of various directed network 
graphs 

 

Table 1: Example of formalization of topology data 

Product Link From To 
1 1 A B 
1 2 B A 
1 3 A C 
⁝ ⁝ ⁝ ⁝ 

 

 

Fig 3: Six of the produced directed network graphs, with 
calculated graph densities in ascending order. 
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D. Calculate Graph Densities and Compare to Hour Use in 
Project Execution 

The density of each graph was calculated using (1) as 
described in section II.B. Table 2 shows all plants and the 
corresponding number of nodes (N) i.e. key components, 
number of links (L) i.e. primary connections and calculated 
density (d). 

Besides visualizing the design solution space, this study 
aims at assessing the consequence of different designs on 
project execution effort. Hour allocation data has been 
available for the corresponding plant design projects. 
Together with company experts, these budget activities were 
divided into five categories: 

- Design: Overall structure, flowsheets, physical 
arrangements, operational calculations etc. 

- Engineering: Constructing and drawing components 
and plant elements. 

- Automation: Outlining and programming the plant 
control software. 

- Commissioning: Installing, starting and ensuring 
performance of the product on site. 

- General: Project management, supply chain, support 
functions etc. 

The first four categories correspond to project phases 
which are executed roughly in sequence, with some overlap. 
The last category  (General) spans the entire project and is 
generally applicable to the whole project flow. 

Fig 4Error! Reference source not found. presents the 
hour use in the abovementioned five categories and how it 
correlate to the calculated graph densities. The five categories 
are presented twice, once with all case example plants and 
once with only the plant projects where all project activities 
have been reported fully completed. Linear trend lines have 
been added to the charts, to indicate the tendencies of hour use 
with increasing design graph density. 

V. DISCUSSION 

This section sums up the observations made from the case 
results, how they can be interpreted and what impact they 
might have. 

A. Variance in Design 

The network graphs shown in Fig 3 and the metrics in 
Table 2 indicate design variety. There are simple graphs with 
just five nodes and complex graphs with as much as 12 nodes, 
with the number of nodes corresponding to the number of key 
functional components in the design. When looking at the 

Table 2. Metrics of Nodes (N), Links (L) and Densitites (D) of 
the produced network graphs. 

# 
Graph Metrics 

# 
Graph Metrics 

N L d N L d 

#1 6 13 0.433 #31 6 10 0.333 

#2 7 15 0.357 #32 5 7 0.350 

#3 5 8 0.400 #33 5 7 0.350 

#4 6 7 0.233 #34 6 11 0.367 

#5 6 10 0.333 #35 7 18 0.429 

#6 5 8 0.400 #36 7 15 0.357 

#7 6 13 0.433 #37 7 18 0.429 

#8 9 23 0.319 #38 6 10 0.333 

#9 6 11 0.367 #39 6 10 0.333 

#10 5 8 0.400 #40 8 18 0.321 

#11 5 7 0.350 #41 7 15 0.357 

#12 7 13 0.310 #42 6 9 0.300 

#13 6 11 0.367 #43 7 15 0.357 

#14 12 28 0.212 #44 6 9 0.300 

#15 7 12 0.286 #45 7 15 0.357 

#16 9 20 0.278 #46 9 23 0.319 

#17 8 21 0.375 #47 9 23 0.319 

#18 6 11 0.367 #48 6 8 0.267 

#19 6 11 0.367 #49 10 23 0.256 

#20 5 8 0.400 #50 5 7 0.350 

#21 7 17 0.405 #51 6 8 0.267 

#22 9 19 0.264 #52 5 8 0.400 

#23 5 7 0.350 #53 7 17 0.405 

#24 8 21 0.375 #54 9 28 0.389 

#25 5 8 0.400 #55 6 11 0.367 

#26 7 15 0.357 #56 6 9 0.300 

#27 11 38 0.345 #57 7 13 0.310 

#28 8 21 0.375 #58 6 11 0.367 

#29 9 27 0.375 #59 7 18 0.429 

#30 5 7 0.350 #60 7 13 0.310 
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links, there are solutions with few connections (7 links) and 

 
Fig 4: Hour use (consumption) in five categories of project execution. (Left column) all projects and (right column) only 
finished projects. Linear trend lines are added for correlation check. 
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many connections (38 links). The graph density are varying 
between 0.212 and 0.433. All of this indicates a varying 
design solution space, with different ways of combining 
components and connecting them.  

B. Variance in Hour Use and Risk of Over-Consumption 

Inspecting the charts in Fig 4 the linear correlations of the 
first two categories, Design and Engineering, are similar, 
showing steady or downward sloping trends. The third 
category, Automation, shows some upwards tendency for 
hour use as graph density increases. Even more noticeable are 
the tendencies for the last of the categories, Commissioning 
and General, as the linear regression shows that hour use in 
this phase tend to increase with increasing graph density. 

When inspecting the charts shown in Fig. 3, it can be seen 
that high graph density values both correspond to low and 
high hour quantities. This is especially the case for the charts 
showing the hours in the categories Commissioning and 
General. It indicates an increased risk to use higher amounts 
of hours in these categories for projects that involve products 
with high graph density. 

C. Financial Impact of Increased Hour Use 

When building complex engineering products such as 
processing plants, which entail on-site activities with 
installation and start-up, there is a significant difference in the 
cost of hours spent, depending on the phase in which they are 
spent. Company experts stated that late stage hours and on-
site hours are significantly more expensive, as they entail 
travel, accommodation, excess working hours and excess 
waiting times for material or personnel. Hence increased hour 
use in the later project phases has a greater financial impact 
than an equivalent increase in the early project phases. 

D. Case-based Empiri 

The study described in this paper supplies case-based 
evidence that the system topology of large-scale engineering 
products can be relevant to monitor and compare when doing 
ETO products. If higher project execution effort is expected 
from more complex product designs, then the presented 
results also indicates that network topology can be correlated 
to system complexity. This is important when doing early 
product design assessments. 

E. Network Graphs as A Design Tool 

Metrics like system topology density (Network Graph 
Density) can supply instant feedback to sales offices or 
product designers. Before deciding on a solution, they have 
the opportunity to evaluate potential correlations with project 
execution performance.  

When developing, designing and constructing complex 
products, it is beneficial to know the consequences of the 
design choices being made and the consequential risk being 
added to the later project phases. Comparing current design 
work with previously conducted projects, in order to assess 
the complexity, the risk and possible financially safer 
alternatives, could prove valuable. The network graph and the 
calculated density as presented in this paper, could be 
calculated early in new plant design projects and be used to 
assess current design work before it is fully determined. 
Knowing that a certain design might add thousands of hours 

in the later project stages could empower up-front design 
decisions. 

F. Limitations of This Study 

As with all metrics and tools that rely on high-level 
system information, it is crucial to understand that vital 
details might get lost. Thus such a support should be used 
mostly as guidance and less as a critical decision maker.  

If utilizing graphing for other product types, it is 
important to define the proper system (and system elements) 
to include in the model. The authors recognize that further 
research should be done in this area, in order to quantify the 
consequences of changing systems and system boundaries for 
methods like this.  

Further research is required to understand the correlation 
between other system metrics and project execution 
performance. There are many other factors to include and 
study to fully understand what makes a successful product. 

VI. CONCLUSION 

This paper presents a practical application of network 
graphs as a visualization tool and calculation basis for 
assessing the diversity and complexity of Engineer-To-Order 
(ETO) processing plant designs. Furthermore, it uses network 
graph density as an indicator for project execution risk – 
namely excessive use of hours in the later project stages.  

A case population of 60 plant design projects from one 
case company was subject of the study. For each plant, key 
functional components and their connections were drawn as 
directed network graphs. Based on these graphs, the graph 
densities were calculated for each plant and used as a measure 
for design complexity. The impact of varying graph densities 
was shown by charting hour allocation in categorized project 
stages data against the varying network graph densities. The 
charts revealed that high values of network graph density 
(interpreted as complex designs) result in a higher risk of 
spending excessive quantities of hours in Automation (plant 
controls and software), Commissioning (installation and 
start-up) and General (project management).  

Given the circumstances of the business, a higher amount 
of hours spent in the later project stages have a larger 
financial impact than the equivalent hour use increase in the 
early project stages. If designs that entail a risk of an 
increased hour use in the late project phases could be avoided 
and substituted with alternative designs of lower risk, 
potential project overruns could be avoided early on. The 
measure presented in this paper can be used to screen design 
projects against previous solutions to assess and possibly 
avoid the additional risk in the later project stages.  

There are many other factors that affect the success and 
profitability of an ETO product. This paper is not intended to 
proclaim system complexity as the only dominant influencing 
factor. However, this paper indicates a link between high 
level system topology and the risk of an increased amount of 
hours spent in the later stages of the project.  

The work presented in this paper will continue to explore 
other influencing factors on profitability in processing plant 
design and improve the presented network graph approach by 
incorporating more dimensions and design details. 
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Abstract
Long-term commonalities and experiences with modularization in comparable small- and medium-sized enterprises have
been identified as a research gap. This article contributes by describing a unique collection of experiences from compa-
nies that received a similar introduction to the same core modularization topics through a series of introductory initia-
tives. This shared introduction makes the projects and processes of the companies comparable. The study reveals three
main aspects of achieving significant long-term benefits from modularization initiatives: the company must (1) aim big and
be willing to change its foundation accordingly, (2) draw on the right positional strength and have broad organizational
inputs, and (3) properly coordinate work and then actively seek to preserve the focus and results over a long period of
time. Interviews were conducted with representatives from 12 of these companies. Qualitative and quantitative data
obtained from the interviews were used to draw parallels between the definition, execution, and impact of modulariza-
tion. The stated results and project circumstances show commonalities for the successful implementation of modulariza-
tion. They indicate which actions lead to the desired changes and secure the results persistently. The participants have
achieved various results, such as strategic changes, new architectures, fewer variants, higher product earnings, and new
development processes. Some have also introduced maintenance plans to secure the results, such as establishing config-
urators, performing weekly analyses, recruiting dedicated personnel, and so on. The interviews revealed several influen-
cing factors, such as management support, internal communication, organizational drive, proper facilitation, and
prioritized project management. They also indicated that significantly more improvement can be achieved with proper
goal setting and commitment to specific goals. These are the factors that can help future small- and medium-sized enter-
prises in the proper incorporation of modularization and in maximizing their exploitation of modularization theory.

Keywords
modularization, product development, product family, product architecture, small- and medium-sized enterprises, long
term, review

Introduction

Modularization, or the division of modules, is a broad
concept that has been used across development and
operational tasks in hardware, software, service, man-
agement, and strategic planning. According to Meyer
and Lehnerd (1997: 7), ‘‘A product platform is a set of
common components, modules, or parts from which a
stream of derivative products can be efficiently created
and launched.’’ It is applicable and proven to be benefi-
cial in many areas, which are only expanding further.

The literature review conducted in this study,
revealed a large and steadily expanding application

area of modularization. With this expansion, there is
scope for more diverse terminologies and
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methodologies as well as much uncertainty of possible
consequences of modularization for companies
(Figueiredo Facin et al., 2016; Mortensen et al., 2016;
Simpson, 2003). Scholars have primarily been research-
ing specific methods of applying modularization or esti-
mating the benefits and most often have relied on
studies of single cases. This literature review observed
the lack of research regarding experiences of modulari-
zation implementation in small- and medium-sized
enterprises (SMEs). It also exposed an absence of long-
term surveys about the impacts and potentials of mod-
ularization initiatives. Fixson (2006) conducted an
extensive literature review on modularization and its
impacts and recognized a need for research into its
long-term implementation. Several other researchers
also recognized this need and proposed further research
topics regarding modularization implementation
(Gershenson et al., 2003; Ulrich, 1995).

Modularization has been associated with companies
with extensive product lines, mass production, and
large-scale manufacturing. It has been successfully
implemented in large-scale industries throughout the
years, for example, automobile, aircraft, and industrial
equipment industries, such as Ford, Airbus, ABB, and
Danfoss (Otto et al., 2016). There have also been
records of successful use within SMEs (Myrodia et al.,
2017; Stewart and Yan, 2008).

A series of Danish initiatives aimed to enable strate-
gies for SMEs by sharing generally applicable tools
with company representatives and hosting workshops
on modular development. The participants were intro-
duced to general methods and project-focused tools
through seminars and workshops conducted by both
academic and industry experts. The knowledge was
expected to precipitate within the organizations as con-
crete modularization actions, but this has yet to be
documented. The authors of this article revisited some
of these participants to investigate how they have
implemented modularity and whether they have suc-
ceeded in doing so. Based on their accounts, factors for
positive modularization results are investigated and
broader guidelines for achieving long-term impacts
from modularization are sought. The initiative origi-
nated from the following four focus areas (The Danish
Industry Foundation, 2013):

1. Providing techniques and models to address the
company’s current situation through the analyses
of market, product, and production as well as eco-
nomic performance and key process visualization
tools.

2. Evaluating the findings from the initial analyses to
define the goals and boundaries by ascertaining the

business area the company should operate within
and what it should do.

3. Developing a product family architecture with the
boundary defined in step two.

4. Realizing changes and considerations for obtaining
the desired results.

Problem definition and research questions

Companies’ developmental stages and their intentions
are known during the initial progress of the project.
However, changes in major development strategies or
complicated product portfolios may take longer than
the introduction period. Up until this point, informa-
tion regarding the actual progress attained by the
SMEs or the issues they encountered has not been
gathered. It is important to understand whether the
companies implemented modularization, to what extent
it was implemented, and what factors influenced the
success or failure of the implementation. Therefore, to
investigate these aspects further, this study aims to
answer the following research questions:

� RQ1. How were the modularization projects
defined within the SMEs?
� It is important to know how modularization was

initially understood and what was expected of
the undertaken task.

� RQ2. How were the modularization projects exe-
cuted within the SMEs?
� Understanding how they engaged and controlled

the process while managing the transition is
important in relation to how they exploited
modularization.

� RQ3. What were the commonalities for achieving a
significant long-term impact from these modulari-
zation projects?
� The aim is to clarify how significant results are

achieved based on the definitions, expectations,
processes, controls, and management strategies
revealed in the former research questions.

The authors have been working under the assumption
that there are several SME-specific pre-requisites for
handling the transition to modular development:

� SMEs have less available resources for modularity-
dedicated allocation.

� SMEs often find it difficult to balance day-to-day
operations with development activities.

� SMEs do not suffer from a large organizational
bureaucracy, making them more agile to change.

Mortensen et al. 15
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� SMEs often have a flat hierarchical structure, mak-
ing internal suggestions and opinions more
prominent.

These have not affected the study but were observed
during the conducted interviews. On that basis, the
authors anticipated these to be evident throughout the
results and conclusions.

Methodology

Information on the implementation of modularization
in companies, specifically SMEs, has been partly
acquired from literature. The experiences of the process
and achievements of modularization were primarily
obtained from interviews conducted with the represen-
tatives of the companies that were involved in the men-
tioned initiatives.

Literature study process

The literature search was initiated from a categorized
list of relevant keywords. It was continuously updated,
as discovered literature led to new keywords.
Combinations of the keywords formed search matrices,
which were submitted as strings to multi-disciplinary
scientific databases: Scopus, owned by Elsevier; Web of
Science, owned by Thomas Reuters, and Google
Scholar. These databases contain citation- and
reference-tracing features; thus, the encountered litera-
ture contributed to even more findings.

The literature studies were divided into two sub-
studies. The first consisted of semi-structured searches
with numerous keywords and search strings. The
searches aimed broadly at papers related to knowledge
gained on modularization and experiences with its
implementation. More than 50,000 papers (including
duplicates) were listed, from which a total of 76 papers
were selected. A sub-selection has been used for the lit-
erature review in this article.

The second sub-study was based on two highly com-
prehensive search strings (stated below). The searches
were focused on SMEs and empirical studies in the
field of modularization. All papers found from these
searches were screened by title and the relevant ones
were identified. The assessment of abstracts further

narrowed the selection, and the full text of the remain-
ing papers was read.

1. product AND (architecture OR platform OR
modul*) AND (survey OR experience OR review
OR evaluation) AND (SME or SMEs or ‘‘small
and medium enterprise*’’)

2. (‘‘platform architecture’’ OR ‘‘platform design’’
OR ‘‘modular design’’ OR ‘‘modular product
design’’ OR MPD OR modularization) AND
(review* OR experience* OR evaluation*) AND
(compan* OR enterprise* OR business*) AND
(survey* OR questionnaire* OR interview* OR
dialogue*)

The first string found 169 papers (including duplicates).
Title and abstract screening reduced the selection to 25
and further to eight papers. From these, only one paper
had a scope relevant to the research regarding modu-
larization in SMEs. The second search string found 39
papers (including duplicates). Titles and abstract
screening decreased this to eight and further to six
papers; of these two were highly relevant.

Data acquisition based on interviews

The conducted interviews were semi-structured with
both categorizations and questions for open debate.
The former helped in the quantitative comparison and
the latter helped in understanding the company-specific
case (Bryman, 2008). Interviews are flexible and can be
customized for a specific case. This is preferable for
understanding the situation, progress, and results of an
individual company. The interviewed representatives
were preferably those who had the most responsibility
and participation in the modularity project. In five
cases, the interviews were conducted with the CEO or
other representatives from the top management.
Similarly, in five cases, section management, such as
Head of R&D, Head of Innovation, or Head of
Development, was interviewed.

At the beginning of each interview, an initial discus-
sion outlined the project and fit the different parts in
four phases, namely, preparation, analysis, implemen-
tation, and monitoring (Figure 1). These phases and
the questions within each are inspired by general

Figure 1. The four phases of the projects which formed the foundation for the discussions.
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knowledge on modularization and findings from the
conducted literature review. This was to create a com-
mon understanding of the project boundaries and indi-
cate the four question topics the interview would cover.
Audio was recorded during the 1-h long interviews,
and comprehensive notes were taken simultaneously by
the two interviewers. Extensive summaries were written
directly after each interview, based on notes and
recordings.

For each interview summary, statements were indivi-
dually created that described opinions or experiences by
that specific company. Hence the interview summaries
were condensed to generalized statements. Having done
this for all the interviews, similarities were identified
across them. Statements that were alike were rephrased
to fit the meaning of both. The identified statements
and the number of agreements with that statement com-
prise the results.

Company sample selection

A total of 12 Danish SMEs were selected to participate
in this study. For some of the companies, the modulari-
zation activities were done in smaller business groups
or company divisions. In such situations, each specific
group was treated as an isolated instance. These
instances or the entire companies qualified for the defi-
nition as SMEs. An SME is defined by a staff head-
count of less than 250 people and with a yearly
turnover of e50 million or less (European Commission,
2018). Among them are Engineer to Order, Configure
to Order, Manufacture to Order, and Manufacture to
Stock. The markets in which they operate ranged from
Nordic countries and European regions to worldwide
segments. The companies and their projects greatly dif-
fer in type, scope, and time frame. One factor common
to the participants is that they all attended similar semi-
nars or workshops and thereafter sought to use the
knowledge internally. The fact that the companies were
introduced to the same core principles and theory
makes them comparable. Other identified studies are
based either on fewer companies or on a larger pool of
companies with non-similar entry to the topic. The
larger company selection, of 12 SMEs with a similar
introduction to modularity, supports this selection and
increases the relevance of this article.

Literature study

This literature study focuses on the topic of modulari-
zation in case studies and surveys, with an emphasis on
SME involvement. The aim is to uncover existing liter-
ature and knowledge contributions to this topic. The
first part describes modularization in regard to imple-
mentation. The second part identifies relevant

conducted studies. Finally, the research gap is
described based on the literature findings.

Implementation of modularization

Modularization has been applied successfully in large
industries and scopes throughout the years (Meyer and
Lehnerd, 1997; Otto et al., 2016; Simpson, 2003).
Although many of the tools were developed through
large companies, records exist of successful use of mod-
ularization within SMEs (Myrodia et al., 2017; Stewart
and Yan, 2008; Sundgren, 1999). The definition of
modularization is very diverse in literature. Approaches
vary between cases while terminologies and application
areas expand. This adds increasing uncertainty to the
topic, and the uncertainty extends to the expected bene-
fits and value (Andreasen et al., 2004; Figueiredo Facin
et al., 2016; Gershenson et al., 2003; Meyer and
Lehnerd, 1997; Otto et al., 2016; Simpson, 2003). It is
challenging to estimate the potential impact for individ-
ual companies, as the range of possible consequences
from modularity varies, making the estimation of the
exact value difficult (Hansen and Sun, 2010, 2011;
Hvam et al., 2013; Løkkegaard and Mortensen, 2017;
Mortensen et al., 2016). Many scholars agree that mod-
ularization is as much a management concern, as it is
an R&D concern. It is strategic, organizational, and
technical and should be rooted deeply within the strat-
egy of the organization to fully exploit its potential.
Modularity will create new product dependencies and a
need for new development processes, developer roles,
and management. This requires coordination across the
organization and combining competences, knowledge,
and strategies for concurrent R&D (Baldwin and
Clark, 1997; Cusumano and Gawer, 2002; De Weerd-
Nederhof et al., 2007; Fiil-Nielsen and Mortensen,
2006; Muffatto, 1999; Robertson and Ulrich, 1998;
Sanchez, 2015). Studies of modularized product config-
urators and the business performance of manufacturers
have identified several important influencing factors.
They include the following: support from top manage-
ment, and an open environment for innovation should
be facilitated; benefits should be clearly and continu-
ously explained to key decision-makers to keep them
backing up the project; a larger body of the organiza-
tion should be involved and trained; and open commu-
nication and employee involvement should be
maintained (Ariano and Dagnino, 1995; Huang et al.,
2010).

Relevant studies

This section identifies similar conducted studies,
grouped by the extent to which they describe SMEs,

Mortensen et al. 17
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followed by an outline of the most relevant studies and
their relation to the focus of this article.

The identified papers focus on different aspects of
modularization and its implementation. Among the
case study– or empirical study–based research, some
studies included only large companies (Appelqvist and
Gubi, 2004; de Avila and Borsato, 2014; Feitzinger and
Lee, 1997; Løkkegaard and Mortensen, 2017; Meyer
and Dalal, 2001; Muffatto, 1999; Nobeoka and
Cusumano, 1997; Pasche, 2011; Piran et al., 2017;
Stewart and Yan, 2008; Wouters and Kerssens-van
Drongelen, 2004). The rest included both large compa-
nies and SMEs or focused solely on the latter (Antonio
et al., 2007; Dadfar et al., 2013; Engel et al., 2016;
Fagerstrom and Jackson, 2003; Hansen and Sun, 2011;
Haug et al., 2012; Huang et al., 2010; Hvam et al.,
2013; Saliba et al., 2017; Stewart and Yan, 2008;
Sundgren, 1999). Among these, only a handful drew
upon multiple company experiences to communicate
common factors for success or failure. The individual
presentations of these companies along with their
respective scopes and imparted knowledge, within the
areas in which this article aims to contribute, are
described below.

Sundgren (1999) provided two long-term case studies
from Swedish manufacturing SMEs. The study focused
on the development of new product architectures con-
sidering interface management. The long-term evalua-
tion therefore concerns only this topic.

Fagerstrom and Jackson (2003) presented multiple
case studies regarding modularization; they sought to
unveil how an architecture is defined, incorporated, and
maintained and examined other aspects of medium-
sized enterprises. The four companies that were inter-
viewed achieved a sub-optimal state by integrating only
about half of their modularization goals. The R&D,
marketing, and production departments had different
opinions on what an architecture is. Thus, coherent
development was hindered, and a full-blown strategic
decision was not achieved. The reasons for its improper
implementation were presented in their work; however,
it does not address actual experiences from company
representatives, for example, individual problems of
understanding or goal-setting issues.

A comprehensive empirical study conducted by
Antonio et al. (2007) effectively collected 251 useful
questionnaires from both large and very small firms
(less than 50 employees to more than 5000 employees)
in China (mostly Hong Kong). The study targeted
competitive capabilities and performance. It is highly
comprehensive in terms of the number of participants,
but there is a lack of long-term beneficial factors.

The problem of the complexity in managing modu-
larity was addressed by Hansen and Sun (2011), who
studied 40 projects in 22 companies. The authors

proposed two methods to support management efforts:
the Benefit Matrix and Platform Template. These tools
are intended to help managers assess benefits and
improve ways of communicating the same, by estab-
lishing a shared vocabulary. However, the article does
not include overall considerations of successful imple-
mentation or address modularization as a concern
throughout a company.

