
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 
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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 
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 
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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 
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. 
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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 
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: 
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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.  

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. 

 

 
Fig. 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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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, 
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: 
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There is no description of which constituent components 
belongs to which of the initially described systems.  

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 
perspective to the results of the first two projects. If two 
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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 
project-based product development; (2) Structures the 
available project information according to this 
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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. 

7. ACKNOWLEDGEMENTS

The authors would like to thank the collaborating 
case company for access to project documentation and 
information. 

8. REFERENCES

[1] J. C. Wortmann, “Production Management Systems 
for One-of-a-Kind Products,” Computers in 
Industry, vol. 19, no. 1, pp. 79–88, Apr. 1992, doi: 
10.1016/0166-3615(92)90008-B. 

[2] M. Hobday, “The project-based organisation: an 
ideal form for managing complex products and 
systems?,” Research Policy, vol. 29, no. 7–8, 2000. 

[3] C. Hicks and T. McGovern, “Product Life Cycle 
Management in Engineer-to-Order Industries,” 
International Journal of Technology Management, 
vol. 48, no. 2, p. 153, 2009, doi: 
10.1504/IJTM.2009.024913. 

[4] C. Hicks, C. F. Earl, and T. McGovern, “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, 2000, doi: 
10.1109/17.895337. 

[5] A. Sylla, D. Guillon, E. Vareilles, M. Aldanondo, 
T. Coudert, and L. Geneste