Dadfar et al. (2013) presented a research and inter-
view study of innovation and platform development in
eight small- and medium-sized medical production
companies in Iran. The following general terms defin-
ing beneficial development were discovered: proper
focus on the strategy, organizational structure, and
processes. The conclusion presented useful results
regarding management considerations but lacked long-
term evaluations. Furthermore, the paper states that
further evaluation research on the modularization ben-
efits in the industry is required.

Hvam et al. (2013) conducted four case studies of
companies, of which only one is classified as an SME,
having 100 employees. The article presents the benefits
of applying product configuration systems. General
results on the beneficial tendencies of modularization
projects in SMEs are sparse because of the small sam-
ple size of SMEs and the specific focus on mass custo-
mization tools.

A recent empirical study by Saliba et al. (2017) con-
cerning reconfigurable manufacturing systems pre-
sented the results gathered from 70 different companies
using a structured questionnaire. Special care was taken
to include small-, medium-, and large-sized firms.
However, the study focused on considerations in manu-
facturing automation, separating itself from the scope
of this article.

Research gap

Modularization has been proven beneficial in both
larger and smaller studies. Evidentially, some compa-
nies can successfully implement modularization, with
various strategies. Most of the identified studies focused
on short-term development changes and improvements.
They often dealt with cases of a single business, prod-
uct, or development cycle. In such studies, there is a
general lack of information on the experiences with
modularity implementation and the concerns related to
this process.

In addition, there is a shortage of studies with larger
selections of comparable SMEs that focus on the long-
term commonalities. Specifically, there is no clarity on
what actions, approaches, and precautions are adopted
to support its significant impact on the company. An
investigation is needed on how SMEs incorporate
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modularization, how it impacts them, and how they
can affect this impact.

Results

Common answers and shared perspectives among all
12 interviews are divided and presented in four tables.
The first three (Tables 1, 2, and 3) primarily concern
RQ.1, RQ.2, and RQ.3, respectively. They share the
same structure, with a generalized statement followed
by indications of which interviews supported this. The
second column is a summation of these indications.
Finally, Table 4 also concerns RQ.3 but with a focus
on categorizing the project impacts and the company
maintenance plans. A distinction is made between the
short- and long-term significance of the impacts. Some
of the achieved benefits are reminiscent of normal or
large product development projects. Others are more
deeply rooted in the companies and their approach to

developing products; hence, the changes are likely to
affect subsequent development cycles and projects.

Generally, the interviews indicated that the projects
ran consecutively but often with a very vague transition
between the project phases (as classified in Table 4).
There was no specific preparation before participating
in the initiative; it was rather an immediate entry from
one day to another. Another general notion with the
participants was that analyses and implementation
often merged together, as key decisions of implementa-
tion were made during analysis meetings.

The representation of authority and project prioritiza-
tion was discussed considerably in the interviews. The par-
ticipants noted that the layers of the organization were
involved differently throughout the project phases. This
representation is illustrated in Figure 2(a) and (b) for the
companies with short- and long-term impacts, respectively.
The numbers indicate the number of the companies in
which the specific management layer was represented.

Table 1. Interview findings related to RQ.1 (primarily).

Statements
P

I II III IV V VI VII VIII IX X XI XII

Found top management support
important

11 1 – 1 1 1 1 1 1 1 1 1 1

Had to change/adjust goals
during the project

8 1 1 – – 1 – – 1 1 1 1 1

Had no real expectations on
how modularization was going
to be applied

7 – – 1 1 – 1 1 – – 1 1 1

Are positive about new
modularization projects or are
already planning such projects

7 1 1 1 – – – 1 1 – – 1 1

Found it difficult to explain the
process, benefits, value, or the
organizational changes and
thereby convince key decision-
makers

7 – 1 1 – 1 1 1 – 1 – 1 –

Found that the mind-set of
modularization was the most
important contribution from the
initial phases and limited their
use of specific tools

5 – 1 – 1 1 – – – – – 1 1

Found the early representation
of top management important

4 – – – 1 1 – – 1 – – 1 –

Found inspiration from others
important

3 1 – – – – – – – – – 1 1

Had consultants follow-up on
their process

3 – – – 1 – – 1 – – – 1 –

Found financial support crucial
for participation

3 – – – – – – 1 1 – – 1 –

Found it very beneficial with
external facilitation and guidance

2 – – – – – 1 – – – – 1 –

Found that clear achievements
or prospects convinced top
management

2 – – 1 1 – – – – – – – –
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Data analysis and discussion

The participating companies had driven their modulari-
zation projects from the introduction of the same core
principles. Expanding from these core principles, they
used the theory differently; nevertheless, many similari-
ties are observed between them in the process of intro-
ducing the new development style, with both positive
and negative influencing aspects. The key observations
gathered with respect to the three research questions
are described as follows.

How were the modularization projects defined within
the SMEs?

The interviews indicated participants’ uncertainty
about the modularization process, especially its out-
comes. More than half of the participants (7/12) had
no clear expectation of how modularization was going
to be applied. Several (3/12) found significant inspira-
tion in hearing what others had achieved with modular-
ization. Some (2/12) found the external facilitation and
guidance useful for steering the process. Moreover, sev-
eral (3/12) had to revisit consultants to follow-up on
the methods and theory. As the value is intangible, the
participation of some (3/12) depended on financial

support. This uncertainty of application and value was
underlined by the majority of companies (8/12), who
had to adjust their goals during the project.
Uncertainty challenges the communication of value
and potential. This makes it difficult to justify the proj-
ect and convince key decision-makers, as commented
by multiple participants (7/12). Most participants (11/
12) agreed that convincing top management is impor-
tant, as their support is critical. Some (2/12) stated that
tangible achievements convinced the top management.
These findings suggest a need for involving the top
management early in the process. In addition, several
participants (4/12) acknowledged the importance of
having key decision-makers involved from the begin-
ning. Finally, almost half (5/12) of the participants
pointed to the mind-set of modularization as the pri-
marily tool that they brought into the company from
the workshops.

In addition, the companies could not easily define
modularization; thus, many entered the projects with an
open mind, defined modularization as the projects pro-
gressed, and acquired more knowledge about themselves
and how modularization fit within the companies. There
are many opportunities with modularization, but there
is also a lack of certainty. The vast application area and
largely varied spectrum of consequences implies a lack

Table 2. Interview findings related to RQ.2 (primarily).

Statements
P

I II III IV V VI VII VIII IX X XI XII

Stated that the initiative has
improved the company standing/
position

11 1 1 1 1 1 1 1 1 1 – 1 1

Adjusted ambitions down during
the project

7 1 1 – – – 1 – 1 – 1 1 1

Found it important that
modularization fits the project
type or timing

6 – 1 – – 1 – 1 1 1 – 1 –

Saw that the new development
roles cause managerial changes
in staff

6 1 – 1 1 1 1 – – 1 – – –

Found it important that
modularization fits the company
or the company situation

4 – – – – 1 – – 1 1 – 1 –

Found early team composition
important to allow the right
people to obtain the knowledge

4 – – – – – 1 1 – – 1 1 –

Found it beneficial to have the
customer involved or closely
connected to the project/
process

3 – – – – 1 – – – 1 – – 1

Found it important to have the
project visible to the entire
organization or have the
organization broadly
represented early on

3 – 1 1 1 – – – – – – – –

Found drive from the entire
organization important

3 1 1 – – – – – – – – 1 –
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of clarity of both the process and value. Modularization
becomes difficult to explain and justify within compa-
nies. It is important to have prospects clearly presented
for key decision-makers or allow them to discover the
value for themselves by being involved in the projects.

How were the modularization projects executed
within the SMEs?

The observed modularization projects can be categor-
ized into two scenarios: portfolio (6/12) and single-

product (6/12) projects. There was a good representa-
tion of both among the interviewed companies, and the
results point to the satisfaction of most companies with
both scenarios (11/12). Both project scenarios can
achieve beneficial results, thus ultimately providing
some value. The satisfied participants (11/12) also
found the project to have improved the companies’
position, and some (7/12) even planned new projects
already. The use of modularity depends on several
aspects and must be adapted to fit a company’s unique
situation. Some companies (4/12) highlighted the fit for

Table 3. Interview findings related to RQ.3 (primarily).

Statements
P

I II III IV V VI VII VIII IX X XI XII

Were satisfied with both the
process and results

11 1 1 1 1 1 1 1 1 1 – 1 1

Found it important that the
introduction came from the
position it did, with the
accompanying responsibility and
connections

11 1 1 1 1 1 1 1 1 1 – 1 1

Found it unlikely that the
project would have evolved if
the introduction had come
further down the company
hierarchy

11 – 1 1 1 1 1 1 1 1 1 1 1

Concretely used modularization
or the obtained results

10 1 1 1 1 1 – 1 1 1 – 1 1

Had it introduced by top- or
section management

10 1 1 1 1 1 – 1 1 1 1 1 –

Found it important to prioritize
the project in relation to normal
routines

9 – 1 1 1 – 1 1 1 1 1 1 –

Found dedicated personnel/
time/workspace important

6 – 1 1 – 1 – 1 – 1 1 – –

Found it important to have good
communication between layers/
departments, preferably from a
flat organizational hierarchy and/
or short communication routes

5 – – 1 – – – 1 – 1 1 – 1

Found it important to make a
strategic decision that includes
fundamental or organizational
changes

5 – – – 1 – – – 1 1 1 1 –

Had a task force with broad
company representation (all
relevant sections/stakeholders)

5 – 1 1 – – 1 1 – – – 1 –

Acknowledged a need for
internally maintaining
modularization know how

4 – – 1 – 1 – – 1 – – 1 –

Found it important to have a
clear owner or monitor of the
project

3 – – – – 1 – – – 1 1 – –

Found it difficult to balance the
new initiative with legacy
development

3 – – – – – 1 – – – 1 1 –

Did an instant switch from old
to new

2 – – – – – – 1 – – – – 1
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their situation, while some (6/12) highlighted the fit for
the project. The goals are set accordingly. However,
goal setting and balancing of the application area ver-
sus the reach of modularization has proven difficult.
More than half of the companies (7/12) acknowledged
that they had to lower their goals during the implemen-
tation. Although ambitions are high and often adjusted
down, several interviewed participants (5/12) agreed
with scholars in that modularity became an important
strategic decision for the significant improvement of
the company. Likewise, a majority (9/12) found it
important to prioritize the project in relation to normal
routines. This could lead to changes in staff, as experi-
enced by some companies (6/12) because of the new
development roles.

In addition, there are two options for implementing
modularization projects. One is a product-centered
scope that can have potential value, which is the right
choice for some companies. The other option is a more
in-depth rationalization of the development roles and
structure. If the company dares to plan for and pursue
portfolio and organizational changes, despite the inher-
ent uncertainty, there is greater potential value to be
realized. However, many find it difficult to make this
choice beforehand and must determine their match dur-
ing the project.

What were the commonalities for achieving a
significant long-term impact from these
modularization projects?

For most companies (10/12), it was either top or section
management who introduced the initiative, and almost all
(11/12) highlighted the importance of the introduction
coming from the managerial level that it did. The same
number (11/12) stated that the initiative would have met
more resistance if it had been introduced from a lower
managerial level. A fourth of the participants (3/12) found
it important to have a definitive owner of the project.

Several participants (5/12) stated that the project
conditions can be improved by having a broad repre-
sentation of relevant stakeholders. An equal number of
participants (5/12) highlighted the importance of proper
communication between relevant parties in the com-
pany. A fourth of the participants (3/12) even stressed
the importance of having clear communication among
the entire organization regarding the project or having
the organization engaged early on. The same fraction
(3/12) stated that customers should also be represented
or be heard. In any regard, the composition of stake-
holders and organizational representatives in the proj-
ect should be sorted out early in the process, as several
participants stated (4/12).

Table 4. Interview findings related to RQ.3 (primarily).

P
I II III IV V VI VII VIII IX X XI XII

Scope P S P* P P S S S P S S P

Impact
Strategic change 4 1 – 1 – 1 – – – – – – 1
New architecture 4 – – – – – – 1 – 1 – 1 1
Fewer variants 4 – 1 – – 1 – – 1 – – 1 –
Fewer parts 4 – – 1 1 – – – – – 1 1 –
Clear development- and product plan 2 – – – 1 – – – – – – – 1
New production routines 2 – – – 1 1 – – – – – – –
Postponed variance creation 2 – – – – – 1 – – – – – 1
Better internal communication and/or coordination 2 – – – – – – 1 – 1 – – –
New market segmentation 1 – – – 1 – – – – – – – –
New configuration or documentation system 1 1 – – – – – – – – – – –
Shorter lead times 1 – – 1 – – – – – – – – –
Cost cuts 1 – – – – – – – – – 1 – –
Logistical cost cuts 1 – – – – – – – – – – – 1

Maintenance
Digitalization/new software 5 1 – 1 1 1 – – – – – 1 –
Dedicated personnel 4 1 – 1 – 1 – – – 1 – – –
Internal education in modularization 2 – – – – – – – – 1 – 1 –
New development roles 1 – – – 1 – – – – – – – –
Weekly modularization-focused meetings 1 – – – – – – – – – – 1 –
Routinely top management involvement 1 – – – – 1 – – – – – – –
Re-investment in modularization 1 – – 1 – – – – – – – – –
Impact significance L S L L L S L S L S S L

Scopes are labeled P (Portfolio) or S (Single). Impact significance is labeled S (Short) or L (Long). (*) Proceeded by a pilot project with a single-

product scope.
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Table 4 shows actions and outcomes from the proj-
ects. Some of the companies achieved similar results for
regular or large product development cycles or pro-
cesses. These results are not likely to significantly affect
the company and its foundation of development.
However, some achieved significant deep-rooted
improvements in their organization and the ways in
which they develop their portfolio. These improve-
ments are respectively categorized as short- and long-
term significant impacts. The following observations
can be made from the table. All companies with the
intention of organizational change had implemented
maintenance measures to secure the achievements.
They had all achieved significant long-term results. In
addition, they are all among the companies (10/12) that
use modularization, or the results from modularization,
concretely in development. A third of the companies
(4/12) acknowledged the need to maintain the modular-
ization knowledge internally. Half of the companies (6/
12) noted the importance of dedicating resources, such
as personnel, time, or workspace. In contrast, almost
all companies that focused on single products had no
maintenance plans and achieved only short-term results
(4/12).

As shown in Figure 2(a), with the companies achiev-
ing short-term results, there appears to be a change in
responsibility from the top and section management
(representation declines) to team management and
employees (involvement increases). The same figure
also shows the lack of maintenance plans, as the repre-
sentation here is almost non-existent. In contrast,
Figure 2(b) shows that with the companies achieving
long-term results, the top and section management is
well represented throughout (also during monitoring).
Likewise, employees and team management are steadily
involved in the analyses and implementation. In addi-
tion, significantly more representations (thus more
activity) are observed in monitoring because of the ini-
tiated maintenance plans.

In addition, there must be an ownership of the mod-
ularization development and allocation of responsibil-
ity. The representation of various company instances
and the ownership of the modularization project are
highlighted in both the literature and the conducted
interviews. It is important to consider who has the pri-
mary responsibility, or more importantly, who it
should be. Which position and attributed connections
will most prominently maintain the momentum of the
project? The answer depends on the organizational
structure and the situation of the company; the reflec-
tion of ownership is important nonetheless. Apart from
the allocation of responsibility, the representation of
company organs throughout the project phases must
also be considered. The initial team composition is cru-
cial. Key decision-makers should be included to gain

momentum and to convey prospects. Practitioners
must also be included to ensure the proper attribution
of the knowledge of tools and methodologies. The rep-
resentation is then vertical, from top to bottom.
However, it must also be horizontal, across sections
and departments. Departments such as production,
sales, and development should all have an early influ-
ence. Apart from creating the foundation for potential
benefits, the support of actual achievements is impor-
tant. Maintenance plans for securing achievements and
the dedication of resources are very important for
properly exploiting the potential of modularization. If
the project accomplishments are not maintained, they
risk being devoured by routines and legacy develop-
ment. Maintenance can be done in various ways and
are ultimately plans meant to secure the progress of the
initiative. It could be investment in software to support
modular development (Prasad et al., 2010), education
of staff, concurrent development teams, changes to the
design process (Prasad, 2001a), or proper team-based
management (Prasad, 2001b). A potential maintenance
plan involves dedicated personnel (new positions with
focus on modularity), time (work hours allocated for
the topic), or workspace (dedicated areas or locations
for product rationalization). If resources are not

Figure 2. Involvement of management in the project phases
described by the representation of company management levels.
Top: Companies categorized with short term impacts. Bottom:
Companies categorized with long term impacts.
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dedicated or the company not equally committed, the
initiative risks become sidelined and lose its momentum
and impact.

Research limitations and error sources

Several considerations were made when extracting
quantitative and qualitative data, particularly from the
interviews. The following are considerations of the
influencing factors.

Due to the number of participating companies, the
findings are not statistically significant. The sample of
quantitative results is not sufficiently large to draw gen-
eral conclusions. However, compared to other similar
surveys, more companies have been analyzed with a
similar introduction to the topic. The participating
companies differ in their size, type, organizational
structure, product, customer base, and other aspects.
Thus, it is complicated to make comparisons and locate
definite parallels. However, they have all participated
in the same overall program and acquired the same
core knowledge of modularization.

The projects had continued for a considerably lengthy
period of time. Therefore, in a study like this, it is impos-
sible to avoid the everyday developments made in the
companies. Over time, it becomes highly difficult to assess
which actions lead to what specific improvements.

An interview guide was created for the interviewers
to maintain a similar structure through all the inter-
views. They were structured chronologically and con-
ducted as open debates, with notes and audio
recordings to allow the re-evaluation of interpretations
in the case of doubts. As the companies vary, the con-
ducted interview sessions also varied. These aspects of
variation and interpretation impacted the results.
However, significant effort was made to categorize the
answers and assess the similarities between statements
to properly collect the pool of results.

The interviews were conducted with the representa-
tives of the companies who had been preferably most
involved in the projects. Their answers could have been
biased, as the project leader or CEO might have been
compelled to impart the company and project more
positively. To combat this, the interviews were anon-
ymous. In addition, it was stressed that they were not
meant to evaluate and score the companies but rather
for gathering experiences to further help SMEs with
modularization.

Conclusion

The aim of this article was to investigate how a selection
of SME companies has implemented modularization,
based on a similar introduction to modular

development. Understanding how the companies dealt
with the task was helpful to ensure that the introduced
initiatives and knowledge was persevered.

A literature review was conducted to reveal the most
important aspects of incorporating modularization into
existing companies. It was concluded that research
regarding SMEs and long-term experiences with modu-
larization projects is sparse. This study elaborates on
some of the research gaps revealed through an
interview-based survey. A total of 12 Danish SMEs
that progressed with a specific modularization initiative
were selected. Their accounts of the initiation, process,
and concurrent considerations were analyzed to indi-
cate the significant impact of modularization.

Both literature and the participants of the survey
indicate that the understanding of modularization var-
ies widely and determining one generally applicable
definition and procedure is not possible. Each one is
tailored for a specific use case. This finding indicates an
equally varied spectrum of possible outcomes and con-
sequences, making it difficult to predict and estimate
the value of the project. Company representatives find
it challenging to properly communicate the value to
top management and get their support, which is crucial
according to both the literature and interviews.

Two scenarios were observed: some companies
engage in modularization as a regular product develop-
ment cycle, and others adapt it as a new strategy and
allow it to contribute to the foundation of the company.
Both scenarios can create value, but the most significant
benefits are acquired if the goals and subsequent scope
are substantial enough. Top management must show
serious commitment, and the entire organization must
rally behind the initiative to fully exploit its benefits.
Simply making technical changes is sub-optimal.
Entirely new roles of management and development are
needed. It is important to distinguish the initiative and
its benefits from a normal large-scale product develop-
ment process. Based on the interviews, the companies
find it difficult to place themselves in either scenario
beforehand, and the scope is often determined during
the projects. The external facilitation of inspiration
from peers is sometimes required to make this decision.
This depends entirely on the company’s situation. If
conditions are right and commitment is visible, the
companies should aim for substantial changes and
incorporate the necessary organizational and funda-
mental transformations.

Based on the interview participants’ diverse
responses and their accounts of what helped them in
the progress of modularization, three main aspects were
identified. First, it is essential that a company is willing
to change more than a single product or product series.
It must be enthusiastic and prepared to evolve entire
programs and the underlying organization as well.
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Only with such changes in the foundation of the com-
pany will significant improvements be created. Second,
proper organs of the company must be represented
throughout the different phases of the change incor-
poration. The involvement of top management and key
practitioners must be prioritized initially to successfully
acquire the organizational priority and engage the
executional workforce. Sections and departments
across the company must also be engaged. This will
secure the project in all corners of the organizational
span and secure a solid foundation for changes.
Finally, the development must be sustained and main-
tained to properly secure the achievements and benefits.
Actions must be taken to continuously prioritize modu-
larity in relation to legacy development. Examples of
measures that will help secure the accomplishments are
the recruitment for dedicated positions and the alloca-
tion of dedicated time or workspace for modularity-
related tasks.

Only a few sources of knowledge were identified
regarding long-term experiences with modularization in
SMEs and the implications of both project processes
and results. By investigating these sources, the study
contributes by offering a unique collection of experi-
ences from companies that have had the same introduc-
tion to the core topics. This makes the projects and
processes of these companies comparable, although
they are different. Collectively, they point to three main
aspects of achieving significant long-term benefits from
modularization initiatives: the SME must (1) aim big
and be willing to change its foundation accordingly, (2)
draw on the right positional strength and have broad
organizational inputs, and (3) properly coordinate work
and then actively seek to preserve the focus and results
over time.

Further research

Although this article initiated from questions about the
implementation and use of modularization in SMEs, it
has unveiled more compelling questions. Some impor-
tant ones, which would be quite interesting to research
further, are the following.

� How is the task of implementing modularity
handled differently across companies of different
sizes?

� Is it possible to estimate the return of investments
by hiring or allocating a dedicated workforce to the
architecture management?

� Is it possible to prepare a guide for modularization
to aid companies with the implementation and
maintenance?

� How can companies benefit from sharing experi-
ences with each other, and is it possible without
sacrificing intellectual properties?

� Which is better: pilot projects with a limited scope
or full-blown organizational changes, or perhaps a
combination of both?

� What is the proper team size in the different project
phases?

In general, the authors believe that research on a con-
crete guide for SMEs, with practical steps on how to
engage with modularization, would be quite compel-
ling. It would be highly interesting to conduct this pre-
sented study across other industry segments, sizes, and
geographic areas.
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Abstract 

Design-specifications play an important role in aligning organizational work and ensure everyone 

works towards the same solution. With many separate specifications and the fast revision pace of 

modern global business processes, there is a need to manage those revisions and changes and to make 

sure the information they hold is accessible for the whole organization. In this paper, a concept is 

introduced for a chain-like data structure that allows merging design specifications and tracking all 

changes. The functionality behind it is inspired from state of the art software development methods. 

 

Keywords: concurrent engineering (CE), data driven design, engineering change, product 

data management (PDM) 

1 Introduction 

The world of engineering is increasingly global, fast-paced and complex. Businesses are 

attempting to work smoothly across borders and continents while designing more and more 

elaborate products. This development puts focus on the need to have relevant documentation 

readily available anywhere in the world. For many project-based businesses, this translates 

into an abundance of engineering design specifications done for each project and often in 

several revisions as the projects are detailed. The engineering design specifications exist to 

properly convey information and requirements between business units or stakeholders. Their 

purpose is to ensure that everyone agrees on the task at hand and the intended solution. They 

are the recipes for the solution and subsequent design tasks, guiding development towards the 

best solution and avoiding changes and re-work (Hvam et al., 2008; Simpson, 2010). 

 

As product related businesses include many expert knowledge areas and function-specific 

work groups, design specifications are often tailored to individual aspects of the product. 

Process specifications are done for the process engineering, physical specifications are done 

for the drawers and electrical specifications are done for the electrical department to design a 

fitting control solution. This results in a multitude of domain-specific design specifications 

throughout the organization. An abundance of design specifications are done for a single 

product, often scattered across many different locations and in several analog and digital 

formats. These are all sources of information about a given product. If the revisions of the 

specifications are counted as well, the amount of information sources multiply.  
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Collecting project information is important for conducting project analyses and tracking of 

changes that are carried out throughout project execution. Businesses often employ a suite of 

management systems to cope with the need for collecting information and managing changes 

to that information (Bruun et al., 2015; Hameri & Nikkola, 1995; Lämmer & Theiss, 2015; 

Muli & Allen, 2013; Siddiqui et al., 2004). These systems are focused on project 

documentation and structured storage of files for specific purposes e.g. CAD files or technical 

drawings. The structured storage of project documentation ensures that it is readily available 

for project stakeholders. However, it does not ensure that project information is readily 

available for analyses such as portfolio management analyses, trend analyses and business 

intelligence inquiry, resulting in data and information that is notoriously difficult to gather 

(Bohm et al., 2011; Brunoe & Nielsen, 2012; Duchi et al., 2014; Foehr et al., 2015; Hvam et 

al., 2006; Robertson & Ulrich, 1998). These analyses often require access to project data – 

typically included in specifications. Product categories, sizes, types, functionalities, key 

performance indicators, etc., which are often defined before the actual solution is created. The 

primary use of this data is to determine the design the product without prioritizing the 

implications of the data format and structure on future data management and analyses. 

 

There is a need to structure engineering design specification information in a system that 

allows proper storage and use, subsequent analyses and project continuity. To meet this need, 

this paper proposes a concept for merging domain-specific product specifications into a 

combined chain of information in order to support the structured storage of specification 

information and the accessibility to fundamental project data. This chain serves as the single 

source of specification information for the project stakeholders, while simultaneously tracking 

changes and supplying data for subsequent portfolio analyses. The chain also allows product 

development projects to re-use previous project structures and data. 

2 Methodology 

In order to develop a concept for an improved change management and revision tracking, a 

literature study is conducted to identify existing research in the areas of product design 

specifications and product data management (see section 3). Additionally, a case study 

including two case companies was carried out to determine industry requirements for the 

development of a specification management system (see section 4). The revealed insights are 

consolidated to form the requirements for the concept development and the proposed concept 

is presented in section 5, followed by a discussion of benefits and limitations in section 6. 

3 Background 

In order to describe the state of the art research in this area, the literature review has been 

focused on two aspects: (1) The design specification and engineering change management and 

(2) project- and product data management systems. 

3.1 Design Specifications 

Throughout the design process in an engineering company, the product is designed in an 

iterative process with an increasing level of detail over time. Therefore, customer 

requirements are translated into product specifications that provide the functional and 

physical details of the product (Cho et al., 2016; Darlington & Culley, 2002). Specifications 

can be created in a multitude of ways, formats and styles conveying everything from lists of 

functionalities, specific performance targets, solution outline sketches and preliminary 

drawings to name just a few (Halevi, 2012). In case of complex products, a collaborative and 
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interdisciplinary design process is carried out. When developing customized products, as is 

the case in the Engineer-To-Order and Configure-To-Order business models, changes usually 

occur even in the late design and engineering stages due to design errors, customer-induced 

modifications or improvements (Bhuiyan et al., 2006). Given the high interconnectivity of the 

different product domains in complex products, a change in one domain often has knock-on 

effects in other domains as well. This phenomenon is also known as change propagation 

(Clarkson et al., 2001; Hamraz & Clarkson, 2015).  

3.2 Project and Product Data Management 

Past research efforts showed the need for the development of approaches to support the 

complex engineering process and the interaction between the responsible parties (Jarratt et al., 

2005; Wasmer et al., 2011). Researchers have already proposed solutions to tackle 

engineering revision control with inspiration from the software domain. This is often referred 

to as Product Data Management. 

 

Product Data Management is an umbrella term describing different systems for managing the 

information in a project or product development process (Forza & Salvador, 2006). Most of 

these solutions are aimed at the structured storage of documentation to ensure that involved 

parties can store, gather and find the latest versions of drawings, bill of materials and 

calculations. 

 

A proposed concept suggests file-based revision control system using Git (Spinellis, 2005) to 

handle project documentation versions (Anzengruber & Hehenberger, 2017). The concept 

utilizes a distributed network of peers to enable version tracking of project documentation and 

mimics the functions of a traditional PDM system. However, the concept is file-based and 

thus relies on the applicability of existing project documents into this new system. 

Shortcomings of this approach include the handling of proprietary formats for CAD programs 

and alike.  

 

Project data can also be stored as non-relational databases with a web interface (F. Rocha & 

Varela, 2013). They propose a concept where product data is stored in a document-oriented 

database called CouchDB. Document-oriented databases (Kuznetsov & Poskonin, 2014) are 

characterized by their main structure not being tables related to each other but rather 

independent collections of variables and data. It is proposed to use this data structure to 

collect information in new product development and to have a single location where 

stakeholders can collect their information. There are many types of databases using this 

structure or a similar approach (NoSQL, 2020).  

 

Configurators and configurator systems are popular tools for implementing customization 

options and variance control in engineering sales activities. The main principle is the 

introduction of programmed logic to control combinations and instances of classified 

solutions and sub-solutions. This functionality has proven useful and powerful in many 

business contexts. However, the use of configurators is not limited to sales activities, hence 

there is an increasing effort to extend the functionality of configuration into subsequent 

project phases. (Myrodia et al., 2018a, 2018b). Configuration Lifecycle Management (CLM) 

systems does exactly this. It serves as a single basis for product/solution combinatory logic 

and the idea is that “all configuration-related business processes access CLM for 

configuration definitions and queries.” (www.cio-wiki.org, n.d.) ultimately being a hub for 

pre-defined product information. 
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4 Case Studies 

Insights from two industry case companies are used for identifying the needs for specification 

revision management. The needs are used to match the developed concept with reality and to 

discuss improvement potentials. The two case companies are of different business size (small-

medium and large) and cover different approaches to the product development of customized 

products (Configure-To-Order and Engineer-To-Order). Other approaches such as partly 

configurable or customer co-created products would form an interesting extension to this 

study but are not part of this research. The presented insights are based on semi-structured 

expert interviews with company employees and an analysis of currently used tools and 

applications for product design specification. 

4.1 Case Company 1: Small-Medium Configure-To-Order Business 

This company is a Scandinavian project based company that sources construction components 

and provides system deliveries such as installations. The company retrofits construction parts 

on existing buildings by following a project-to-project approach resulting in similar but never 

identical projects. The company uses a product configuration for sales of the initial expected 

design. However, the delivered product is rarely exactly the same as what was sold initially 

due to changes throughout the product development process.  

 

The design specification constitutes four phases: (1) sales phase, (2) initial design 

specification, (3) detailed design specification and (4) installation on site. The sales phase 

generally consists of an initial design specifying the expected performance of the product, 

while the initial design specifications include principal permissions from authorities. The 

detailed design specification state measurements, static calculations, technical drawings and 

installation guidelines. Lastly, some properties of the specifications might be changed during 

on-site installation.  

 

The design specifications are created in four different departments by employees with 

different competences and various ways of documenting the undertaken changes. This 

decentralized approach results in challenges when looking for correct data and identifying the 

latest specifications. Most specifications are updated to an Electronic Document and Records 

management system, while other specifications would be stored in spreadsheets, text 

documents, 3D drawing programs or as notes on paper. The result is a need for double 

checking and confirming that the data presented in the various systems is the latest, valid 

version. If wrong specifications are used the experienced consequences are quality problems 

as well as increased lead time and costs and an overall decreased profitability. 

 

The company experiences problems with the accuracy of design specifications from sales to 

order and identified a need for systematic control of design specifications throughout all 

phases. The following requirements for a solution to handle product specifications in the 

particular project based company are identified: 

 

 A single source for correct product documentation in all project phases needs to be 

established. 

 A revision control mechanism has to be implemented, containing a changelog of the 

design history that cannot be changed or manipulated. 

 The ability to handle unforeseen specifications that are not within standard must be 

ensured. 
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 Data needs to be well-structured in order to be used for analysis of project success 

related to design decision. 

4.2 Case Company 2: Large Engineer-To-Order Business 

The case company designs and installs highly customized processing plants. The developed 

solutions are offered on a global market. The case company is responsible for the entire 

product development from customer requirements to final start-up of the built plant. The 

product development is project-based and according to Engineer-To-Order (ETO) 

characteristics of low volume and high levels of customization, including stakeholders in 

different locations with different professional backgrounds.  

 

In the beginning of a new product development project, many product requirements and 

design characteristics are unknown and need to be clarified and changed throughout the 

product development process. Communicating changes throughout the supply chain and 

ensuring that everyone is working with the latest versions of specifications is critical for the 

project success. Furthermore, the unique nature of the products results in unique product 

information and project data. In order to overcome this challenge, the company uses several 

Project/Product Documentation Management (PDM) systems and Project Lifecycle 

Management (PLM) systems. However, most fixed templates are modified to fit unique 

parameters of new customers and new projects. Thus, analyses of products across the 

organization and across projects are often very difficult, given that data and information is 

saved in different formats and locations and therefore cannot be directly compared. 

 

In the company, specification sheets are created, updated and archived in separate routines in 

the lifetime of a project by the different domains, resulting in unique products. Even if all 

equipment would match that of earlier deliveries, placements and operational parameters 

would need to be modified to match the specific customer requirements. Therefore, it is 

important that a potential specification system can accommodate varied information and 

unforeseen data inputs. The ability to allow different stakeholders to read, write and change 

information while limiting these abilities for other stakeholders is important. New projects are 

commenced with a low level of detail compared to the available information in the later 

project phases. A specification revision system must be able to handle this gradual detailing. 

In contrast to project documentation management systems, the information has to be fully 

digitalized and ready for manipulation. This is not the same as digital versions of analogue 

information, e.g. scanned documents or electronic documents, but the ability of a new 

solution to be integrated in existing IT systems and digital tools is important. Business 

processes and key operations should not be repeated or overloaded by introducing a new 

specification revision system. Process calculations, equipment specifications, electrical 

requirements, operational parameters are examples of processes that must not be 

overcomplicated by the introduction of the specification management system.  

5 Proposal for a Specification Chain 

This section presents the concept of utilizing a chain structure to combine domain specific 

design specifications and track revisions. First, the identified requirements for a specification 

management system described in sections 3 and 4 are consolidated in section 5.1. Based on 

those requirements, the concept is developed and detailed from section 5.2 and onwards. 
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5.1 Concept Requirements 

The high interconnectivity of different domains in the design of complex products requires 

the alignment of design specifications. Therefore, a new concept for a specification 

management system that combines the specifications of different domains into one 

management system is required in order to mitigate the change propagation effect. At the 

same time, the system needs to provide the ability to differentiate read/write user rights to 

prevent users from (accidentally or willfully) interfering with specifications belonging to a 

different domain. Ensuring that the specification data is stored and kept up to date in one 

dedicated location reduces the effort of collecting data for follow-up analyses. Building the 

system on entirely digital data will further improve the ability to conduct subsequent analyses. 

Additionally, the characteristics of customized product development, such as late engineering 

changes and a low level of detail in the beginning of the design process, need to be accounted 

for by ensuring that the specification management system is able to handle unforeseen 

variables. Another practical requirement is the ability of the new system to be integrated with 

existing design tools. 

5.2 A Single Open-Ended Specification 

The specification is born considering the available information when the project is started, 

e.g. with a customer name and a project label. As the project progresses and designers, 

engineering teams, controllers and managers add more information, the specification grows. 

Users (e.g. experts, engineers, stakeholders, etc.) can either edit the existing information or 

add new data to the specification. As work is detailed and the product is realized, the joint 

specification will represent the latest revision of all specifications at any given point of time. 

Figure 1 visualizes the difference between specifications that are created and stored by each 

 

Figure 1: A visualization of the difference between (top) specific specifications for each domain or 

organizational function and (bottom) a single continuous specification that is extended for each 

project step. 
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domain or stakeholder individually and specifications that are stored and updated in one 

defined format. The top part of Figure 1 shows how different project stages and domains 

create, fill and archive their own specifications. In the end, multiple specifications in several 

revisions are stored in various locations. The bottom half of Figure 1 shows how each stage 

and project domain continues the specification of the last and every revision is archived. 

Lastly, a single specification is stored in one place. 

 

Following the specification chain approach visualized in Figure 1 (bottom), the domain 

specific specifications are combined into one joint project specification. Picture them as 

chapters in a book or tabs on a website, belonging to the joint specification with the option of 

being collected into categories. To secure specification information to be trustworthy, 

different editing rights can be granted to various user groups. An example could be to limit 

the writing capabilities of the electrical department to the specifications that deal with 

electrical wiring and electrical component specifications only. Some of the specified 

information might also be confidential and require special reading rights, like letting certain 

suppliers see only a fraction of the specifications e.g. the component design information and 

not sensitive financial data. 

Figure 2 presents the concept in more detail, visualizing the chain structure and chain 

interaction between users and projects. The details are further described in the following 

sections. 

5.3 Chain Structure 

Each company project has its own chain of specification data. This chain captures the project 

specification information from its creation (start of a new project) to the end (a completed 

project that is not updated further). The specifications chain consists of single blocks. These 

blocks have the same structure and core elements, although the data they contain may differ. 

They all include a unique identifier, i.e. an identification index and a reference to the 

preceding block. Whenever a user changes any information, a new revision of the 

specification is created. The user experience does not change, but in the background a new 

block is added to the chain, including the changed or added information and a reference to the 

former block. In order to  ensure a sufficient quality of the information that is stored in the 

specification chain, each block must be designed to avoid misleading data. This could be 

realized by, amongst others, limiting the type of information that can be put in, forcing the use 

of certain units and using a common nomenclature. The responsibility for monitoring this 

process can either lie with the stakeholders who are responsible for the overall execution of 

the product development process or experts in each stakeholder group. 

 

In project-based engineering businesses, many projects contain much of the same 

information. The actual details and values of variables might not be identical, but the 

categories of information needed and the specific fields to fill will most likely be the same 

across the majority of product development projects. In order to increase work efficiency the 

system must therefore allow this work to be re-used and not re-done in every project. To do 

this, the specification chain can be created using a previous project chain. By copying the 

state of another previous project at a specific time, all the defined variables and values are 

used as basis for the new project. For the project manager it functions as a template, at the 

back-end it functions as a fork to the chain. A fork is a common term in computer science and 

refers to the point where a continuous chain of revisions branches off into two separate new 

chains. The original chain is unaltered, while the new chain has its origin in the targeted point 

of the original chain by creating a new block that refers back to an existing block in the 
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original chain. In the case of the specifications, the new project can skip many iterations of 

 

Figure 2: Overview of the concept of a combined specification chain. Top: Project stakeholders 

interacting with the chain through a web interface. Middle: Several product development projects 

emerging from the same root specification. Bottom: Chain-like file structure where every specification 

revision refers to the last one. 
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specifications and start as a mirror of a previous project. If a new project is very similar to a 

previous project, a later state of that previous project can be used as a basis. Figure 2 

illustrates this with a Template Project serving as the base for a new project chain. 

5.4 Interfaces 

Accessing the specification chain as a user could be realized similar to accessing a website. 

Several tabs contain information regarding different business units or functional groups of the 

project team. In these tabs, sections or blocks of specifications group related information. The 

site shows lists of variables with three attributes each: An index (used for coded storage and 

reference), a label (for explaining the use of this variable) and a value (the actual 

specification). A user can then edit existing information or add new information as needed, as 

illustrated on Figure 2 (top). IT systems and business tools can interact as users on the chain. 

If simulation programs are used for specifying component dimensions, those dimensions can 

be written directly from the software to the specification chain.  

5.5 Analyses 

The structured data-storage also enables inter-project comparison and analysis of the change 

of variables along a chain i.e. as the project evolves. It furthermore enables cross-project 

comparison and analysis, to reveal how projects differ. Figure 2 visualizes both these 

analytical possibilities. This ability to systematically use the project specification data is 

important for conducting portfolio management and setting out portfolio strategies.  

6 Discussion 

This section will discuss the benefits and limitations of the proposed concept along with notes 

on related technology and the feasibility of realization. 

6.1 Fulfilment of Identified Requirements 

The developed concept for a specification management system meets the majority of the 

requirements identified in the literature and case study. The consolidation of all relevant 

design specifications into one management system is taken care of, thereby mitigating the 

change propagation effect. Changes are automatically broadcasted, ensuring that every 

stakeholder is working with the latest version of the design specifications. Furthermore, the 

effort of conducting follow-up analyses is reduced by storing the entire specification data in 

one location. In contrast to domain-specific specifications, where the information has to be 

retrieved from multiple locations and in multiple formats, the data is now readily available 

from the specification chain. Additionally, by governing the data and formats that make up 

the specifications, it can be ensured that all specifications exist in digital form. 

 

Nevertheless, more research and development effort has to go into ensuring that the 

specification chain can handle unforeseen changes and variables throughout the product 

development process. Furthermore, the integration of the specification system into the 

existing IT infrastructure remains a challenge. The small-medium Configure-To-Order 

company started to develop and implement a specification management system similar to the 

proposed concept. The alignment with existing tools in the large Engineer-To-Order case 

company on the other hand proposes a challenge. Future research should focus on the 

identification of interfaces in the existing IT landscape in a company and propose measures to 

ensure the integration of a specification management system. 
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6.2 Practical Realization of the Concept 

In the following subsection, potential tools for the implementation are presented. The 

proposed list of tools is not meant to be exhaustive, but rather to give an impression on how to 

practically realize the specification chain in an industrial context. 

 

Git (Spinellis, 2005; Tsitoara, 2020) is a tool for managing revisions and versions of software. 

It allows developers to branch code bases and work on local mirrors of the code. The strict 

version controlling of Git would significantly improve change tracking for engineering 

projects.  However, it is focused on code-bases. Hence, graphical data and more elaborate 

information is difficult to control with Git. If the specification information can be condensed 

into codified information (e.g. variables and data), then Git would be a good match. 

 

In order to improve data integrity, the concept of structuring specifications in chain data 

structures can be combined with the possibilities of decentralized storage. A popular topic in 

recent years in this subject has been the implementation of blockchain data structures for 

handling and managing transactions across the internet. Transactional data is stored in blocks 

of data, strung together in a continuous series of tamper proof blocks. In the most popular 

implementations, the blockchain is combined with a decentralized storage scheme. 

Blockchain is especially known for the utilization within crypto currency systems and the 

anticipated revolution of the traditional financial banking systems (Antipova, 2019; Golosova 

& Romanovs, 2018; Jain et al., 2019; Nofer et al., 2017). Expanding beyond the initial use for 

currencies, the blockchain technology is being widely tested for so-called ”smart contracts” 

and other automated transactional interactions (Antipova, 2019). The idea is to let events and 

reactions be programmed into the data chain, so if certain transactions happen, other pre-

determined transactions will be executed. This reduces the human interference when dealing 

with exchanges that are dependent on certain preconditions or prerequisites to be fulfilled. 

Furthermore, blockchains are getting attention as a medium for more widespread data 

retrieval and storage (Akbari et al., 2018; Rakovic et al., 2019) or backbones for large-scale 

data management systems and Internet-of-Things (IoT) networks (Jain et al., 2019). 

 

All information in the specification chain is stored as simple variables, so there are no formats 

of data that require excessive storage capacities. However, a large amount of blocks (i.e. 

revisions) of the data needs to be created and stored. If they are stored in multiple redundant 

locations (for data integrity purposes), it requires even more data storage capacity. Yet storage 

capacities are increasing fast and by ensuring a simple datatype the development effort should 

be manageable.  

6.3 Architectural Preparation 

The concept of chain-based specifications requires a fundamental coherency of the system 

that defines the product. The definition of product sub-subdivision, interfaces and 

commonalities is often referred to as a Product Architecture. This architecture defines the 

basic blueprint form which products are created. This should form the base for the 

specifications in the specification chains, to ensure continuity and coherence. Without a 

properly defined architecture, specifications would be difficult to compare and add 

information upon. Agreement of nomenclature between departments, hierarchical systems 

decompositions and product/project interfaces is a prerequisite for the implementation of this 

system. 
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7 Conclusion 

There have been plenty focus on the structured storage of product documentation in past 

research activities. However, the design specifications leading that function as the foundation 

of the product are usually left in domain-specific documents in various formats and locations. 

This leads to difficulties in sharing specification changes and retrieving project data for 

portfolio analyses. The reviewed literature combined with two industry cases suggest specific 

needs for engineering specification revision management: (1) To have updated and reliable 

specifications collected in one place, (2) to handle unknown characteristics of unique projects, 

(3) to be able to manage revisions and changes in project specifications and (4) to have data 

available for analyses and portfolio management. To accommodate these needs, a set of 

solution requirements are condensed from literature and industry. The paper presents a 

concept of combining specifications built on a chain-like data structure. It allows detailed 

tracking of changes and the reuse of previous work by forking (e.g. branching) of 

specification chains.  

 

Project management tools are often designed to support execution and used to optimize the 

creation and documentation of the projects and products. They are seldom designed to support 

design re-use, data collection, portfolio analyses or enable project continuity. A specification 

management system based around chain data structures has these possibilities. By having new 

specifications refer to previous specifications, the structure and data within them can be re-

used, enabling each project to serve as a template for the next. This connectivity between 

specifications and between projects also eases the analytical tasks of comparing product 

development projects and creating an overview of the portfolio of products. Essentially this 

concept showcases a management system designed for continuity and analyses instead of 

documentation and archival.  
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Abstract: The bidding phases in Engineering-to-Order (ETO) plant-engineering companies are 

characterized by significant uncertainty and subjectivity while being highly reliant on estimation 

techniques and profiling of profitable projects. A way to support these decisions are by retrieving 

reference projects from the company’s historic portfolio. The hybrid approach proposed in this paper 

combines three support types: Parameter Comparison, Similarity Scoring and Performance Evaluation. 

It allows the decision maker to better identify profitable from risky projects based on comparison on 

different levels using similarity scores and project performance projections. A support tool following 

this methodology is co-developed and tested with an industrial partner in an action research study 

including a sample of the company’s portfolio. The tests and demonstrations reveal (1) that such a tool 

have significant value if it contains the entire portfolio of past relevant company projects, and (2) that 

the subjective judgement is indeed supported by indicating relevant reference products of the past. The 

approach of mixing support types and accommodating the varied nature of ETO plants proves useful. 

However, significant challenges on implementation into ETO plant engineering company data 

infrastructure and portfolio diversity are present.  

Keywords: engineer-to-order, decision-support, plant engineering, similarity scoring 

1 Introduction 

One-of-a-kind production is associated with high unit costs, high levels of variance, low production 

volumes, market-driven development and high levels of customization (Adrodegari et al., 2015; Hicks 

& McGovern, 2009; Wortmann, 1992; Yang, 2013). Based on concepts, principles or previously 

delivered products, Engineer-To-Order (ETO) re-design, re-engineer and manufacture one-of-a-kind 

solutions for every new customers (Gepp et al., 2013; Hooshmand et al., 2017; Willner et al., 2016). A 

subcategory is the ETO Plant-Engineering (ETO-PE) company involved with the specification, design, 

engineering, integration, procurement and manufacturing of plants (i.e. processing facilities) (Gepp et 

al., 2013). Their orders are characterized by being even fewer, bigger and with longer lead times.  

Customers approach several ETO-PE companies and evaluate returned offers on many criteria: Price, 

time and method of delivery, performance and supplier reputation and experience, etc.  (Sylla et al., 

2018; Watt et al., 2009). The ETO-PE company also evaluates on technical challenges, risk profile, 

estimated costs, etc. and decide how to the request (Guillon et al., 2017). If awarded the project, the 

incoming order triggers an individual specification process to fulfil the needs of the client (Adrodegari 

et al., 2015; Hooshmand et al., 2016). With only conceptual knowledge about the technical solution 

decision makers need to decide whether to invest in this project and enter the next phase of mapping 

out a technical solution (A. M. Alquier & Tignol, 2001; Chalal & Ghomari, 2006),. The high level of 

customization and the inherent product uniqueness makes the early decisions very important and they 

allocate the majority of anticipated cost (Hooshmand et al., 2016). The initial decision-makers must 

reduce project uncertainties and avoid jeopardizing project profitability by un-anticipated risks, costs 

changes or performance issues (Ayachi et al., 2019). They must approximate the product design and 

project plan by leveraging estimation schemes, knowledge management systems and other decision-

making support tools. These tools are put in place to support the early project phases to utilize 

organizational experience when dealing with yet-unknown products (Hvam et al., 2004; Kristjansdottir 

et al., 2017; Pandit & Zhu, 2007; Shafiee et al., 2017). 
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Researchers have focused on supporting early specification of ETO products (Brace & Cheutet, 2012) 

by Knowledge Management (KM) tools allowing access the aggregated organizational (Corso et al., 

2001; Mourtzis et al., 2014; Silventoinen et al., 2014) or Case-based Reasoning (CBR) allowing 

adaption of previously recorded solutions (Aamodt & Plaza, 1994; Kolodner, 1992; Mendes et al., 2002; 

Richter, 1998; Shafiee et al., 2015). For the few state-of-the-art works working with reference-retrieval 

in this industry, they either focus on (1) case-by-case comparison, (2) simple similarity schemes or (3) 

cost, risk or performance estimation. Yet these methods mostly stands alone and never in combination. 

This support void is especially clear for the ETO-PE business, with even less reference-based support 

tools and little guidance for management of plant traits in this context.  

To accommodate the highly varied and complex products of the ETO plant-engineering business, this 

study investigates the use of combined methods and techniques. Through a literature review in Section 

3, the paper investigates the use of different reference-based support methods. Besides reviewing 

general methodologies used in reference-based support for ETO companies (Knowledge Management 

Systems and Case-Based Reasoning), the review dives into three distinct types of methods: Parameter 

Comparison, Similarity Scoring and Performance Evaluation. Furthermore, hierarchical data and 

similarity scoring is also reviewed to accommodate the detail levels in the plant engineering business. 

Based on reviewed literature, a hybrid decision-support methodology is formulated in Section 4. A 

hybrid approach is proposed that allow the decision maker multiple types of support to identify good 

from bad incoming projects. It is specifically intended ETO-PE and the power of the approach arises 

from the combination of support types, comparison schemes and similarity scores. Based on this 

methodology, a case tool is co-development and tested with an industrial partner, presented in Section 

5. Summaries and conclusions on the findings and the methodology is presented in Section 6. 

2 Research Methodology  

The study described in this paper aim at investigating the retrieval of reference projects from an ETO-

PE portfolio using a combination of methods. The presented work is guided by the following research 

question:  

RQ: How to compare similarities for ETO plants by a hybrid comparison 

method and hierarchical product data structures? 

The methods used for reference-based decision support in industry and similar research has been 

divided into three types: Parameter Comparison (PC) covering the comparison of parameters between 

new and old projects. Similarity Scoring (SS) covering the identification of the most relevant reference 

projects. Performance Evaluation (PE) covering comparison and assessment of the performance of old 

and new projects. To ensure the fit for ETO plants, the study will further investigate the use of multi-

level data to accommodate both plant- and product-level data and similarity scoring. State-of-the-art 

research is reviewed within the areas: ETO business processes, ETO bidding processes, ETO Estimation 

Models, Knowledge Management Systems, Case-based Reasoning Systems and Bidding Decision 

Support Tools. The topics reviewed within state-of-the-art are the following: (1) Methods on reference 

project retrieval for ETO projects. (2) Use of PC-SS-PE methods for reference-based support. (3) 

Hierarchical data structures and similarity scoring. The review of state-of-the-art research forms the 

building blocks for a proposed reference-retrieval support tool methodology. A tool is then co-

developed and tested with an industrial partner in an action research study (de Vries & Berger, 2017; 

Skinner, 2016).  

3 Review of Decision Support Types 

Businesses are interested in utilizing reference projects in complex engineering and design projects, as 

it can mitigate risks, reduce uncertainty, improve efficiency and overall improve solution performance.  

In large organizations with complex products, the motivation for decision support systems are often 

focused on making knowledge available, providing calculated estimations to leverage in the decision-
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making or by systematically re-combining past solutions. Reusing past solutions implies that historic 

projects can be identified, retrieved, compared and repurposed. Central to this issue, is the challenge of 

making products and projects comparable across the portfolio. ETO projects are inherently unique, 

making previous deliveries difficult to directly re-use in new business ventures. That is one of the 

reasons, that proper comparison is needed, to allow the ETO company the best opportunity for re-using 

the experiences of historic projects. 

Knowledge Management (KM) and Knowledge Management Systems (KMS) deals with the 

capitalization, i.e. the creation, codification storage, retrieval, transfer and application, of knowledge 

within an organization and how knowledge is best used to create a long-term competitive advantage 

(Alavi & Leidner, 1999; Corso et al., 2001; McMahon et al., 2004; Wang et al., 2012). The interest in 

KM increases steadily, yet more research in this area also adds to the pool of definitions, leaving no 

single consistent definition and understanding of KM (Fteimi & Lehner, 2018; Rubenstein-Montano et 

al., 2001). A major part of publications around KM deals with motivation, benefits, challenges and 

barriers of KM, but only few deal with how to manage knowledge on a day-to-day level and provide 

viable solutions (Cerchione et al., 2016; Fteimi & Lehner, 2018; Gao & Bernard, 2018; Rubenstein-

Montano et al., 2001). The benefits of KM in an organization are manifold and can affect different 

layers of the organization and can be linked to organizational success, overall increased efficiency, 

decreased costs, higher profitability and improved project management (Alavi & Leidner, 1999; 

Edvardsson & Durst, 2013). Allowing the user to retrieve case documentation from a vast portfolio 

collection is the essence of a system proposed by Wang et al. (2012). They attempt to collect and utilize 

project and product documentation in one large framework that interlinks documentation, questions, 

design rationales and answers to supply the designer with a data collection that can be queried.  

Case-Based Reasoning (CBR) and Case-Based Reasoning Systems (CBRS) allow retrieval, reuse, 

revising and retaining former experiences and solutions from a library labeled a Case Base, similarly to 

how experts draw on experiences from memory (Aamodt & Plaza, 1994; Kolodner, 1992; Mendes et 

al., 2002; Richter, 1998). CBRS can be tailored to the exact context but typically focus on estimations, 

solution suggestions, problem solving references, failure warnings or situational interpretations, etc. 

(Kolodner, 1992; Plaza & McGinty, 2006). Several authors developed CBR systems for cost, time and 

markup estimations for different industries, such as construction (An et al., 2007; Chua et al., 2001; 

Dikmen et al., 2007; Ji et al., 2011; Leśniak & Zima, 2018), hardware products (Chan, 2005; Duverlie 

& Castelain, 1999), software products (Delany & Cunningham, 2002; Lees et al., 2000) and 

maintenance activities (Mourtzis et al., 2017). Some CBR implementations even automate decision-

making (Tseng & Lee, 2015; Wanous et al., 2000). (Watson & Gardingen, 1999) developed a distributed 

CBR system to support sales engineers with information about completed projects and assistance in the 

cost estimation phase. They found significant benefits in time savings and margins from using 

previously delivered reference projects. Others were concerned with the design and configuration 

processes and how reuse of existing designs can be facilitated using CBR (Hvam et al., 2004; Lees et 

al., 2000; Nakatani et al., 1992; Purvis & Pu, 1998; Smyth et al., 2001). Purvis & Pu (1998) suggests 

being able to re-use and combine sub-solution from past experiences.  

KM and CBR complement each other and can be combined into hybrid systems for improved results 

(Richter, 1998). Traditionally, KMS are concerned with making knowledge accessible for the user but 

not necessarily direct access to the right knowledge. CBR enhances KMS by identifying relevant 

information. At the same time, CBR profits from KM through enhanced and more sophisticated ways 

of synthesizing and storing knowledge (Dubitzky et al., 1999; Watson, 2001).  

Some reference-retrieval systems utilize Parameter Comparison as the main method, allowing the user 

to estimate where a new project is situated in the company solution space (Leśniak, 2015, 2016; Wanous 

et al., 2000). Leśniak (2015, 2016) by questionnaires, fuzzy theory and neural networks.  Wanous et al. 

(2000) by 18 key parameters in a parametric bidding-decision tool. 

”The similarity measure is one of the most important knowledge containers of any CBR system” Richter 

(1998). Similarity Scoring is key to project comparison. The results can be tuned by weighting or 

prioritizing the different parameters in several ways, matching parameters directly, partially or 
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approximately (Hyung et al., 2019; Watson & Gardingen, 1999). You et al. (2007) explored the 

possibilities of using CBR for a bidding KMS in the construction industry, matching cases of previous 

bidding situations to utilize the knowledge acquired here, in a new bidding scenario. Shafiee et al. (2015, 

2017) set out to improve the configuration processes by comparing key product variables of new 

configurations to old cases and identifying the most similar previous product configurations in order to 

let the designer re-use these.  

Performance Evaluation methods allow the assessment of past and new cases to minimize or maximize 

certain goals, e.g. cost, profitability or risk. Risk memory systems assists decision makers during the 

bidding process with risk estimates on specific projects. they compare external factors (requirements, 

price, risks) and internal factors (solution, costs, risks) along with risk probabilities, risk impacts, 

corrective and preventive actions and reduction of impacts and probabilities (A. M. B. Alquier & Tignol, 

2006; A. M. Alquier & Tignol, 2001; Ayachi et al., 2019; Bellos et al., 2002). Tseng & Lee (2015) 

classify and rank inputted orders on estimations of cost, profits and delivery times based on fuzzy logic 

questionnaires. Ji et al. (2011) proposes a model for cost estimation of building (i.e. construction) 

projects based on CBR with Euclidean distancing. Mourtzis et al. (2017) propose a knowledge-based 

CBR system to estimate maintenance activities. Ishii et al. (2011) compare project cost allocations and 

projected profitability for construction projects.  

Richter (1998) splits similarity scoring into three layers: Local Similarity concerning single attributes 

of the cases e.g. matching of individual parameters. Surface Similarity concerning the context and 

structure of the problem and solution i.e. “the syntactic properties”. Global Similarity takes the other 

two into account and utilizes weight factors to balance importance. Ji et al. (2011) categorizes similarity 

measures into distance-based and direct similarity measures. Hierarchical levels of data is also exploited 

by (Raffaeli et al., 2017) who focus on offer creation in the construction industry. They propose an 

approach for making cost-estimations for cranes based on cost data on the overall crane as well as cost 

data on individual crane modules. They combined both levels of cost data to form the final generated 

offer. (Li & Xie, 2013) introduces a multi-level similarity scoring for products in a one-of-a-kind 

production. They argue that case-retrieval and reuse on product level or part level alone is not sufficient.  

3.1 Conclusion 

There is agreement of the importance of supporting decision-making in ETO bidding phases (Brace & 

Cheutet, 2012; Hvam et al., 2004; Pandit & Zhu, 2007). There is an increasing focus on capturing, 

codifying and utilizing the knowledge in organizations, thus putting it to use through automatized 

processes or support systems in an industrial setting. Many support systems utilize CBR combined with 

KMS to structure and exploit parameterized experiences using different combinations of PC, SS or PE.   

Reference-based decision-support is established, but for complex plants there exist less optimal support. 

Various levels of decision support exists, from accessing available organizational knowledge to fully 

automated decision models  However, the authors were not able to identify any works on supporting 

early stage bidding-decisions by reference-retrieval for this industry, let alone tests of any consolidated 

tool methodologies. Fortunately, research works within reference-based support can combined to 

achieve this. While still relying on personnel judgement, but leveraging organizational experience, 

support can be granted to the user by KM, CBR or hybrid systems by combining three types of support 

and data-structures and similarity scorings fitted for one-of-a-kind plants. 

4 Hybrid Model 

ETO-PE companies need decision-support to relieve uncertainty from initial project bidding decisions. 

They have a vastly varied solution portfolio, but past one-of-a-kind experiences are difficult to leverage 

(Maher & De Silva Garza, 1997). Various methods tackle areas of the challenge of compared new to 

old. A methodology suited for ETO-PE is needed and proposed. It combines pieces of existing methods 

into one hybrid model and utilizes hierarchical data structures and combined similarity scores. It is 

important for ETO-PE companies to be able to compare new product orders to the historic portfolio, in 

order to assess the risk and potential of new orders. New plant orders are varied on both plant (high) 

249



 

5 

 

level and product (lower) level. The ability to do similarity scoring on both levels is important. These 

projects are one-of-a-kind and unlikely to fully match any previous delivery. Hence a system is needed 

that can cope with differentiated information and does not rely on strict product portfolio structures.  A 

way for initial decision makers to assess a new order, is to compare a new order to references from the 

portfolio and then projecting the performance of these previous deliveries onto the new. Retrieving 

reference projects based on similarity and reviewing performance evaluation indices allow the decision 

maker to assess whether these project usually fared advantageous or disadvantageous. The power lies 

in the ability to compare these types of projects on all three accounts: Individual parameters related to 

portfolio norms, multiple levels of similarity and project performance projections. The authors propose 

the described hybrid methodology to allow exactly these types of support to the decision maker in 

identifying probable success projects raising the alarm for troublesome new orders. An overview of the 

methodological combination is presented on Figure 1 and each segment is explained below. 

 

Figure 1: The proposed support tool methodology  

Hierarchical Data Structures. Comparing merely on the highest level characteristics misses many of 

the important aspects of ETO products (Raffaeli et al., 2017). Plants are defined based on the product 

which the plant is meant to handle (produce, process, clean, etc.). Thus, a thorough comparison 

technique needs to take the product characteristics into account in order to provide a sufficient overview. 

The proposition is to work with data on multiple Levels, namely the Project Level, Plant Level and 

Product Level.  
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Data Overlap Score. On the premise that ETO products are highly varied, comparison approach based 

on the premises that both parts contain the exact same information can prove insufficient. To improve 

this, the proposal is a  Data Overlap Score. This score defines the overlap of data between two compared 

cases and contributes to the subsequent similarity scoring. By utilizing this, similarity scores will 

penalize case pairs that do not share data and reward case pairs that have similarly sets of data available, 

thus seem to be more comparable and presumed more relevant as reference projects. 

Parameter Comparison. With customized ETO solutions, a constant solution space is impossible. 

New and untested specifications can result in technical challenges that jeopardizes estimations, 

calculations and plans. So the decision-maker need to assess if the new order is within the borders of 

the existing solution space or beyond this, thereby involving new developments. To represent the span 

of the historic cases the product information is normalized to minimum and maximum values. Then the 

user is presented with visualizations (e.g. graphs and charts) showing the location of the new order 

parameters on the normalized scale of the historic portfolio.  

Combined Similarity. The similarity score is a combination of multiple individual similarity scores. It 

combines similarity scores on Plant Level, on Product Level and the custom Data Overlap Score. By 

combining three similarity scores, the retrieved reference projects are matched on several levels of 

information and thus more likely to be more relevant as references (Li & Xie, 2013; Raffaeli et al., 

2017). This method avoids the sub-optimal situation where a reference project is retrieved simply 

because it matches higher-level information. The similarity scores are done using Euclidean distancing, 

which is inversely proportional to similarity (Ji et al., 2011). A two-step weighted-average distance is 

used: The new products are compared to the historic products and the score is balanced by the Data 

Overlap Score. Then, the new plant is compared to the historic and again balanced with the Data 

Overlap Score. Both of these similarity scores are weighted together to form the final combined 

similarity score. 

Performance Evaluation. A reference-based support is as good as the references and those references 

must supply insights that can support the decision. To do this, the user is presented with selected relevant 

project information, e.g. country, customer, etc.) and performance indices. Based on the available 

performance data, normalized indices are created that show the state and evolution of various project 

metrics e.g. initial budgets versus final financial status, initial timeframe and final lead time, estimated 

costs and final costs, etc. This allows the user to make parallels to the new order in question and perhaps 

project performance levels from the historic cases to the new.  

5 Case Study  

The proposed hybrid support methodology presented in Section 4 is the basis for the undertaken case 

tool development. Based on this methodology, an outline is drawn for the tool to-be developed. Then 

the tool is developed containing three distinct sections, one for the user interface, one for calculations 

and one for the case base. Finally, it is integrated into a standalone (Microsoft Excel) application for 

testing and demonstration. Figure 2 presents an overview of this study. 

The industry partner is an ETO plant engineering company. They are involved in the entire lifecycle of 

creating large complex processing plants from initial customer quoting, through design, engineering 

and sourcing to delivery, erection and commissioning. Every order is tailored to the individual customer 

and entails significant customization of previously used designs. In the process of selling processing 

plants, negotiations between the customer, sales office and back-office experts results in a set of 

customers’ requirements and product specifications. These requirements and specifications are 

translated into preliminary designs, plans, budgets, schedules and performance targets. The preliminary 

work is bundled in an offer comprised of legal, technical and project management documentation. The 

mutual signature on this contract bundle kicks off project execution and order fulfilment. The technical 

details are labeled the Technical Contract for this study. 

To identify a suiting parametrization of cases, several sources of knowledge were used. Technology-

relevant literature was reviewed to determine important differentiation factors, product characteristics, 
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operational variables and design distinctions. Company project portfolio documentation was reviewed 

for information about the enquired problems and intended solutions. Product experts were engaged in 

discussions to gain insights into products, processes and design choices.  

Case Base. A sample collection of historic project information was collected. The Technical Contract 

forms one part of the gathered data and financial data extracted from company data management 

systems forms the other. 39 plants sharing product technologies from a 10-year period were included in 

the study and a collection of Project, Plant and Product Characteristics (PC) were collected. The 

identified PC were structured in a tabular case base, divided into categories: Design-related information, 

function specific information, product specific information and the performance-related information. 

Additionally the data was structured on three levels: Project-level information, plant-level information 

and product-level. 

Calculations. This is where the primary parametrization and data normalization are done, interacting 

with the data residing in the case base and providing information to the user interface. The Data Overlap 

Score and the combined similarity scores are also generated in this section of the tool.  

User Interface. The third section of the tool is the user interface from which the user interacts with the 

tool, inputting new order characteristics and reviewing returned information. As depicted on Figure 2, 

it contain four main areas, as per the proposed methodology: New order information, Parameter 

Comparison, Combined Similarity and Performance Evaluation.  

Testing. The tool was bundled into one standalone application for demonstration and testing. This 

evaluation consisted of two main activities: (1) A tool test by company sales managers and (2) a tool 

demonstration for main company stakeholders and collaboration partners. For the user tests, the tool 

and a questionnaire were handed over to two representatives from the sales organization in the company, 

to use, assess and supply feedback. The questionnaire consisted of 50 questions, of which the majority 

(44) posed as open questions to give the respondents room for their own interpretation and personal 

feedback. For a new relevant unsigned project order and a hypothetical new order, they used the 

screening tool and answered the supplied questionnaires. A final tool presentation and demonstration 

for project partners concluded the research study. This was accompanied by a subsequent discussion 

and round of feedback from company partners and key tool stakeholders.  

 

Figure 2: Tool methodology and development approach 
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6 Discussion and Conclusions 

The methodology proposed in this study includes several methods in one model and adds hierarchical 

data to accommodate ETO plants. Below sections, summarize the findings from the undertaken case 

tool development and test application, as well as considerations on the study and possible tool 

implementation.  

6.1 User Tests and Tool Demonstration 

In summary of the collected questionnaires, the testers agrees that there are benefits from screening 

projects and retrieving reference projects simultaneously. When questioned about the main benefits, a 

Sales Group Manager answered “Finding a relevant “similar” project faster and checking if it has been 

done before.” They agree that the similarity scoring does retrieve relevant reference projects and those 

projects can be used for inspiration and conceptual choices: “Choice of concept and KPIs [authors: 

Product Characteristics] in the very first stage of project.” Though the benefit is agreed, the scope of it 

should be enlarged to supply proper value:  “… especially if the content is adjusted and expanded.”  

When discussing project evaluation, the value of personnel judgement and experience was vital.  

“On the financial figures and engineering hours there are always a history describing how the execution 

of the project went, specially what went wrong and why, which you can’t ready out from numbers.” 

Thus, it is important “Not to overuse the data but use it as a good guideline.” 

Neither commented on the specific use of multi-level similarity scoring of cases, which was also a 

technique used in calculation and not visibly presented in the user interface.  

They commented on the ability to rapidly identify a plan project with similar product as the new, 

compared to manually looking up project documentation and searching for references. One user voiced 

that this was a nice aid to a job otherwise only supported by physically asking colleagues or managers 

for references. Current sales procedures rely heavily on personal memory and experiences from co-

workers to determine and retrieve relevant past cases to compare. It was already within their strategic 

goal set to find ways to capture, store and utilize knowledge, but they had yet to find a suitable approach. 

Furthermore they voiced that a supported human decision is better than replacing decision-makers by 

automated decision tools. 

The two test users did not voice the need to see more information than was presented in the user 

interface. Nor did they ask for changes to the calculations. They recognized the retrieved results 

suggesting that the parametrization of cases and following similarity scorings were sufficient. The 

simplicity of the data manipulation allowed them to maintain trust in the results.  

6.1.1 Implementation Challenges 
To successfully implement it into the business, it had to scale beyond a portfolio sample and tie into the 

existing streams of data in the company. Including the entire portfolio does provides a significant set of 

challenges in data gathering and data management, but it would then “(…) be highly valuable.” Another 

debated subject was the area of use (currently in sales activities) compared to the storage of company 

data. The data needed is not all located in the respective organizational unit – hence a data exchange 

between units is necessary to implement such a support tool. These regards were the biggest related 

challenges discussed. In a modern engineering company, portfolio data resides in more than one 

archive. In bigger companies, there are a multiple active data management systems and data collection 

initiatives. Being able to link these or fetch data from all of them requires serious efforts in data 

alignment and cross-organizational data exchange. Mourtzis et al. (2017) conclude that (1) “the 

identification the most appropriate attributes as a base for comparison” and (2) “the amount of available 

data” constitutes the two biggest challenges for their KM/CBR system. The challenge of identifying, 

retrieving and structuring data and information about past sales is important. The difficulty is 

symptomatic for this industry, yet important to do any meaningful analyses into portfolios and 

especially portfolio improvement (Bertram et al., 2020). Operating a business for a long time also means 
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processes change over time, documentation templates evolve, management systems improve, the 

product portfolio develop, etc. This all add to the diversity of stored information and the historical 

portfolio. Extracting this information is already a mammoth task, but dealing with the enormous range 

of variety in this information, further adds difficulty and resource requirements to the task of data 

gathering. 

6.1.2 RQ1. How to compare similarities for ETO plants by a hybrid comparison method and 
hierarchical product data structures? 

Based on the evaluation from the case tool development and test, it was indeed possible and valuable 

to retrieve reference projects by combining three methods: Parameter Comparison, Similarity Scoring 

and Performance Evaluation. The combination allows the user to (1) assess how new order parameters 

fits the company portfolio solution space, (2) reveal most similar past projects based on multiple levels 

of similarity and (3)  identify which of the reference projects were successful and which were 

challenging. Hierarchical data and multi-level similarity scoring was beneficial to accommodate the 

complex ETO products in plant engineering.  

6.2 Research Limitations 

The support tool test was conducted with two representatives from the sales organization in the case 

company. The authors would appreciated more time for testing and more user tests in order to try several 

versions and modifications of tools. Test applications in other industrial settings would also have been 

preferable. 

6.3 Further Research 

Incredible amounts of information is already present in most companies: Inside archived 

documentation, in stored emails, in business orders, technical drawings and existing management 

software suites. Unfortunately, most of this information is not directly accessible and usable by the 

aforementioned data-driven initiatives. Therefore, there is a great need to enable the use of these hidden 

data. Enabling existing information utilizing Big Data, Industry 4.0 and Machine Learning techniques 

deserves much more attention. It is in the interest of the authors to work towards more integrated support 

tools that directly tap into explicit and implicit information sources in the company. 

6.4 Conclusions 

Engineer-to-Order plant engineering companies rely on select-reuse with high levels of customization 

and modification. This leaves significant uncertainty about the undertaken project to achieve co-signed 

performance measures. The decision to take in a new project is based on a technical solution and the 

decision to move forward with an engineering project is based on company expert judgement and relies 

heavily on personal experience of the individual and the sales management team. 

To mitigate this initial uncertainty, historical projects and products can be exploited as references. The 

literature reviewed in this paper reveal various methods and techniques for reference-based decision 

support. Based on state-of-the-art research within case-based reasoning, knowledge management and 

three distinct methods for reference-based decision support, a support tool methodology is proposed. 

The tool combines several methods into one combined hybrid model and utilizes hierarchical data 

structures and multi-level similarity scoring to accommodate plants.  

A case company demonstration tool was developed and tested. The case base was created from 

Technical Contracts of previously conducted projects and data-extract from data management systems. 

Two sales representatives tested the tool with one new and one hypothetical order and supplied feedback 

through questionnaires and discussions. Their observations include that (1) this tool would be highly 

valuable if extended with the total pool of past projects and that (2) the tool definitely supported the 

subjective praxis currently dominating the project intake decisions. Both testers also voiced the 

importance in avoiding fully automated decision-making and they raised concerns in the ability for such 

a support system to care for all circumstances and nuances of ETO projects and especially all the variety 

in an ETO plant business data infrastructure. 
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Abstract  

Engineer-To-Order product development often entails project-based development of highly 

customized products with a production of low volumes. Unique designs increases the interest 

for re-use to keep costs down and profits high. Companies are employing efforts such as 

standardization to achieve this. Benefits can be signifcant if the implementation strategy is 

correct. This paper presents an approach for assesssing this standardization implementation 

strategy. The work is founded in an industry case study with the same objective and from this 

work a generic approach is described. 
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1 Introduction 

Contrary to other production business forms, Engineer-To-Order (ETO) companies work with 

customization as a central part of their business. Products are done on a project-by-project basis 

and are tailored specifically to the requirements of each individual customer (Hobday, 2000; 

Wortmann, 1992). This is often done by modifying existing designs or collecting sub-solutions 

from previous projects. The solution space and solution complexity are ever expanding and 

increasing by the order (Fisk, 2013). 

 

To decrease the amount of repeated work, decrease waste-work in the organization and cope 

with increasing complexity, ETOs attempt to improve their product creation by various means 

of portfolio rationalization and management strategies. This includes, but is not limited to: 

Standardization, modularization, platform based design, mass customization and configuration 
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(Gepp et al., 2015; Hicks et al., 2000; Willner et al., 2016). Common for these initiatives is, 

that they introduce control measures to the workflow, guiding designers towards standardized 

solutions, fixed module packages, technology platforms or configurable design solutions. This 

is done to improve sales delivery times, decrease project risk and ultimately to increase the 

profitability of project execution (Haug et al., 2014; Robertson and Ulrich, 1998). 

 

There is more to portfolio management than simply labeling preferred solution variants. It 

entails investigating and defining superior solutions, both functionally, financially and 

operationally. Once defined, they need to be sufficiently embedded in the project execution 

workflow. Incentives can be offered to the organization to make it attractive to use them, e.g. 

lower price tags or reduced lead time. However,  those benefits must be balanced out by benefits 

somewhere else in the project lifecycle e.g. by increased productivity or lowered manufacturing 

costs. These optimizations  can be found internally (e.g. via improved manufacturing or bulk 

purchase) or externally (e.g. negotiated standard deals with suppliers). Ultimately there is a 

whole system of integrationable considerations around the implementation of standardization 

strategies. It is this system that this article aims to elaborate upon.  

 

A study was conducted in collaboration with an ETO company to evaluate the standardization 

implementation of design standards introduced into the organization long ago. That study 

involved a series of steps undertaken to assess the current state of the standardization strategy. 

Based on that study, this paper describes the generalized method and how other businesses can 

evaluate their own implementation of standardization strategies. This paper proceeds as 

follows: The foundations in state-of-the-art research of ETO standardization are described in 

section two. Section three describes the proposed standardization implementation method and 

the considered evaluation aspects along with case-specific execution details. Section four 

follows up with a discussion of the challenges and benefits of this approach. The method and 

use is concluded in section five. 

2 Background 

For this study, two major topics of literature have been reviewed; (1) ETO standardization 

strategies and the attempt to rationalize portfolios and processes to streamline designs towards 

efficiency and profitability and (2) Evaluation of portfolio standardization efforts. Furthermore, 

experience is drawn upon from a case study concerning design standardiation evaluation 

together with a collaborating case company.  

2.1 Literature Review 

Engineer-To-Order (ETO) businesses are increasingly employing portfolio rationalization and 

management strategies to mitigate variance and control the internal process and product 

variance. They have proven to bring significant benefits such as efficient engineering, cost 

reductions or lead time shortenings (Gepp et al., 2016; Jiao et al., 2007; O’Connor et al., 2015). 

Increased market share, simplified operations and reduction of complexity are also goals of 

standardization efforts (Wang et al., 2016). Concerned that it might sacrifice innovation, they 

find that standardization has a positive impact on innovation, mass customization and delivery 

speed. (Gepp et al., 2016) discuss the difficulty in introducing such programs in this highly 

complex product category. Especially the importance of choosing the right evaluation measures 

and the long timeframe before the benefits from the standardization program register on the 

account.  
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(Gepp et al., 2014) investigates best-practices for standardization efforts in the Engineer-To-

Order business of plant engineering. Six company cases are reviewed and their best practices 

are split into the following categories: Strategy, Process, Workflow, Tool and Technical 

Solution. Amongst the best practices are: (Strategy) Show the value proposition of the program. 

(Process) Ensure long-term organizational implementation. (Tool) Integrate IT-landscape, 

create seamless tool chain. (Johnsen and Hvam, 2018) suggest an approach for understanding 

and estimating the impact of non-standard customizations. This is done in two steps, by first 

(1) assessing complexity of solutions and deriving a complexity-index for non-standard 

customizations and then (2) deriving an impact model which translates operational aspects into 

an equation that returns the impact. The approach is founded in theory and tested with an ETO 

case company. (Bonev and Hvam, 2013)  explores the strategies of mass customization and how 

these efforts can be measured. The approach focuses on the efficiency of project execution and 

how design processes are changed when customizing solutions. This is done in four phases: (1) 

Setting the scope of the analyses to a subset of product families. (2) Assessing pre-calculations 

of the projects to set a performance baseline. (3) Comparing with post-calculations to assess 

how well financial, delivery, process and product estimates were met and lastly (4) creating a 

plan of action based on the capabilities of the mass customization efforts. In essense a 

comparisson of intended potentials and actually realized benefits. 

 

The reasons for standardization are often similar, but the implementation can be vastly different. 

Researchers have proposed different key steps to increase the likelihood of a powerful and 

lasting effect of standardization efforts. Standardization initiatives have to be integrated into 

the totality of processes, the organization and departments (e.g. functional teams). Lack of 

proper integration is one of the key reasons for effects and benefits of such initiatives. (Foehr 

et al., 2015; Gepp et al., 2015). In the case of standardization of technical publications, 

(Burgess, 1992) suggest four evaluation criteria for effective implementation in order to 

improve productivity and customer satisfaction: Clearly communicate the standards, make them 

readily available, train employees to use them and maintain the standards. The impact of 

standardization also needs to be apparant in the organization. If the reasons for standardization 

is not apparent, it is more difficult to pursuade its use. (Sinigalias and Dentsoras, 2013) proposes 

an automated method of evaluation the alignment of digital mechanical designs and 

organizational (govermental, non-govermental, international, etc) design standards e.g. ISO 

standards. The implementation of such a measure is intended to reveal how well the actual 

product matches the guidelines set out for that type of product.  

2.2 Industry Case 

Besides state-of-the-art research, experiences from casework with a collaborating company 

supported the proposed evaluation method. The authors undertook a similar evaluation together 

with this company and the study described in this paper originates partly from this work. 

 

The company works by Engineer-To-Order principles, with products of low volumes and high 

degrees of variation. The company works primarily in project-based workflows and is the main 

project driver all the way from customer discussions to finished operational products. The 

products are highly complex processing facilities, designed specifically for individual customer 

companies. Their designs are often modified versions of previously conducted projects or 

collections of sub solutions from multiple previous solutions. The company employs design 

guidelines for their engineers and wants to evaluate the impact of those guidelines and the 

overall benefit they supply for the project teams and the project financials. A function model 

with inputs, outputs, supports and controls was created. It supplied the process overview for 
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identifying all process where design standards are reviewed in relation to the design task. The 

evaluation was done partly through review of available project documentation and partly 

through interviews with relevant company stakeholders and interestees. 

2.3 Contribution 

The importance of standardization and variety management is widely documented, as is the 

advice and considerations when introcing such strategies. Once the strategy has been 

formulated, introduced to the organization, and implemented in the business processes, it is 

oftentimes left untended to bring about the promised beenfits. However, properly 

retrospectively investigating and evaluating this implementation can expose misalignments, 

missed opportunities or neglects. It can reveal how to further improve a succesful strategy or 

how to save a failed attempt. The authors have been unable to identify a structured approach 

for evaluating the implementation of engineering design standardization strategies. 

3 Evaluating Standardization Strategies 

Portfolio rationalization and management initiatives are powerful if thoughtfully implemented 

and rigorously maintained. There are powerful benefits to gain from optimized standardized 

processes. However, challenges such as integration, communication and lack of governance 

can diminish the produced effects. From the presented literature and case work with an ETO 

plant engineering company, five aspects of standardization strategy assessment are introduced. 

Figure 1 illustrates these five aspects and how they form a coherent view of the standardization 

implementation strategy in the process of product creation. 

 

A. Availability. The possibility and ability for every relevant stakeholder to access the 

standardized information.  

B. Bond. The connectivity between instances of design standards and standardized 

information, ensuring that all instances are aligned and free of ambiguity or conflicts.  

C. Compliancy. The level of strictness to which the conducted design work abide by the 

defined design standards.  

D. Drive. The downstream benefits from using the standards and the direct reasoning 

behind implementing the design standards. 

E. Encouragement. The direct benefits and incentives for the use of the design standards 

and standardized information i.e. from the individuals or team’s perspective. 

Elaborating on these five aspects for the specific business or within a branch or the organization 

will supply an as-is perspective on the state of standardization. It can pinpoint any potential 

improvement potentials or reveal possible misalignments between departments. The five 

aspects are described in more detail in below sections, howeve the findings for each aspect 

should be brought together for a combined review of the current state of the company‘s 

standardization strategy. 
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Figure 1: The five aspects of assessing the standardization implementation strategy. (A) Availability of 

standard information. (B) Bonding between several instances of this information. (C) Compliancy of 

processes and products to the standards. (D) Drive to standardize. (E) Encouragement to use the 

standardized information. 

3.1 Availability 

The access to standardized information and presence of design standards is labeled Availability. 

 

As a backbone for the study, the product creation processes were mapped out using the 

IDEF0/IDEFØ function modelling language. This language is widely used for mapping process 

interaction, activity sequences, decision dependencies, etc. (Hanrahan, 2007; Kovács, 2016; 

www.idef.com, n.d.). Figure 2 presents the basic IDEFØ structure and building blocks. The 

basic element of this language is a process block with four connection faces: Left represent 

inputs; right represent outputs; support functions are entering from the bottom: control 

measures are entering from the top. This can illustrated with the example shown on Figure 2 

(B): A design engineer is tasked with the creation of a structure. He receives the design 

specification (input) and returns his finished structure design (output). To enable his work he is 

using a CAD software tool (support) and he has to abide by ISO standards and internal design 

libraries (control).  
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Figure 2: (A) Function modelling based on IDEF0/IDEFØ. (B) An example of the IDEF function modelling 

with the task of a design engineer. 

 

With the function/process model sequence in place, the control measures can be added – 

specially the relevant design standards must be accounted for. The added design standards must 

be sufficiently specific to allow further analysis if their contents, hence simply stating that that 

a proces uses „Standards“ is not sufficient, the information must be specified to the individual 

documents or libraries used for this specific control.  

 

The key process responsible or project stakeholders should be able to point to a specific source 

of standard information and design standards, in order for them to use the standard information 

for product development projects. If this is not possible, then consider creating clear maps for 

standard information for each business process and work group to ensure everyone knows 

where they can find this information.  

3.2 Bonding 

With the process model in place with control measures identified, the content of these controls 

must be compared to ensure that they are aligned and they do not supply ambiquos 

standardization information. If there are several access possibilities for information and that 

informaiton is not connected, there is a risk of multiple sources of conflicting information. That 

can lead to misalignments between departments and design errors.  

 

To determine the bonding of design standards for the undertaken case study, two different 

approaches were employed; (1) Discussions about the access and use of standards with product 

development and execution groups and (2) Interviews with primary responsible parties for the 

design standards and the distribution of these into the organization. These types of qualitative 

assessment provided insight into the landscape of current design standards – how they were 

accesses, how they were interelated and how information was updated.  

3.3 Compliancy 

A standard only has the effect of its use. The use of the supplied design standard information 

must be assessed. This can be done by checking the compliancy of the business processes, 

verifying that the prescribed information is also the information ending up in the created 

product. 

 

To determine the use of the standards in the case study, the dimensions and features of the 

created component drawings were compared to prescribed dimensional values in the design 

standards. All relevant dimensions were collected and the frequency of every size was plotted 

as histograms with standard and non-standard options marked. It was then visible how many 

components that were compliant with the standards and how many that were not.  
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3.4 Drive 

Standard designs must have a merit for existence, for instance as improved efficiency in later 

project stages, cost reductions in supplier deals or to guarantee the functionality of the product 

In any case, the reasons for standardization must be clear. The reasoning behind standardization 

must be communicated to the organization. If the organization is not aware of the reasoning 

behind the controls, then they might quickly be neglected. 

 

The Drive can be assessed by stepping through the subsequent processes in the business flow 

and identifying any links to the design standards. For instance, interviewing primary 

stakeholders in manufacturing and discussing potential process changes or implications of 

standard versus non-standard designs. The primary goal is to determine whether it makes a 

difference if the standards are present or not. Discussing the Drive with primary stakeholders 

of internal processes and possibly key supplier stakeholders can verify intended drivers for 

standardization or reveal new potential drivers. 

 

If sufficient data is available, correlation analysis can be done between the Compliancy to the 

standards and the effieiency/cost/lead time of those subsequent processes. In case the primary 

driver for the design standards are reduced manufacturing cost, there should be a clear link 

between products that fully adher to the standards and matching low production cost for those 

products. The research topics of Complexity Cost can be of interest for managers looking into 

the drivers of standardization (Hansen et al., 2012). 

3.5 Encouragement 

Encouragement is the direct reasoning for the individuals or teams in the organization to abide 

by the standards. It covers benefits that are are transferred back into the product creation 

process. If procuring from a standard catalogue enables faster manufacturing and lower supplier 

costs, then some of those benefits can be transferred to the specific product development project 

as incentives. When project teams receives direct benefits from working within the standardized 

solution space, those incitements can be used to persuade customers and other project 

stakeholders to align. Promises of faster delivery times and even discounts are powerful tools 

to make standard offers more attractive than more custom products with longer waiting time 

and more expenses. 

 

The encouragement is the indivual‘s incentive to adhere to design standards, meaning that the 

role of the design standards in the everyday work should be discussed with design teams, project 

managers, sales peronnel, etc. If management protocols are done within the organization, they 

too can hold information about any incentives offered to the project execution teams as a result 

of their use of standards. It is rather the presence or absence of Encouragement that is the matter 

and less the exact quantification of those incentives.  

4 Discussion  

With the approach for standardization evaluation presented, this sections dives into a few of the 

questions left unanswered.  

4.1 Different Strategies of Standardization 

This study focuses on the standardization scheme where project teams early on can pick from 

standard solutions or continue on with customized solutions. It is also assumed that the 
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reasoning for standardization can be directly seen downstream in the project lifecycle. Other 

forms of standardization exists (Meyer and Lehnerd, 1997; Robertson and Ulrich, 1998). If the 

goal is to allow colaborative work with other companies or to fit industry platforms, then the 

benefits are seen in market share and sales instead of manufacturing. Though it still fits the 

nomenclature of Drive and Encouragement, the process flow map will have to include those 

external parties e.g. different markets and companies. The use and benefits from the 

implemented standards should still be identifiable by the proposed five evaluation aspects. 

4.2 Translating Drive into Encouragement 

As described in the proposed approach, some of the drivers for standardization e.g. reduced 

manufacturing cost or faster delivery times, should be transferred to the project execution as 

benefits and thereby encouragement to abide by the standardized solutions.  

 

Manufacturing efficiency or strategic choices for certain design choices can result in major 

benefits. The balance of what benefits belong to the business and which should be passed on to 

teams or customers is difficult. If everything is passed on, it is essentially only the customer 

who benefits. If nothing is passed on and the company takes all the rewards, they risk the 

standards are never used because there is no encouragement.  

4.3 Project Based Product Development 

Companies employing project-based product development are more inclined to have a certain 

independency in their project execution. Project teams can work for years on single projects 

and have little exchange between project streams. This increases the importance for proper 

management to align the streams and make sure the company is not working itself in ten 

different directions. Hence rationalization efforts e.g. standardization becomes increasingly 

important.  

4.4 Choosing Evaluation Aspects 

For this evaluation framework, the five aspects Availability, Bonding, Compliancy, Drive and 

Encouragement were chosen as the authors found that those five summarized much of the 

research in the field of evaluation of portfolio management initiatives. Furthermore, it was 

derived from the author’s experiences with working with ETO case companies.  

4.5 Future Work 

The authors would appreciate more cases to trial this approach. Alternative they hope for other 

interested researchers to test this approach in other industry cases. Furthermore, the authors 

expect to refine the method, perhaps defining criteria and criteria evaluation guidelines for each 

of the evaluation aspects, to further support its use. 

5 Conclusion 

To control the high levels of variety and customization in Engineer-To-Order businesses, they 

are employing rationalization strategies such as standardization initiatives. Many of such 

initiatives are succesful but only a fraction of them remain succesful long-term for various 

reasons. To assess if the implemented standardization strategy is effective, five evaluation 

aspects are proposed. The aspects are founded in literature and a case study with a similar 

objective: To asses the use and compliancy of standard design guidelines at an Engineer-To-
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Order company. The five aspects include: (A) Availability of the standardized information for 

processes and project stakeholders; (B) Bonding of separate instances of standardized 

information; (C) Compliancy of both processes and products to the standards; (D) Drivers for 

the business to do standardization; (E) Encouragement for the project stakeholders to use the 

offered standard solutions. These five aspects can be decribed in a stepswise manor starting of 

with a map of the product creation flow and the control measures used to stear products and 

processes toward a standard solution. The authors aspire to test this approach in other cases. 

References 

Bonev, M. and Hvam, L. (2013), “Performance measures for mass customization strategies in 

an ETO environment”, Proceedings of the 20th EurOMA Conference, European 

Operations Management Association. 

Burgess, G.J. (1992), “Communication engineering standards: Implementing for 

effectiveness”, IPCC 91, IEEE, pp. 50–52, DOI:DOI:10.1109/ipcc.1991.172731. 

Fisk, D. (2013), “Engineering complexity”, DOI:DOI:10.1179/030801804225012617. 

Foehr, M., Gepp, M. and Vollmar, J. (2015), “Challenges of system integration in the engineer-

to-order business”, IECON 2015 - 41st Annual Conference of the IEEE Industrial 

Electronics Society, IEEE, pp. 73–79, DOI:DOI:10.1109/IECON.2015.7392078. 

Gepp, M., Foehr, M. and Vollmar, J. (2016), “Standardization, modularization and platform 

approaches in the engineer-to-order business - Review and outlook”, 2016 Annual Ieee 

Systems Conference (Syscon), IEEE, pp. 1–6, 

DOI:DOI:10.1109/SYSCON.2016.7490549. 

Gepp, M., Foehr, M., Vollmar, J., Schertl, A. and Schaeffler, T. (2015), “System integration in 

modularization and standardization programs”, 2015 Annual IEEE Systems Conference 

(SysCon) Proceedings, IEEE, pp. 847–852, DOI:DOI:10.1109/SYSCON.2015.7116856. 

Gepp, M., Vollmar, J. and Schaeffler, T. (2014), “Standardization programs in the industrial 

plant business: Best practices and lessons learned”, 2014 IEEE International Conference 

on Industrial Engineering and Engineering Management, IEEE, pp. 122–126, 

DOI:DOI:10.1109/IEEM.2014.7058613. 

Hanrahan, R.P. (2007), “The IDEF Process Modeling Methodology”, Accessed at 

http://www.sba.oakland.edu/faculty/mathieson/mis524/resources/readings/idef/idef.html 

the 24/5/2020. 

Hansen, C.L., Mortensen, N.H. and Hvam, L. (2012), “Calculation of Complexity Costs – An 

Approach for Rationalizing a Product Program”, Proceedings of NordDesign Conference 

2012. 

Haug, A., Hvam, L. and Mortensen, N.H. (2014), “Reducing variety in product solution spaces 

of engineer-to-order companies: the case of Novenco A/S”, International Journal of 

Product Development, Vol. 18 No. 6, p. 531, DOI:DOI:10.1504/ijpd.2013.058556. 

Hicks, C., Earl, C.F. and McGovern, T. (2000), “An analysis of company structure and business 

processes in the capital goods industry in the UK”, IEEE Transactions on Engineering 

Management, Vol. 47 No. 4, pp. 414–423, DOI:DOI:10.1109/17.895337. 

Hobday, M. (2000), “The project-based organisation: an ideal form for managing complex 

products and systems?”, Research Policy, Vol. 29 No. 7–8. 

Jiao, J., Simpson, T.W. and Siddique, Z. (2007), “Product family design and platform-based 

product development: A state-of-the-art review”, Journal of Intelligent Manufacturing, 

Vol. 18 No. 1, pp. 5–29, DOI:DOI:10.1007/s10845-007-0003-2. 

Johnsen, S.M. and Hvam, L. (2018), “Understanding the impact of non-standard customisations 

in an engineer-to-order context: A case study”, International Journal of Production 

Research, DOI:DOI:10.1080/00207543.2018.1471239. 

Kovács, G. (2016), “Process Description Languages in Construction Logistics”, Vol. 44 No. 1, 

269



pp. 50–59, DOI:DOI:10.3311/PPtr.8207. 

Meyer, M.H. and Lehnerd, A.P. (1997), The Power of Product Platforms: Building Value and 

Cost Leadership, New York: The Free Press. 

O’Connor, J.T., O’Brien, W.J. and Choi, J.O. (2015), “Standardization Strategy for Modular 

Industrial Plants”, Journal of Construction Engineering and Management, Vol. 141 No. 

9, p. 04015026, DOI:DOI:10.1061/(ASCE)CO.1943-7862.0001001. 

Robertson, D. and Ulrich, K. (1998), “Planning for Product Platforms”, Sloan Management 

Review, Vol. 39 No. 4, pp. 19–31, DOI:DOI:Article. 

Sinigalias, C. and Dentsoras, A. (2013), “Evaluation of Standardization Level of Mechanical 

Systems in Engineering Design”, Internation Conference on Engineering Design 

(ICED13), pp. 1–10. 

Wang, Z., Zhang, M., Sun, H. and Zhu, G. (2016), “Effects of standardization and innovation 

on mass customization: An empirical investigation”, Technovation, Elsevier, Vol. 48–49, 

pp. 79–86, DOI:DOI:10.1016/j.technovation.2016.01.003. 

Willner, O., Powell, D., Gerschberger, M. and Schönsleben, P. (2016), “Exploring the 

archetypes of engineer-to-order: an empirical analysis”, International Journal of 

Operations and Production Management, Vol. 36 No. 3, DOI:DOI:10.1108/IJOPM-07-

2014-0339. 

Wortmann, J.C. (1992), “Production management systems for one-of-a-kind products”, 

Computers in Industry, Vol. 19 No. 1, pp. 79–88, DOI:DOI:10.1016/0166-

3615(92)90008-B. 

www.idef.com. (n.d.). “Integrated DEFinition Methods (IDEF)”, Accessed at www.idef.com 

the 24/05/2020. 

 

 

270



K Chain-E�ects of ETO Detail Con�guration

Full paper draft manuscript intended for journal publication. To be submitted.

Intended Journal Computers in Industry

Publication Title Chain-E�ects of ETO Detail Con�guration

Authors C. A. Bertram, N. H. Mortensen, L. Hvam, G. O. Mueller

Status Not Submitted

271



Organizational Chain Effects of 

Configuration in ETO Detail Engineering 
Author(s): Christian A. Bertram [1], Niels H. Mortensen, Lars Hvam[1], Georg O. Mueller [1] 

[1] The Technical University of Denmark, Department of Mechanical Engineering, Section of 

Engineering Design and Product Development, chalbe@dtu.dk, nhmo@dtu.dk, lahv@dtu.dk, 

gemul@dtu.dk 

Abstract: The ETO plant engineering business is extremely complex and every product is unique. To 

deal with the complexity and variance, companies are turning to configuration schemes. In addition to 

full product configuration (which can be difficult in this business context) they rely on sub-product 

configuration. It seems safe to assume that a given department can benefit from automating their own 

activities. But how about the “outside” organization? To fully understand this and provide the best 

understanding for introducing configurator solutions, an understanding of the implications on the full-

stream of processes must be provided. This study and paper aims to support this understanding. To do 

this, a modeling method is proposed to map and indicate chain effects across business processes and 

organizational units. To test the method, a case study is conducted with an industrial partner. In their 

context, a component configurator is introduced and the effects upstream and downstream on the 

business process landscape are assessed using the proposed method. As a result, they can now assess 

how this introduction would benefit processes and units outside of the core implementation team and 

gain a basis for doing quantitative analyses on these benefits.  
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1 Introduction 

Varied solutions and loosely defined solution spaces are central for Engineer-to-Order companies 

(Willner et al., 2016). Solutions are mostly variations of previous solutions or modifications to general 

concepts, resulting in one-of-a-kind low-volume products and processes (Adrodegari et al., 2015; Hicks 

& McGovern, 2009; Wortmann, 1992; Yang, 2013). 

In contrast to other company forms, e.g. serial production, with a linear workflow of processes, ETO’s 

typically operate in a project-based organization forming a web-like process structure with a central 

project team at its center. The central project team fulfills the orders by utilizing the expertise and 

support from specialized groups or departments in the company. Those can include calculation teams, 

engineering experts, procurement groups, programming teams, supply managers, etc.  

Since variation is key to the business, ETO companies can essentially build anything. However, 

controlling the amount of variation entering the web of processes is a way for them to mitigate the 

amount of new-developments required and resources needed. Here, configurators play an important role 

for the ETO business, as it allows them to re-use or combine solutions in contrast to starting from scratch 

in every project. However, ETO products typically only share concepts, system structures or solution 

principles this early in development and on this high product detail level. An up-front and top-down 

configuration like described might not capture all the desired details of the solution. Instead, the 

company can choose to employ configuration in later stages of development, focusing on the lower 

levels of product details. The product is typically a combination of several sub-products (e.g. 

components) which are properly defined in catalogues, standards or families. The company can choose 

to configure the constituent components in a bottom-up approach, exploiting the power of configuration 

on this detailed level, while still maintaining the flexibility and open solution space for the overall 

product up-front. 

The impact of introducing configuration in a company is assessed in different ways. Often the impact 

is presumed based on mappings of product portfolios and complexities of solutions. The majority of 

existing methods of assessing the impact of configuration deal with post-introduction calculus: Simply 

calculating the change in cost, lead-time, profitability, solution re-use, customer satisfaction etc. before 

and after the introduction of the configuration. Other times, a suite of similar cases of configurator 

introductions are used to draw bigger conclusions on the general impact on the business, formulating 

general improvement metrics.  

The majority of research in configuration systems focus on top-level product configuration; How to 

prepare and execute a configuration system that matches the customers requirements with solutions or 

sub-solutions of the company’s portfolio. Far fewer researchers focus on configuration of detail 

engineering, namely sub-solutions or components of the top-level solution, for internal business 

efficiency.  

The majority of research on configurator impact assessment utilize post-introduction calculus. Far fewer 

deal with the anticipated benefits and business effects of configuration. Those that do, often rely on 

detailed mappings of product portfolios to indicate where exactly the configurator should provide 

efficiency improvements and return-of-investment. They rarely focus on the implications on business 

processes and the internal process chains of the organization.  

Combining these focus areas, (1) assessing the impacts of detail configuration by (2) mapping the 

anticipated effects on business process chains, formulates a research area which has hardly received 
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any attention. Businesses planning to introduce configuration on a detail level and interested in the 

implications on their internal business, need a method to do just that.  

For the context of an ETO company wanting to assess the anticipated chain effects of detail 

configuration, relevant state-of-the-art research is reviewed within the following topics and presented 

in Section 3: 

 Motivation and strategies for configuration systems in an Engineer-to-Order context. 

 Methods for assessing business effects and process changes from introducing configuration 

systems. 

Based on reviewed literature, the authors propose a framework (see Section 4) that supports the needed 

mapping of chain effects. Utilizing this framework, the authors conduct a case study with an industrial 

partner. Interested in the effects of a planned configurator of plant components, the chain-effects and -

benefits are mapped. The progress of the case study, the use of the proposed framework and the findings 

from the case study are presented in Section 5. Section 6 follows up with a discussion of the proposition 

and its contribution to research put in relation to the findings from the case study application. Lastly 

Section 7 concludes on the study. 

2 Research Methodology 

The study described in this paper aim at supporting ETO companies in assessment of chain effects from 

detail configuration. The following research question guides the undertaken work: 

How can anticipated chain effects from the introduction of component 

configuration in ETO business processes be quantified? 

In order to investigate this issue, state-of-the-art research has been reviewed to understand configuration 

strategies in ETO companies and how they are special in this regard. Furthermore, the literature review 

focuses on existing method for mapping chain effects from business initiatives, such as configuration. 

Where applicable and possible, this scope was narrowed to an ETO context. Relevant literature was 

reviewed within research topics of: Engineer-to-Order Configuration, Configuration Strategies, 

Configuration Impact Assessment, Engineer-to-Order vs. Mass Customization. To further expand the 

review, the references of each retrieved publication was reviewed as well and when particularly relevant 

studies were identified, Scopus was used to find and retrieve any citing publications.  

Synthesized from literature, a generic approach is proposed, that allows the mapping of ETO process 

chains and chain effects as well as identification of key beneficiaries and their quantitative benefits. The 

approach is then tested with an industrial partner in a case study to reveal benefits and challenges of 

this approach (Eisenhardt, 1989). In the context of an organizational team engaged in detail engineering 

for an ETO plant engineering company, planning the introduction of a configuration system. 

3 Literature Review 

Literature is reviewed to assess existing efforts of Mass Customization and Configuration Management 

Systems for Engineer-to-Order businesses. 

3.1 Configuration in Engineer-to-Order Businesses 

There are many distinguishing aspects between Mass Production and Mass Customization strategies. 

Most noticeably is the way business employing these opposite strategies handle innovation and 
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customer order fulfilment. Mass production relies of very specialized tasks to be carried out in a 

sequential designing, engineering and manufacturing process. As designs only change generationally 

with smaller discrete improvements, so does the activities and processes only change in smaller discrete 

steps. Functions carried out by personally is repetitive and highly optimized to fully exploit the 

efficiency of the business in order to generate the largest possible return for any labor put into the 

product. On the other hand, Mass Customization embraces a more vague product and process definition, 

requiring business with this strategy to knowingly give themselves to the notion that they might not 

know exactly how the next product will look, but they know that they will cover the need of the 

customer. Here, processes are less rigidly defined and personnel are trained to fulfil specific needs of 

the product and solve more conceptual problems. Mass customizers need to accept this perpetual change 

if they want to harvest the full benefits of Mass Customization (Pine II & Victor, 1993).  

Besides mass producers, the ETO industry is a prime contender for utilizing mass customization 

principles to improve their business. With a market strategy built around customization and 

personalization of specific customer orders, their business is intended to be continuously modified 

regarding both products and processes. The ETO business might not be able to achieve levels of cost 

efficiency matching those of mass production. Certainly, it seems unlikely they would be able to 

produce typical unique ETO products in a volume matching mass producers. However that might be 

the case in the level of the main solution/product, but they might be able to utilize the principles of mass 

customization on lower levels of their product portfolio. Namely on specific sub solutions or in 

individual departments where the nature of the product modifications workflow invites the use of more 

structured customization built around a central core product blueprint. Such an ETO company, or parts 

of it, can indeed move towards employing Mass Customization principles (Haug et al., 2009) 

To fully harvest the benefits from MC principles, companies should design towards the use of these 

techniques. An example of this is modularizing the product design, to allow subsequent combination 

(i.e. configuration) of such modules to form various product solutions. For ETO businesses that might 

not be entirely possible due to the complexity of the products and the nature of the coupling of individual 

system elements in the grand solution. However, the company can still improve business processes by 

employing configuration techniques. There are many trivial tasks within the company perfectly fitted 

for configuration. Both internal collaboration and external communication (with the customer) can 

benefit from configured work (Markworth Johnsen et al., 2017; Petersen, 2007). 

The diversity and uncertainty of ETO products lasts long into development and fulfilment of orders. 

This often renders PCS to be more conceptual than specific when implementing them on a higher 

product level. Locating potential lower-level implementations where the benefits from configuration 

can be better realized then becomes a mission on its own. Understanding the implementation 

possibilities and the business effects of these implementations is a crucial step in this process of 

introducing PCS in the ETO business (Kristjansdottir et al., 2017). 

The ETO business is characterized by being very dependent on specialized knowledge and the 

aggregated experience and memory of the organization. Thus enabling this knowledge for the 

organization is a key benefit from utilizing PCS in this industry (Shafiee, Kristjansdottir, et al., 2018). 

One of the primary objectives when going into an PCS implementation, is to fully understand the 

environment surrounding the system and properly scoping the implementation prior to commencing it 

(Ladeby & Oddsson, 1998; Shafiee et al., 2014). Like planning before executing in project management, 

proper planning of the workflow, product structures, IT-infrastructure and required resources can be the 

defining factors of a successful PCS and a business venture that never really takes off. Shafiee et al. 
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(2014) proposes a five-step approach for proper scoping a PCS in an ETO business. These steps include 

(1) Aim and purpose of the system, (2) stakeholder requirements, (3) IT-architecture and information 

flow, (4) products and features and lastly (5) a time-, resource- and modelling-plan. Sufficiently dealing 

with these aspects up front, ahead of time, can significantly improve the likelihood of adaption and 

success of the PCS. Actually the proposed plan by Shafiee et al. (2014) generally covers the main 

challenges of utilizing PCS revealed four years later by (Kristjansdottir, Shafiee, Hvam, Forza, et al., 

2018). Likewise, the two aspects of Configurator Scoping and Configurator Specification make up the 

bulk of the guideline advice given by Haug et al. (2019) to make PCS implementations successful. They 

review failed configurator projects in order to deduct a reasonable guideline for new project success in 

the area of PCS. Similarly, Haug et al., (2019b) studies the costs and benefits from five successful PCS 

cases and discusses in detail the importance of identifying and selecting the proper project scope level 

i.e. whether it is done on the level of solution space, product family, parts or details. This might be one 

of the most significant scoping decisions in such a project. 

(Lars Hvam, 2006) introduces a stepwise approach for analyzing and deconstructing a plant product 

portfolio on the highest portfolio level to allow mass customization strategies such as configuration. 

First they model the quotation, ordering and specification processes. Secondly they asses how the 

implementation will fit the product portfolio and goes into detail on how the products can be analyzed 

to find good fit for PCS. They mostly focus on analyzing and modelling the product families. 

Zhang, (2014) reviews product configuration literature and in term the importance of pre-modelling and 

modelling of various aspects of the PCS before implementation. The author presents an impressive line-

up of configurator research and solution proposals. It suggests that PCS implementation indeed can be 

modified to fit most business needs – as long as that need is configurable and that the environment 

around that implementation is properly thought out in terms of knowledge representation, workflow, 

configurator interaction and business impact. 

The last topic in the review of Zhang, (2014) marks a second primary objective when implementing 

PCS: Understanding the business impact. Though mostly related to company-customer interactions and 

sales-related business activities, (C. Forza & Salvador, 2006) marks the importance of understanding 

the implications on sales, workflow, business processes and the organization, by the implementation of 

a PCS. 

3.2 Assessing Impact and Effects of Configuration Initiatives 

It seems no secret that some configurators are very successful while some are doomed to be forgotten 

business improvement attempts. Even amongst the successful ones, some prove to be a more profitable 

initiative than others are. Shafiee et al. (2018) investigates this by a cost benefit analysis of PCS cases. 

They arrive at the conclusion that primarily the user flock and project complexity adds to this equation, 

making large systematic integrations with a big user pool and more complex products the most cost 

efficient PCS implementations. In other words, the solutions with the biggest scope and the biggest 

impact. 

The extensive research into PCS implementation strategies underlined an important lesson: 

Understanding the prerequisites and presumptions going into a PCS initiative is as important as 

understanding the expected process effects, value benefits and overall business impact. Of course, the 

business impact can be defined in various ways. The following review of literature focuses on this 

impact assessment and specifically how it is modelled. 
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As most business ventures, a PCS initiative is accompanied by an expectation of cost reductions, lead 

time shortening, increased efficiency, etc. In summary, the investment of a PCS implementation must 

somehow repay itself – preferably in multiple folds. Kristjansdottir, Shafiee, Hvam, Bonev, et al. (2018) 

suggest to do this Return of Investment (ROI) by calculating “(1) the benefits in terms of reduced man-

hours, improved quality of specifications, reduced lead-time, and increased sales and (2) the costs of 

development, implementation, and maintenance of PCS”. To guide the calculation, they map out the 

specification processes of the products in the company. They make several process maps for the 

different levels of customized products. They use qualitative interviews with process representatives 

from a case company to assess the impact of a configuration system. Then they extract relevant cost 

data from company data management systems to produce average estimates of the effect of the PCS. 

They compare before mentioned effects on products that were supported by the configurator and 

products that were not. They conclude that over a five-year period the PCS pays itself off more than 

eight times. A significant result, especially considering that a single complex ETO project easily can 

span that timeframe. Though this study do show the ROI of PCS, it focuses solely on the customer-

oriented business processes and thus only takes specification activities into account in its calculation. 

To report on the benefits to the specification process, specifically how customer requirements are 

translated into manufacturing orders, (Cipriano Forza & Salvador, 2002) draws an illustrative case of a 

company where PCS is implemented as a translation tool between the sales organization, the technical 

design department and the manufacturing organ of a company. As a basis, they map the activities of the 

ordering process to discuss the current problems with a non-configurator based workflow. As a whole, 

they experienced “(…) difficulty to collect, store and then retrieve precise and correct information 

regarding the characteristics of the many product variants”. A PCS was then supposed to act as a middle-

man between business processes and departments and govern this information. The sales activities 

would then refer to his configurator for variant management in new sales. Then the PCS would be used 

to either recall previously identical product sales or to record the documentation (from the technical 

design department) of new designs. Lastly the PCS would function as a library of documentation for 

the subsequent manufacturing activities. The authors conclude generally on the non-quantified 

improvements made to the case company in mainly three areas: (1) The labor required in sales activities 

are reduced and the ability to re-use previously sold designs significantly adds to this support. (2) The 

whole organization has a formal storage of knowledge and experiences, thus also a formal storage of 

previous documentation to re-use (beyond sales). (3) The vast reduction of communication and 

manufacturing errors.  

In an effort to investigate and verify “anecdotal evidence” about the effects of PCS  related to product 

quality, (Trentin et al., 2012) sets out on a quest to empirically determine this relationship. They use a 

conceptual model of their two research hypotheses: (1) The use of PCS increases product quality and 

(2) difficulty in determining market needs diminishes the gains in product quality. The authors use a 

subset of data from another study relying on questionaries’ data from multiple industrial partners. 

Ultimately, they conclude, based on regression analyses, that both hypotheses are indeed true, 

companies should employ both PCS, and market intelligence schemes to understand the market needs 

more precisely to gain the full effect from the use of configurators. 

The same authors also looks specifically into the improvements to the sales activities. They focus on 

the ordering process and customer interactions before and after PCS implementations. They find a fey 

attributes of configurators that do well with customers: “focused navigation, flexible navigation, easy 

comparison, benefit-cost communication, and user-friendly product-space description capabilities” The 
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authors focus little on assessing business effects and benefits from implementations of PCs (Trentin et 

al., 2000, 2014). 

Hegde et al. (2005) investigates the effects of customization on a single case company. They conclude 

that several thresholds for customization exists which determines how much customization is enough 

and how much is too much to bring proper benefits without any significant drawbacks. Their very 

detailed analyses draws upon product data extracted from the company to do data analyses and locate 

these thresholds within. Overall they argue that companies need to customize, but they also need to 

manage this customization properly in order to benefit and not cause harm to the business e.g. with 

excess mistakes or customer expectation mismatches. 

(Haug et al., 2011) investigates specifically the impact of configurators on companies. They argue that 

the research area of these impacts is largely undocumented and that more focus is needed in the research 

community at the time. To be even more specific, they focus on the affect on lead-times. As a foundation 

for this study they model the quotation process in the generic Assemble-to-Order and ETO company. 

The study is based on 26 Danish industrial companies in 2009 and the results are derived from 

interviews from 14 of these companies. In their study and find that PCS do have a significant effect on 

lead time reduction.by more than 80%.  

The exact quantification of business impacts from PCS is also in focus for (Kristjansdottir et al., 2016) 

as they document the benefits from a five-year endeavor into configuration by an industrial partner. 

They do post-project calculus of the effects on the business and verify them by extracts of data from 

company management systems. The company employs both make-to-order, configure-to-order and 

ETO processes. The study verifies the effects in three areas: 

 Reduction of labor and cost 

 Reduction of specification errors (improvement of specification quality c.f. the formulation of 

the authors) 

 The increased sales stemming from the improved ordering/quotation system.  

Most analyses into business impacts of PCS focuses on the customer centric processes, mostly in the 

early project lifecycle phases. The customer ordering processes, need interpretation, specification 

generation and delivery aspects are some of the most researched aspects (C. Forza & Salvador, 2002; 

L. Hvam et al., 2011; Kasiri et al., 2017; Piller & Blazek, 2014; Sandrin et al., 2017; Yu & Skovgaard, 

1998).  

Others focus more on the derivative effects on manufacturing and the  profitability of the PCS initiative 

or the business impacted by the PCS (Lars Hvam et al., 2013; Shafiee et al., 2019).  

Specifically the effects of PCS on the ability to do proper cost estimations and budgeting for engineering 

projects has received significant focus from researchers (Bonev & Hvam, 2013; Lars Hvam et al., 2006; 

Myrodia et al., 2015, 2017). 

Some analyses do focus on derivative effects and links of benefits throughout the organization or the 

consequences for business workflows. One perspective on business impact, is to focus on the product 

portfolio and how configuration can reform the portfolio of the business and thus also the way the 

business does products (Myrodia & Hvam, 2014). 

In their thorough guide to MC and assessment of its implications, (C. Forza & Salvador, 2006) lists a 

few of the most prominent business impacts. Especially the changes to current responsibilities amongst 

the organizational departments, the management of product knowledge, the change to ordering 

278



processes and the coordination between teams are discussed here. Highlighted is the introduction of 

splitting the commercial product modelling (in the front office) and the technical product modelling (in 

the back office). This way, the company can work on the same set of information (the configured 

product model) but with the respective perspective of that organizational unit.  

To understand the business impacts of configurators, Zhang et al. (2016) and Zhang & Helo (2015) take 

to surveying a group of managers from a suite of different US companies in the “computer, 

telecommunication system, and industrial machinery industries.” Here they survey what parts of the 

companies experienced implications and what implications they experienced. Related to process 

business impacts, they mainly note that trivial tasks related to product specification and documentation 

are greatly affected. While the sales organization is the biggest representative seeing change, the back-

office teams responsible of design and production also sees major impacts.  

When (Haug et al., 2019c) studied PCS in ETO industries, they also concluded a range of specific 

benefits gained. These include mainly reductions on resources, man-hours, lead times. Addtionally they 

also report on better accuracy in the workflow in terms of quoting and budgeting as well as improved 

product data quality (less errors in the product bill-of-materials, etc.) and improved communications 

internally and with suppliers. 

Heiskala et al. (2007) presents a very thorough literature review on the benefits and challenges of MC 

and the implementation of configurators. More specifically, they investigate the challenges aggressed 

in other state-of-the-art research and attempt at combining all these effects under one umbrella model. 

This model contains the company at its center and then involves two main groups of benefits and 

challenges: The customer related group and the supplier related group. As an example, the supplier 

related benefits include: “Efficient way to fulfill a wider range of customer needs, Reduction in 

inventories. Reduction in product model obsolescence, fashion risk. Customer participation in design: 

satisfaction, effort spent, and switching cost. More accurate customer information Potential for 

premium pricing.” Though many of the findings are similar to other studies on PCS impact, Heiskala 

et al. solely list benefits and challenges compared to mass production and thus no mention of the 

business process impacts in other industries such as ETO. 

Shafiee et al. (2017) also collects and presents a thorough overview of PCS impact analyses done by 

various researchers through the last 30 years – many also represented in the literature review presented 

here. In this collection, there are a huge spread of different cases, implementation strategies and impact 

focuses. But the impacts that are discovered fall into some recognizable buckets:  

 Improvements to sales organization activities. 

 Better knowledge handling and organizational communication. 

 Reduction of errors and the need to re-make documentation (mainly specifications). 

 A much improved control over the product through the process lifecycle. 

 Reduced hours, costs, lead times and mistakes. 

 Generally a more efficient business. 

These effects are of course all valid and certainly some to strive for in a PCS initiative. Yet they all 

represent retrospectives observations of PCS initiatives and does rarely compare with initial system 

expectations. They compare the before and after business scenario and make estimations of 

generalizable winnings to discuss the impact and new business operations. Furthermore, each of the 

described cases focuses on one aspect of business impacts and thus no one of them attempts a full 

business model of business wide benefits from PCS strategies.  
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3.3 Conclusion 

The area of MC and PCS are well researched with significant detailing on the motivation for employing 

these techniques and strategies for doing it with most promising results. Most of the state-of-the-art 

studies with this focus elaborates on the Why and How in the world of PCS. Most publications 

concerning configuration focuses on the front-end development of configurators and the match between 

classes, objects, solutions and the customer and user segments. The authors often anticipate expected 

benefits from this way of working and rely on certain supply-chain upsides, yet rarely quantify this. 

The benefits attained from the implementation of PCS and especially the impacts on business processes 

are more sparsely described. Most of the work in this area reflects on PCS initiatives in past-tense and 

concludes on effects based on post-project calculus and estimations. Most analyses into business 

impacts of PCS focuses on the processes up front in the project lifecycle, namely customer ordering 

processes and need interpretation studies. Some also focus on the derivative effects in later 

manufacturing and service. Only a fraction of these works are focused specifically on the effects on 

ETO companies. 

Throughout the reviewed literature, there have been a minimum of business modelling to guide new 

PCS implementations. Some have employed various process models to explain specific processes (e.g. 

quotation, ordering, specification, etc.) and how the configurator changed those. Yet modelling the 

business processes to explain anticipated process impacts has yet to be found by the authors.  

Following the observation that little research deals with the modelling of business process impacts in 

anticipation of PCS initiatives, even less works are identified that deals with effects of effects: A 

configurators’ implications on the business processes and subsequently how those effects affect other 

parts of the process chains.  

In conclusion of the literature review, no existing research has been identified that focus on the 

combination of the before mentioned areas of interest:  The modelling and evaluation of business 

process chain effects from detail configuration in an ETO product context. 

4 Assessing Chain Effects of Component 

Configuration for ETO Products 

Though many ETOs are employing configurators on top product-detail levels and up-front project 

phases, fewer employ configurators in detail engineering for in-project processes. If they do, they find 

it difficult to assess the implications on the business and especially the workflow of the business, before 

actually implementing a configuration system. There is a lack of methods that allow ETO companies to 

quantify the anticipated chain effects of a component configurator. 

To do this, a modelling approach is proposed. It is based on (1) a model of the business process chains, 

from which (2) the chains of effects can be mapped, which allow the (3) quantification of chain effects 

and an assessment of impact. Each of these three parts are explained in below sections, followed by a 

detailed summary of the overall methodology. 

4.1 Process Chain Map 

At the core of the modelling approach is the business process chains. These makes up the core of the 

business activities related to order fulfilment. The major interactions between these processes are 
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mapped as chain links, linking different organizational units or functions into a coherent web of 

processes. The goal then becomes to assess the ripple effects of integrating a PCS in one of those 

processes and thus estimating how it will affect the rest of the process web. The planned implementation 

model and other immediate affected processes are noted on the process chain model. This model will 

be continuously updated as progress is made. 

An interview round is held to populate the process model. For every process identified and added to the 

process model, representatives are asked to assess key (current) challenges related to working with 

components and (possible) benefits of working with configured components instead, caring specifically 

to the implementation strategy noted on the process model. Ultimately, this will result in a process map 

showing all identified challenges of the current workflow and all identified benefits of the suggested 

new PCS-based workflow.  

4.2 Chain Effect Model 

As the base process model has been formed, a chain effect map can be created. The two dimensions of 

this model are the business processes (organizational units in many cases) from the process model and 

the project phases undertaken during a customer order project. Together they form a matrix of 

process/phase cells. As with the process model, the planned configurator implementation and the 

immediate effects on neighboring processes can be noted here, inside the respective cells on the map.  

The challenges and benefits of the process model are now translated into key effects. A single cell can 

host many individual effects and a single statement from process representatives might represent many 

individual effects. A second round of interviews are held with process representatives, in an effort to 

rephrase, correct and/or verify the noted effects. Effects that are dependent should be linked with a 

visible line. Thus a map of chain effects are created. 

 

 

Figure 1: The proposed mapping and modelling method 
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4.3 Quantitative Assessment 

Finally, the modelling comes down to collecting the qualitative and quantities answers in a calculation 

of the business impact. This calculation is hugely dependent on the type of business, the product 

strategy, the PCS implementation strategy and many more details that are circumstantial. Thus, the 

authors of this paper will not supply any generic approach for this, as it should be decided on a case-

by-case basis. 

4.4 Methodology Summary 

A method and framework now exist for 

a. Mapping the chain processes of ETO companies and their product development work flow. 

b. Unfolding the processes of product development by project lifecycle phases and active 

organizational units, to indicate specific effects and benefits from a single source of 

configuration system introduction. 

Based on this modeling method, quantitative assessments can be made on the value and consequences 

of all revealed effects and benefits. 

5 Case Study 

To evaluate the proposed assessment approach, it was demonstrated, used and tested with an industrial 

partner in a case study. The case study is an application of the modelling framework presented in Section 

4 and covers the three parts described there. Figure 2 presents an overview of the case study and the 

models created based on the proposed methodology. 

The collaboration partner is an organizational unit within a globally operating plant engineering 

company. The business employ ETO market and development strategy, and thus product development 

happens on project-basis, in a project-based organization. The business already employs conceptual 

configuration for the plant products, aiding in the selection and modification of the overall 

specifications. The organizational unit involved in this study wants to re-used engineering efforts and 

optimize the process of detail engineering the components for the delivered plants. Today they do 

mostly repeated drawing, customization or modification of technical documentation. It is the intention 

to improve these activities with a configured engineering environment, leveraging parametric modelling 

tools and allowing the workforce to focus on development, innovation and catalogue maintenance 

instead of trivial drawing of slightly modified components. Before implementing a configurator 

solution, they have assessed the consequences and benefits for their own organizational unit: Resources 

demanded, projected cost savings, return-of-investment, etc. However, they are also interested in the 

consequences and benefits such a solution might bring to the rest of the project-based organization – 

especially the business processes directly in touch with the components engineered by this specific unit. 

Thus an assessment strategy was needed, in order to determine how much such a configurator 

implementation would benefit the chains of processes outside beside their own, in case the implement 

a detail-engineering configuration system to serve the larger ETO product development pipeline. 

5.1 Process Chain Model 

To support the rest of the study, a map of the ETO business processes is made. The map is done in 

collaboration with company representatives, to reflect the actual workflow of the business. Major 

interactions between the process departments are noted. As the main focus of the study is to quantify 
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the chain benefits of detail configuration, the interactions can be limited to those that are related to the 

to-be configured activities. On the map it is declared where the configuration implementation is taking 

place. 

For each of the identified processes on the process map, one or several interviews were conducted with 

representatives of those departments or process teams. The main question asked in these interviews 

were how the configuration implementation in the neighboring process would affect their work and 

workflow. To support this discussion, they were asked to fill out a SWOT [REF?] analysis template in 

order to highlight specific benefits and challenges with the planned implementation. 

The aggregation of interview responses and SWOT analyses made it possible to make a combined map 

of benefits and challenges in the individual processes. These were labeled on top of the process chain 

map.  

From the SWOT analyses, it became clear that there were multiple scenarios to consider. Different 

configurator implementation strategies would allow other business processes to involve themselves 

more or less in the configuration of solutions. Thus, a segmented benefit model was created. This model 

split the project into five different integration scenarios, each with the configuration system expanding 

and opening up more and more towards the other business processes. For each scenario, the benefits for 

other processes were mapped out.  

To continue with the chain effect assessment, a key set of chain links and accompanying set of chain 

benefits were selected. These were selected based on the former benefit mapping. Discussions with the 

company department responsible for implementing the PCS, a balance of implementation effort, 

business change and chain benefits was reached. This narrowed the goal of the project down to one of 

the possible scenarios. This implementation scenario would dictate the processes, process links and 

benefits in focus for the following steps of the study. 

5.2 Map of Chain Effects 

Focusing on the selected implementation scenario, the process interactions and the linked benefits needs 

to be detailed. To do this, a set of questions were defined for each of the key processes and the key 

process links. The interviews and discussions undertaken here was done in an effort to reach 

quantifiable measures for the supposed effects and benefits. Together with company process 

representatives, these questions were answered.  

5.3 Quantitative Assessment 

The collection of answers in the qualitative round supplied evidence for possible quantifications of 

process chain benefits. Based on these indications, a preliminary calculation is created. This calculation  

deals with three main timings:  

 Business: Affects the business processes disregarding the throughput of projects. 

 Per project: Affecting the processes once per undertaken project. 

 Per component: Affecting the processes based on the throughput of components. 
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Figure 2: The steps in determining quantified chain effects from detail 

configuration 

 

6 Discussion and Conclusions 

Based on state-of-the-are literature describing efforts of configuration systems in ETO businesses, it is 

assessed that 

1. There is limited approaches for ETO businesses in Mass Customization strategies and namely 

Configuration Systems. 
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2. Most of described approaches are related to top-low solutions and front-end solution 

specifications. 

3. The descriptions of benefits and organizational effects are limited to general business effects 

and consequences on margins and lead time, etc. for the overall product development process. 

From these insights, it is concluded that a method is needed to map and describe the organizational 

benefits from a localized configuration system, dealing with detail engineering issues of an ETO 

company. A framework and modeling method is proposed, consisting of two diagrams: 

A. A map of business process chains, their interaction in product development and the reach 

of a potential configuration system in one of those processes. 

B. A framework spanning project development phases and organizational units, to map and 

connect specific benefits and effects based on a new configuration system introduction. 

6.1 The importance of mapping organizational chain effects and benefits 

Why do this? Is this what the ETO really need and what are the reasoning behind doing these 

speculative assessments  Business Cases for internal improvement. 

Is this the right way of doing this? This approach get the job done in a fashion that matches the special 

process layouts of ETO companies and assesses the bottom-up configuration approach in question. 

Did it work? With the industrial partner it worked really well and they were pleased with the new 

knowledge. Insert a few testimonials. 

B.J. Pine II, B. Victor, Boyton, Making mass customization work, Harv. Bus. Rev. 71 (1993) 109–119:  

 Toyota tried to implement automatization with mass customization efforts, but saw that “robots don’t 

make suggestions “ and automated guiding systems didnlt allow the employees to suggest changes and 

improvmeents. 

 Note: Automizing activities makes them less prolifernet for optimization and changes.  

“Configuration on Multiple Abstraction Levels” (Petersen, 2007) 

 A way to let MC principles be used in ETO industries in various project lifecycle phases.  

 Nice relation to letting sales division use a configurator, but with sales specific details 

6.2 Further Research 

Lets try it out in more places and lets do this study in industry where a configurator have been 

implemented and where we can verify the chain effects. 
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Abstract 

Engineer-To-Order (ETO) companies develop complex one-of-a-kind products based on specific 

customer demands. Given the product uniqueness, the commissioning plays an important role in 

the product development process. However, the project variety and low data availability hinder the 

analysis of the commissioning processes. This paper proposes a framework for the structured 

analysis of commissioning processes in ETO companies by analysing the impacts from product 

requirements and design on the commissioning performance. A case study presents the practical 

application of the developed framework. 

Keywords: production design, complex systems, process improvement, ramp-up, engineer-to-order 

1. Introduction 

In the Engineer‐ To‐ Order (ETO) business a company designs and manufactures a new product 

based on specific customer requirements that demand a unique engineering design or significant 

customization of proven designs. ETO products are often highly complex, produced in low volume 

and developed in close collaboration with the customer. One example for ETO products are 

production systems such as processing plants (Joergensen et al., 2010). Given the uniqueness of each 

product, the commissioning, including the testing of sub-systems and the initial ramp-up to operation, 

is an increasingly significant part of the product development process (Haller et al., 2003). In order to 

evaluate the success of the product development project and to reveal best practices, it is therefore 

necessary to evaluate the relation between product design and commissioning (Langowitz, 1988). 

The investigation of relationships between product development and commissioning in the ETO 

context proves to be difficult. Typical characteristics of ETO companies, such as the uniqueness of 

each developed product, a project-based organizational structure and a challenging information 

management, prevent companies from efficiently comparing product design and commissioning in 

order to improve future development projects (Foehr et al., 2015; Hobday, 2000). 

In order to overcome these obstacles, this article proposes a framework for the structured analysis of 

the commissioning phase in product development processes. In section 2, the terminology used in the 

context of this article is introduced and existing approaches are discussed. In section 3, the developed 

framework is presented. Section 4 covers the application of the framework in a case study in 

collaboration with a company in the ETO business. The articles concludes with a discussion of the 

benefits and limitations of the proposed framework in section 5 and a conclusion in section 6. 
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2. State of the art 

The purpose of this article is to propose a framework for the analysis of commissioning processes in 

the ETO context. The following section presents the definition of the terminology used in the context 

of this article and reviews existing methods that focus on the dependencies between product design 

and commissioning. 

2.1. Commissioning 

Literature regarding the commissioning and ramp-up of production systems shows inconsistencies in 

nomenclature and definition of the terms involved. Especially the terms commissioning, start-up and 

ramp-up are used differently across publications. 

According to Tribe and Johnson (2008), the commissioning occurs prior to the start-up of the plant. 

The commissioning phases include safety, equipment checkout and various kinds of production runs. 

Yu and Wang (2010) define the phases of commissioning as preliminary test, function test and start-

up. In Wilhelm and Sastri (1979), start-up is defined as the process of starting the production in a 

newly built production system, while ramp-up refers to the introduction of a new product. 

In general, the process of starting up is often referred to as ramp-up in literature, independent of 

whether it describes a new plant or the production of a new product in an existing production facility. 

Doltsinis et al. (2013) define ramp-up as a sequence of changes to the production system, with each of 

those adaptions changing the state of the system. In Terwiesch and Bohn (2001) and Schmitt et al. 

(2018), ramp-up is defined to start after completion of both product and process design with the 

overall aim of bringing the production system to full production capacity. In general, the objective of 

plant commissioning is to test and verify its operational reliability according to the requirements and 

intentions defined in the product development process (Yu and Wang, 2010). 

According to Haller et al. (2003), ramp-up also includes activities for the qualification and testing of the 

equipment, thereby overlapping with the aforementioned definition of commissioning. 

Given the inconsistencies in literature, the terminology has to be defined. In the context of this 

publication, the commissioning is defined as the interface between the installation of the production 

system and its operation (see Figure 1). The commissioning process is divided into two sets of activities, 

qualification of sub-systems and ramp-up, which do not necessarily have to be carried out sequentially. 

The qualification aims to test and verify the state of the installed equipment, thereby ensuring its 

operational reliability. The objective of the ramp-up is to put the installed equipment into operation with 

the objective of achieving the pre-defined operational characteristics. In the case of commissioning of 

production systems, examples for those characteristics are production capacity and product quality. 

 
Figure 1. Commissioning 

2.2. Relation between commissioning and product development 

The importance of the commissioning process for the success of the product development project is 

agreed upon in literature. Hence, the improvement of commissioning and ramp-up has been the focus 

of many studies. Numerous studies focus on the investigation and improvement of knowledge 

management in the context of ramp-up (Doltsinis et al., 2018; Oates et al., 2012; Scrimieri et al., 

2015). Others focus on improving the training of operators (Kampker et al., 2014a) or the estimation 

of ramp-up cost (Winkler and Slamanig, 2008). Most of the reviewed studies focus on discrete 

manufacturing and assembly industries. Kremsmayr et al. (2016) on the other hand introduces the 

application of agility principles in ramp-up management in process-oriented industries. 

However, the mentioned methods disregard the impact of the design of the production system on the 

commissioning performance. The investigation of the dependence between the product design and the 

commissioning phase has been identified as a valuable path of research (Colledani et al., 2018; Surbier 
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et al., 2014; Terwiesch and Bohn, 2001), but detailed investigations into that relation are scarce. 

Colledani and Yemane (2013) focus on the improvement of decisions made in the design of multi-

stage manufacturing systems. Although the purpose of the study is to overcome data uncertainty, the 

proposed approach is heavily data-driven and therefore unfit to be applied in an environment 

characterized by a challenging information management such as ETO businesses. Basse et al. (2014) 

propose a generic approach for the design of scalable ramp-up processes, enabled by modularized 

manufacturing systems. The ramp-up process is designed based on experiences from an existing 

production line. Details on how to compare and analyse ramp-up process, given their one-of-a-kind 

character, is missing from the publication. Hence, the development of an approach to enable the 

comparison of existing production systems is necessary. Burggräf et al. (2016) follow a similar approach 

by proposing the development of standardized or modular factories. The benefits of standardized 

factories with regard to the ramp-up are discussed in detail. However, the publication is lacking an 

approach for the definition of standardized modules and processes that is applicable to companies. 

The proposed framework developed and applied in the context of this study aims to overcome the 

presented shortcomings by enabling the structured comparison of the design of the production system 

and its implications on the commissioning process. 

3. Methodology 

The following section introduces the framework developed in this study. The general structure of the 

framework is presented and three kinds of insights that can be gained from the application of the 

framework are introduced. 

3.1. Overview of the developed framework 

The objective of the developed framework is to enable an analysis of commissioning structures used in 

past projects, the resulting performance and the impact from product requirements and product design. 

The overall goal of the framework application is to work towards the identification of best practices in 

ETO companies. 

The developed framework is presented in Figure 2. The columns of the framework represent the 

respective product development projects and resulting products that are selected to be part of the 

analysis. It is necessary to ensure that the selected projects, despite their uniqueness and differences, 

show a certain degree of similarity and are therefore qualified for the comparison with the proposed 

framework. The presentation of the case study in section 4 gives an exemplary overview of the criteria 

applied in this study. Given the uniqueness of projects and the vast variety of industries and 

applications related to the ETO business, the criteria for project selection might differ with regard to 

the characteristics of the specific case. 

The rows of the matrix represent the project characteristics for the investigation. The framework 

includes three characteristics for the product development project and two commissioning 

performance characteristics. Approaches for the modelling and visualization for all characteristics are 

presented in the context of the case study in section 4. 

In order to use the framework for the analysis of commissioning processes, the commissioning 

structure is selected as one characteristic. Given the uniqueness of the products, the commissioning of 

the ETO product depends largely on its design. Therefore, the product structure is chosen as a second 

parameter for the analysis with the developed framework. In order to account for the significant 

dependency between product design and customer demands in the ETO business, the product 

requirements are used as a third characteristic. 

Furthermore, two performance characteristics for the commissioning processes of the product 

development project are identified. Commissioning is a critical aspect to the success of the product 

development, being one of the most expensive processes in the project (Elstner and Krause, 2012; 

Glock and Grosse, 2015; Haller et al., 2003). Therefore, the cost of the commissioning process is 

included as one performance characteristic. In addition to the cost of commissioning, Kampker et al. 

(2014b) identify “time minimization” as one of the main objectives in commissioning optimization. 

The time aspect of the commissioning phase is therefore chosen as a second performance 

characteristic. 
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Figure 2. Framework and types of insights gained from its application 

3.2. Analysis of the commissioning process 

The application of the framework enables three kinds of insights. First, the commissioning structure 

can be compared across projects (see Figure 2 Insight 1). For example, it can be determined if certain 

activities are part of all commissioning structures and what impact those activities have on the 

performance of the commissioning process. The insights from that analysis can then be used to form 

the stable core of activities when defining the commissioning architecture or to reveal best practices. 

The second insight gained from the analysis regards the impact of the product structure on the 

commissioning structure and commissioning performance (see Figure 2 Insight 2). Design choices and 

their impact on the structure of the commissioning process can be investigated as well as the 

consequences on the performance resulting from the decisions taken in the design process. 

The third insight can be determined by analysing the impact of the product requirements on the 

commissioning structure and performance (see Figure 2 Insight 3). Specific requirements that lead to 

delays or cost overruns can be identified and used in order to improve future product development 

projects in general and commissioning processes in particular. 

4. Case study 

In order to investigate the feasibility of the proposed framework a case study is conducted. The case 

company is introduced and the selection criteria for the projects that are part of the framework 

application are presented. Furthermore, the application of the proposed framework and a preliminary 

result of the analysis are presented. Due to confidentiality, the number and extent of results shown in this 

publication are limited. Therefore, a fictional case is imagined to illustrate the results (see section 4.3.1). 

4.1. Case company 

The case company develops and builds complex one-of-a-kind production systems and their components 

for customers by following the ETO approach. Each customer order is managed as a product 

development project. The product requirements that result from specific customer demands are used as 

foundation for the design process. Business processes in the product development include sales, design 

and engineering, procurement, installation and commissioning. A successful commissioning leads to the 

handover of the production system to the customer, who will then be responsible for its operation. The 

product development process of a whole production system usually takes between two and five years 

between order signature and handover of the production system to the customer. 
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4.2. Project selection 

The first step of applying the proposed framework is to select the projects that should be in scope of 

the analysis. The following subsections present the selection criteria applied in the context of this 

study. Depending on the company and product, those selection criteria might have to be adapted to the 

specific use case. 

Despite their uniqueness, the product development projects and respective products included in the 

analysis have to be similar to a certain degree. It is therefore recommended to only include products 

that belong to the same product family. In this study, expert interviews in the case company are 

conducted to identify the product family that is considered to be most significant to fulfil future 

customer demands as subject of the framework application. 

Given the ETO approach, the scopes of the projects executed in the case company differ significantly, 

from designing single components for one customer to developing and erecting whole production 

systems for others. To ensure comparability of the projects, it needs to be ensured that all projects 

cover the same scope. In this study, only projects with the objective of developing and building whole 

production systems are included. 

Technologies and customer demands evolve over time. It is therefore necessary to limit the range of 

projects to a certain period of time in order to ensure comparability. In this case study, the projects 

have been executed over a period of 11 years. 

4.3. Application of the developed framework 

The framework presented in section 3 is applied to the range of projects selected based on the criteria 

in section 4.2. The following subsections present the determination of each of the product 

development and performance characteristics described in section 3.1. Depending on the specific use 

case of the framework, different approaches might be undertaken in order to determine and visualize 

the characteristics. For the approaches chosen in this study the used documentation is listed and the 

visualization to illustrate the characteristic is selected. Furthermore, a fictional case is introduced to 

clarify the approach undertaken in the case study. 

4.3.1. Exemplary results 

Given the confidentiality of the case study, only generic case study results can be presented in this article. 

In order to support the reader in understanding the application of the framework and the methods 

developed in the context of the case study, a fictional ETO company “Heat Inc.” is imagined. Heat Inc. 

produces customized district heating substations for multi-apartment buildings based on customer 

requirements. District heating substations connect to the general heat distribution network and realize the 

supply of heat and/or hot water to the apartments of the customer’s building. In the following subsections, 

the results gained from the application of the developed framework to the case company are presented in 

generic form and expanded with the replication of the results for the fictional case of Heat Inc. 

4.3.2. Product requirements 

The product requirements for the development project are based on the customer demands. Contractual 

documentation such as tenders and orders are used to extract the product requirements for each product. 

Expert interviews with design experts in the case company are conducted to identify key requirements 

with influence on product design and/or commissioning execution to be included in the analysis. 

A radar chart is chosen to visualize the product requirements that result from customer demands (see 

Figure 3.a). The axis scales of the radar chart do not necessarily have to be identical. However, in order 

to ensure comparability, it is necessary to have the same chart axes for all products in the scope of the 

analysis. For each product, the respective requirements are plotted onto the radar chart (see Figure 3.a). 

This provides an overview that is easy to comprehend and compare across projects. 

Figure 3b shows the product requirements for the fictional case of Heat Inc. Exemplary requirements 

for the development of a district heating substation could be the number of apartments that have to be 

supplied with heat and hot water, parameters such as pressure and temperature and customer’s design 

demands like the tank capacity. 
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Figure 3. Visualization of product requirements (a. Case study, b. Fictional result Heat Inc.) 

4.3.3. Product structure 

The product structure represents a decomposition of the physical subsystems and components that 

constitute the product. The objective of including this characteristic in the analysis is to identify 

similarities and differences in the product structure across products and their potential influence on the 

commissioning. As stated before, given the uniqueness of products in the ETO business a comparison 

of product composition is difficult. Nevertheless, when following the criteria for project selection 

described in section 4.2, the comparison of the product structure on a high level is possible. Therefore, 

only the main components of the product are included in this study. The identification of the key 

components or subsystem is executed based on the insights from expert interviews with designers and 

project managers in the case company. Furthermore, one level of detail can be added to the analysis by 

including the main sizes of each component in the product structure. In this case study, the product 

structure is determined based on process calculations and technical drawings of components. 

The product structure is visualized as shown in Figure 4.a. In this graph, each block represents a main 

component. Interfaces between the components are visualized with a line. In cases where the direction 

of the interface is important, arrows can be used instead of lines. The main sizes of the components 

can be added to each block to enrich the analysis. 

 
Figure 4. Visualization of product structure (a. Case study, b. Fictional result Heat Inc.) 

A fictional example for the product structure of a district heating substation designed by Heat Inc. 

based on the customer requirements presented above is shown in Figure 4.b. The arrows between the 

blocks represent the flow of hot and cold water between the components. Furthermore, the flow 

between the product and its environment, namely the heat distribution network on the left side of the 

product and the apartments to the right, is visualized. The electrical interfaces between the controller 

and the connection subsystems, including valves and pumps, are represented as well. 

4.3.4. Commissioning structure 

The commissioning structure represents a decomposition of the activities and tasks that have to be 

carried out in order to bring the production system into operation. Since the commissioning is highly 

dependent on the product design, unique products lead to unique commissioning processes. A 

comparison of commissioning structures across projects is therefore difficult. However, the underlying 

principle is comparable on a high level if the projects are selected carefully as described in section 4.2. 
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In this case study, two dimensions of the commissioning process are taken into account: its scope 

and the activities that are carried out. The scope describes what aspects of the commissioning 

process are mentioned in the planning documentation. Examples for those aspects are conditions 

for the start of commissioning, different testing sequences, product sequences and operator 

training. Furthermore, the level of detail for each of these aspects is noted to investigate what 

scope the focus of the commissioning project is on. One example for levels of detail can be: the 

commissioning documentation mentions “testing of components” (low level of detail) or it 

mentions the different tests for different components individually (high level  of detail). In 

addition to the scope, the activities that are carried out during the commissioning process are 

listed. Depending on the level of detail in the data, the duration of each activity can be included to 

enrich the analysis. The information necessary to get an overview of scope and activities is taken 

from commissioning and planning documentation. 

The visualization shown in Figure 5.a is chosen in order to illustrate the commissioning structure 

with the two dimensions presented above. It consists of two lists, describing the scope and 

activities respectively. 

Figure 5.b shows a fictional example for the commissioning structure of one district heating 

substation designed by Heat Inc. The activities listed in the commissioning plans for the specific  

product are marked and their estimated durations are noted. The aspects of “Testing utilities”, 

“Heat testing” and “Hot water testing” are not part of the commissioning documentation for this 

specific product despite their relevance for other products in the scope of the framework 

application and therefore not coloured in Figure 5.b. 

 
Figure 5. Visualization of commissioning structure (a. Case study, b. Fictional result Heat Inc.) 

4.3.5. Commissioning time 

In order to analyse the performance of the commissioning process in regards to time, both the estimated 

and actual commissioning duration have to be taken into account. The originally estimated commissioning 

duration is extracted from orders, the actual duration is based on planning documentation. Depending on 

the level of detail in the gathered data, the total commissioning duration can be divided into components. 

One example is the split of the commissioning process into qualification of subsystems and ramp-up as 

defined in section 2 (see Figure 1). 

In order to visualize the time aspect of the commissioning phase, a stacked bar chart is chosen 

(see Figure 6.a). The initial delay of the start of the commissioning phase is calculated as the 

difference between actual and estimated start of commissioning. The final delay is calculated 

using the end of commissioning respectively. In order to simplify readability, the horizontal axis 

of the graph should be scaled identically for all projects in the scope of the analysis.  

 
Figure 6. Visualization of commissioning time (a. Case study, b. Fictional result Heat Inc.) 
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Figure 6.b shows the corresponding visualization of the commissioning time for the district heating 

substation developed by Heat Inc. based on the fictional results presented in the previous section. An 

initial delay of 2.5 days is added to the estimated commissioning time, as well as a delay of 1 day for 

the testing of components and subsystems, resulting in a 3.5 days final delay. 

4.3.6. Commissioning cost 

The evaluation of the performance of the commissioning process in regard to cost requires the 

consideration of both estimated and actual cost. The relevant data is gathered from cost estimations, 

budgets and employee hour registrations. In this study, expert interviews are conducted in order to 

identify the different aspects that influence the commissioning cost. Furthermore, a process analysis 

based on historical company data is carried out. Two main dimensions are identified to describe the 

impact each cost factor has on the overall commissioning cost: Location and responsible party. Each 

of these dimensions can be characterized in two ways (see Figure 7). Each cost unit with impact on 

commissioning can therefore be classified in one of four categories. The total commissioning cost 

calculates as the sum of the four cost categories. 

 
Figure 7. Decomposition of commissioning cost 

The financial performance of the commissioning is visualized with a stacked bar chart (see Figure 

8.a). The scale of the horizontal axis should be normalized across products in the analysis in order to 

simplify readability. In regard to the commissioning of the fictional district heating substation 

produced by Heat Inc., the described delays lead to increased internal off-site cost and external on-

site cost (see Figure 8.b). Due to the nature of the fictional case, no external off-site cost occur. 

 
Figure 8. Visualization of commissioning cost (a. Case study, b. Fictional result Heat Inc.) 

4.4. Preliminary result 

The framework has been applied in collaboration with the case company as described in the 

previous sections. Due to confidentiality, the amount of results presented in this section is limited 

and no details can be disclosed. Nevertheless, this section presents an exemplary result from the 

preliminary analysis in the case company, demonstrating what can be expected when applying the 

developed framework. 
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The high-level commissioning structure is analysed across multiple projects (see Figure 2 Insight 1). It is 

determined that certain commissioning activities are part of all commissioning processes in the scope of 

the analysis. This indicates that these activities are essential to any commissioning project in that product 

family. Furthermore, it can be seen that some activities only occur if the product structure includes certain 

components. This indicates that the proposed framework can be used to classify commissioning activities. 

5. Discussion 

The feasibility of the framework application in the ETO context has been indicated with the conduction 

of the case study. The study demonstrates that commissioning processes can be compared on a high level 

despite the uniqueness of products and processes across ETO projects. The identification of patterns 

across projects reveals the impact of product requirements and design decisions on the commissioning of 

the product and its performance. Furthermore, the visual character of the framework enables an 

uncomplicated communication of the identified patterns to practitioners. Nevertheless, the case study 

shows that the benefits gained from the framework application depend largely on the available data. The 

value of the insights gained from the analysis is linked to the level of detail in the data. Hence, in order to 

mitigate poor data quality and data unavailability that is typical for the ETO business (Hobday, 2000), 

the collection and structuring of the data necessary to perform an analysis such as the approach presented 

in this paper has to be further investigated. 

6. Conclusion 

Due to the uniqueness of products and product development projects in the Engineer-To-Order 

(ETO) business, companies often face difficulties when comparing products and projects in order to 

identify best practices. This article proposes a framework for the analysis of the commissioning 

process in the ETO business. The framework aims to analyse the structure of commissioning 

processes across complex one-of-a-kind products. The evaluation of the commissioning process is 

enabled by including the product requirements, product design and two performance characteristics 

in the framework. 

A case study was conducted in collaboration with a company from the ETO industry. The case study 

shows the feasibility of the application of the framework in the ETO context. The application of the 

framework supports ETO companies in analysing historical product and project data and thereby 

identifying potential future improvements in regard to product and process design. 
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Abstract 
In this paper we present five modularity practices across the domains of mechanics, electronics 
and software deduced from observations from four companies. The practices are made to help 
product developers of mechatronic products to assist in finding the most efficient modular 
division of the products. Furthermore, we present a tool to assist in cross-domain modularity 
decisions and to help developers follow the five cross-domain modularity practices. 
 
Keywords: modularisation, product architecture, mechatronics 
 

1 Introduction 

For decades companies that previously were able to deliver mass produced products with little 
variance have experienced an increase in both globalisation and demand for customised 
products (Nadadur, Kim, Thomson, Parkinson, & Simpson, 2012; Pine, 1993). Higher demand 
for variance means development of more solutions and often this is done sequentially, product-
by-product, resulting in overlapping solutions and increased complexity. At worst this leads to 
costs increasing faster than turnover (M. H. Meyer & Lehnerd, 1997; Wilson & Perumal, 2009). 
Modular product architectures offers a strategy to cope with increasing complexity and make 
more profitable products (M. H. Meyer & Utterback, 1993; Robertson & Ulrich, 1998; Sanchez 
& Collins, 2001). 
In recent years, several scholars have developed methods and frameworks supporting engineers 
in developing modular product architectures (de Weck, 2006; Harlou, 2006; Jung & Simpson, 
2016; Krause et al., 2014; Otto et al., 2016). The methods have been used on both mechanical 
and mechatronic products. However, limited focus has been on modularity practices and effects 
of modularization across the domains of mechanics, electronics and software. The nature of 
product development in these three engineering disciplines varies quite a lot, in the way, that 
they use different supporting tools and methods. Therefore, modularity decisions in one domain 
could have different and maybe negative impact in one of the other domains. 
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Often product development is divided into silos i.e. mechanical development, software 
development, etc. Modularity efforts are then driven separate in each silo/domain, or is 
dominated by the representatives of the strongest domain (Gepp, Foehr, & Vollmar, 2016; 
Hehenberger, 2014). Practices for developing modularity across domains could help both 
design engineers and project managers, to avoid conflicting modularity efforts. In this paper, 
we presents and discuss five cross-domain practices that can help product developers when 
designing and re-designing for modularity in mechatronic systems. Furthermore, we present a 
new tool for mapping mechatronic product architectures to show dependencies across 
mechanics, electronics and software. 
The structure of the paper is as follows: First, we present the background theory and the 
methodology for the research. The section "State of the art" describes the state in the literature. 
Following this is the findings of cross-domain modularity practices from four companies. Then 
we present a tool to assist in cross-domain modularity decisions. In the end, we discuss the 
findings and finalise with a conclusion. 

2 Background and methodology 

In this paper we use the definition of 
mechatronic products introduced by Buur 
(1990): A technology, which combines 
mechanics with electronics and information 
technology to form both functional interaction 
and spatial integration in components, modules, 
products and systems. Hence, all products that 
combine physical mechanical and electrical 
components that are controlled by a software 
code. 
This research is theoretically founded in the 
theory of modularisation stating that products 
can be divided into functional units, called 
modules, helping a company to increase 
efficiencies (Marc H. Meyer, 1997; Robertson 
& Ulrich, 1998; Ulrich & Eppinger, 2012). Essentially the scope of the research can be seen as 
an extension of the Theory of Dispositions (TD) (Andreasen & Olesen, 1990; Olesen, 1992) in 
the way that we seek to find practices that deals with effects (dispositions) of modularity 
decisions taken in one engineering domain into another, see Figure 1. Modularity can be made 
with different purpose (Erixon, von Yxkull, & Arnström, 1996) and different engineering 
domains might have different conflicting or non-conflicting inputs to the modularisation 
strategy. In this research, we cover five key modularity practices that arises when looking across 
the domains. 
The research is exploratory (Karlsson, 2016, Chapter 2) and have been conducted as an action 
research (Karlsson, 2016, Chapter 7) where the researchers have been observing case 
companies through close involvement in modularity projects. 
Four companies have provided data input for the findings presented in this paper. All have been 
involved in modularisation research projects with the section of Engineering Design and 
Product Development (K&P) at the Technical University of Denmark (DTU) over a timespan 
of two to three years. All companies have been test cases for implementing state of the art tools 
and methods developed by the K&P section. In this process, the companies have provided data 
for including: product drawings, sales figures, production setup, organisation structures and 
cost structures. Meaning that the companies have given full access to their technical, sales and 

Figure 1: Extension of Theory of 
Dispositions figure from Olesen (1992) 
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business data directly from the source being their IT systems. Furthermore, all companies have 
held weekly status meetings with one of the authors. The cross-domain modularity practices 
presented in this paper are derived based on insights from these case companies. 

2.1 Data input - company descriptions 

The four case companies all have different market strategies and product offerings. They range 
from two small to medium sized enterprises (SME), one in the configure-to-order business and 
one in Engineer-to-order (ETO) business. Two large companies is included, one mass-
production and one ETO company. The products the companies produce range from large one-
of-a-kind solutions to smaller technical products, none of which is characterized as consumer 
goods.  
All cross-domain modularisation practices are exemplified with company cases. In all 
companies, all five practices was observed to some degree, but we only included few examples 
that display each practice the best. 

3 State of the art 

The state of the art is divided into two topics: mechatronics and modular product architectures. 
This research builds on the theory of modular product architectures and therefore the review on 
this topic is more extensive. The literature that deals with modular architecture development is 
further divided into 5 groups: product strategy driven models, graphical methods, matrix-based 
models, mathematical models and modularity frameworks. In each group, we will now discuss 
how the state of the art deals with architecture development across mechanics, electronics and 
software and, if any, what effects that might have. 

3.1 Modular architectures 

Product strategy driven models 
The modular function deployment (MFD) methodology developed by Erixon et al. (1996) can 
be used to systematically develop modular product design. The method does not deal with 
detailed design and could be used on all sorts of products including mechatronic  products as 
done by Börjesson (2014). The MFD method in its essence does not explicitly deal with any 
practices of modelling architectures across mechanics and electronics and Börjesson does not 
directly mention modularity practices across the two domains. In its original form, the MFD 
methodology does not address relations from mechanics or electronics to the software domain. 
 
Graphical models 
Graphical models like the Interface Diagram (Bruun & Mortensen, 2012) or the Product Family 
Master Plan (PFMP) (Harlou, 2006) are able to address dependencies across mechanics, 
electronics and software due to the abstraction level the two methods use. Using these models 
on the three engineering domains of a product could give an overview of differences in 
modularity. Both methods have been used on mechatronic products, but in their original form 
do not address dependencies or differences across mechanics or electronics, and the software 
domain have not to our knowledge been included in their use. 
 
 
 
Matrix-based models 
The most commonly used matrix-based model in relation to development of modular product 
architectures would be the Design Structure Matrix (DSM) (Steward, 1981). The DSM have 
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been used in many different applications including mechatronic products (Alvarez Cabrera, 
Komoto, Van Beek, & Tomiyama, 2014; Browning, 2016). Algorithms, such as the IGTA 
algorithm (Borjesson & Hölttä-Otto, 2014), can be used to cluster DSMs and could be used on 
DSMs that maps products across mechanics, electronics and software to locate modularity 
synergies across the domains. A certain clustering of a DSM might not be feasible in practice 
across all three domains, and the task of setting up the DSM extends excessively as the product 
increase in complexity. Nor is modularity practices across the three domains explicitly 
presented with DSMs. 
 
Mathematical models 
Mathematical models like De Weck's (2006) model for deciding platform extend or the method 
of Schuh et al. (2017) for contextual design of modular product platforms tends to focus on 
variants of commercial units within a platform or the extend of a certain platform. They do not 
explicitly offer any overview of trade-offs between mechanics, electronics and software or 
describe any practices between the three domains when developing product platforms. 
 
Modularity frameworks 
Platform-based frameworks for developing product platforms like the PKT-approach (Krause 
et al., 2014), the AME (Architecture Mapping and Evaluation) framework (Mortensen, Hansen, 
Løkkegaard, & Hvam, 2016) or the 13 steps for developing a platform concept by Otto et al. 
(2016) can be used across engineering domains, and probably should go across domains when 
developing mechatronic products. However, none of them explicitly covers modularity 
practices that arise when looking across the three domains discussed herein, nor offer any 
formal visualisation practices of dependencies across all three domains. 

3.2 Mechatronics 

Researchers have provided many tools and frameworks for aligning the product development 
process across the mechanics, electronics and software domains when developing mechatronic 
products (De Silva, 2005). Welp and Jansen (2004) presented a method for the domain 
allocation of the functions of products and Hehenberger (2014) gave an overview of a 
hierarchical process representing different disciplines for the design of mechatronic products. 
They focus on single product development and not explicitly families of products. Alvares 
Cabrera et al. (2011) introduced a model, method and tool implementation supporting a 
corporative design process with exchange of information between domains, but focus more on 
knowledge management processes than the product development process. 
Some researchers have been focusing on modularity within mechatronic products. Schuh et al. 
(2019) and Schuh et al. (2016) developed methods for designing mechatronic modules based 
on principles from axiomatic design. They set up axiomatic equations for defining module 
extend (how much variance can a module cover) and present a four step method for designing 
mechatronic modules. Their work focus primarily on the development on single modules. 
Weyrich et al. (2011) presented an approach using DSMs (Design structure matrix) for 
developing so called solution neutral mechatronic modules that can be used across solutions. 
However, they do not focus on complete system design. 

3.3 State of the art conclusion 

No scholars have explicitly presented key practices for modelling product platforms across 
mechanics, electronics and software. Knowledge of pitfalls and good modularity practices 
across the domains might be beneficial knowledge when using existing methods, as most 
products are designed across domains. 
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Contributions within the field of mechatronic product development, either focus on the process 
of sharing knowledge between domains or on single products or modules. We see a gap in 
methods or tools to support product developers when designing modular products on a portfolio 
level explicitly addressing cross-domain modularity. 

4 Cross-domain modularity practices 

The five practices presented in this paper were derived from insights from four case companies. 
They describe some fundamental challenges to consider when working with modularity across 
domains. However, due to the nature of the research and limitations of the study, more practices 
might exist. We now present the five cross-domain modularity practices. 

Practice 1: Central or decentral electronics 
Division into modules does not always follow the same logic in the electronics domain as in 
mechanics. Electrical signals are often collected into one central PCB (Printed Circuit Board), 
a so-called I/O board. This means that if an electrical signal from one functional module in the 
mechanics domain change, the I/O board have to be revised, which again means that an 
infliction with other modules' design is made. The driver for collecting the signals is cost, but 
modules that change frequently, might be worth decoupling from the rest, so they can be revised 
independently. If these modules are not decoupled, development might become slow and an 
excessive number of variants of these relatively complex components (I/O boards) must be 
handled.  
One company experiences higher efficiency in developing new variants of a frequently 
changing module, consisting of a user-interface to the product. This module was not connected 
to the central I/O board. Signals were sent to the main computer through a separated I/O board 
on the same BUS data-connection as the central I/O board. If the module had not been 
decoupled from the central I/O board the following complexity would have been introduced: 

- More variants of the central I/O (relatively expensive component) would have to be 
handled and stocked 

- The design process would be less efficient because a new layout of the central I/O board 
would have to be made 

- A relatively low selling unit would indirectly inflict design-costs on the top sellers 

Practice 2: Same modularity in software and mechanics on critical changing 
modules 

What might seem as small relatively easy-to-handle changes in mechanics or electronics might 
have big impact in the software domain. If modularity in the software domain follow the 
mechanical domain in critical areas that are highly coupled changes can be handled more 
efficiently. One company experienced that the change in the size of a nozzle had big infliction 
on the control software, because now the dose of water that passes through the nozzle over a 
certain time is changed. The control software then needed to be calibrated but since the 
modularity did not follow the logic from the mechanics domain, the impact showed in multiple 
areas of the software and was almost impossible to manage.  
Another company producing processing plants experienced most efficient start-up phases of 
new plants when the modular structure of software followed the modular structure of the 
processing plant. The big influence comes when having to tune the plants for operation. If 
certain modules of the processing plant have to be changed, then the software needs to be 
changed as well. These changes must be done as efficiently as possible, as the plant cannot run 
without the controlling software and the longer the start-up phase takes the more it costs. Similar 
modular structures in the two domains helped fastening up this phase. 

305



Practice 3: Adapting to cross-domain standards 
Standards for e.g. testing or certification in one domain, may affect the boundaries for modules 
in other domains. The functional testing of electrical control units was of the main drivers for 
cost and lead-time for one mass-producing company. Historically, they tested each new product 
variant on dedicated equipment. The only way to handle this challenge was to work with 
modularization across the software-, electronics-, and mechanical domains. To develop a 
generic testing procedure, and allow test-equipment standardization, a standard testing module 
had to be defined within the software domain. Within the electronic domain, the design of PCBs 
had to accommodate a standard test array located at a specific position. Finally, the mechanical 
domain had to ensure access to the PCB through a standardized interface with a fixed distance 
and orientation to the test array. Through interface standardization across the three domains, 
the company reported savings in the range of 30-40% on cost and 40-60% on lead-time for test 
of new product variants. 

Practice 4: Different scaling principles across domains 
When scaling up performance of products i.e. increasing capacity or power output, modularity 
across domains can have a significant impact on the complexity of the job. In one company 
producing process plants, the engineering department (mechanical domain) drove 
modularization efforts and thus, the scaling practices for adding extra process equipment to a 
plant, was relatively well defined. However, when adding extra processes, the integration task 
within the software- and electronic domains grew almost exponentially, as opposed to the 
mechanical domain which grew linearly, and was a significant driver of cost and quality issues 
within the company. This was because modularisation had been optimized only from the 
perspective of one engineering domain, which lead to some negative trade-offs in the other 
domains. Had the modularisation strategy been optimized across the domains the company 
would expect a more linear evolvement of the hours spend on development in software and 
electronics as the number of process steps increased for the plant, as was seen in mechanical 
development. 

Practice 5: Minimizing variance through the software domain 
More of the companies were able to reduce variance significantly in the electronics and 
mechanics domain. Demands in markets for e.g. differentiation in voltage specification could 
be handled with regulation of power supply. In this case, it meant reduction of 75% in parts and 
another company identified a possibility of reducing number of commercial variants in the order 
of 50% by controlling variance through smart software regulation. If only seen from the 
mechanical or electronic domain the company would have to introduce commercial variants for 
each regulation point in the software meaning higher inventory bindings, higher production 
investments and more production changeovers. 

5 Cross-domains architecture tool 

We have seen in four different companies that challenges related to design of modularity and 
design change exists across the domains of mechanics, electronics and software. Streamlining 
modularity across the three domains is a trade-off between development speed, costs and code 
efficiency. Electronics is often cheaper to centralize to one PCB when only considering direct 
costs. However, frequent change in the physical product might overcomplicate the design task 
with one central I/O board.  
Product changes might influence electrical signals that are handled by the software. If the 
software follows the same modular structure as the mechanics or if there exists a clear overview 
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of the impact of the change in the code, design changes might be handled more efficiently going 
from the mechanics to the electronics and finally the software domain. 
In Figure 2 we present the MESA (Mechanics, Electronics and Software Architecture) tool. A 
model that helps designers visualize mechatronic product architectures with focus on 
identifying cross-domain modularity. 
Before going in detail with the tool itself we will link the five cross-domain modularity practices 
to some requirements for the tool, that have helped in the process of developing the tool. 

Link to practice 1: Central or decentral electronics 
The choice to centralize or de-centralize electronic signals is highly influenced by costs related 
to printed circuit boards. The tool should give an overview of these costs. If the tool clearly 
marked modules that are likely to be changed in the future, it would show the infliction on the 
signal handling boards (I/O boards). 
Link to practice 2: Same modularity in software and mechanics on critical changing 
modules 
The tool should visualize the relations between the mechanics/electronics and software domain, 
and when locating critical modules that are likely to be changed it will be clear how complex 
the relations from the mechanic domain into the software domain is, and thereby how aligned 
the two domains are. 

Link to practice 3: Adapting to cross-domain standards 
By highlighting modules, signals or code, that needs to follow certain standards, following all 
relations to the two other domains, could help in visualizing how this standard inflicts the other 
domains, and if harmonization to this standard across domains should be made. 

Link to practice 4: Different scaling principles across domains 
Scaling principles could be shown in mechanics in the tool by variance within modules. Then 
links, made by connecting parts/software in each domains, could give an overview of relations 
between them and give an overview of where scaling principles influence the other domains 
and how they are handled in each domain. 

Link to practice 5: Minimizing variance through the software domain 
In the tool, functional modules with variance in the mechanics domain with no relations to the 
software domain should be clearly visualized, and these are places to look for possible inclusion 
of electronic solutions with software-controlled variance instead of mechanical variance. 
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Figure 2. MESA tool (Mechanics, Electronics and Architecture tool) 

Besides the modularity practices presented, the tool is inspired by the Product Family Master 
Plan (PFMP) (Harlou, 2006) and the Interface Diagram (Bruun & Mortensen, 2012). The 
mechanical platform of the product including part-variance is mapped in the structure shown in 
Figure 2 to the left in a part of/kind of structure. The idea is then to draw lines from the parts in 
the mechanical view that either sends or receives electrical signals. The PCB component-cost 
is noted for each signal and boxes illustrating which I/O board handles the signals are drawn 
over the lines. With the cost of each I/O board and cost of PCB components, the direct cost of 
de-centralizing vs centralizing can be estimated. The electrical signals are connected with the 
software code showing what part of the code handles the signal. In this representation we have 
used a state machine practice for the code which is a common methodology for making software 
to control products (Wagner, Schmuki, Wagner, & Wolstenholme, 2006). The structure of the 
state machines and programs (programs call/activate state machines) presents the architecture 
of the control code. If the modularity of the mechanics and the software follow each other, you 
will see a one-to-one mapping of relations from one module in the mechanics domains to one 
state machine or a few state machines who all handle the same functionality, depending on the 
complexity of the code. 
The function of the MESA tool is to support product developers or managers in giving an 
overview of modularity and product decisions across mechanics, software and electronics. The 
input to the model comes from all three development functions and requires a thorough analysis 
of all the variants of products sold within a product architecture (or similar products 
architectures). We propose that one person is in charge of filling in product information in the 
figure to insure consistency in modeling formalism. In addition, this person should have the 
responsibility of seeking all the product information from experts in each engineering domain. 
After making a version of the model based on the existing product programme, alternatives can 
be made to explore how the modularity can be improved across domains. 
Experience from the case companies shows that information about cost of PCB components 
can be difficult to find, especially when third party companies supply the PCBs. Therefore, this 
information may have to be a best-guess estimate, if the supplier will not deliver cost-
breakdowns of PCBs. 
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6 Discussion 

As mentioned previously, existing methods and tools for developing modular product 
architectures do not explicitly deal with practices for handling modularity across mechanics, 
electronics and software. Surely, many of the methods are appropriate for developing 
mechatronic products, however without explicitly concerning cross-domain trade-offs, 
important synergies or pitfalls might be overlooked, which in the end can sacrifice company 
earnings. 
We did not solve every challenge of developing product architectures across engineering 
domains, but we have added emphasis on some modularity practices that could be relevant to 
many companies. Of course, modularity practices between other domains such as 
manufacturing or supply chain are of high importance when developing modular product 
architectures. However, work such as Fixson (2005) and Løkkegaard et al.(2018) have already 
dealt with practices in those domains, and therefore these domains are also not part of the 
MESA tool presented in this paper. 
Regarding the MESA tool, an important task is to find the right level of product breakdown. If 
the breakdown is too fine-grained, it may compromise the overview. However, the product also 
need to be broken down at such level that you can distinguish the different electrical signals 
within each module. This is something that is left to the user to evaluate. 
From the observed companies working with modularity we have covered five key practices for 
developing modularity across the three domains. The practices were deduced from both 
successful and unsuccessful cases in the companies. We do not claim they represent a complete 
list of modularity practices across the three domains. However, in the four companies studied 
in this research they represent the most important practices related to impact on lead-time and 
earnings. Further research could be made with more companies to discover other practices. 

7 Conclusion 

In this paper, we have presented five different cross-domain practices that are relevant when 
designing modular mechatronic products. The practices focus on the trade-offs between the 
domains of mechanics, electronics and software. The five practices are: 

• Central or decentral electronics 
• Same modularity in software and mechanics on critical changing modules  
• Adapting to cross-domain standards 
• Different scaling principles across domains  
• Minimizing variance through the software domain  

They were deduced by observing four different case companies that have been part of research 
projects at the section of K&P at DTU over a time span of two to three years. 
Building on the observations of modularisation practices across mechanics, electronics and 
software and methods from other scholars we have also presented the MESA tool for visualizing 
mechatronic architectures across mechanics, electronics and software. The tool is supposed to 
assist product developers on modularity decisions by giving an overview of relations between 
mechanics, electronics and software. The tool still needs testing to validate its ability to help 
practitioners to follow modularity practices across domains.  
In addition, domains such as manufacturing and supply chain might have an effect that could 
inflict with some of the modularity practices across mechanics, electronics and software. This 
did not seem to be the case in the companies observed in this paper, but it could be subject to 
further research. 
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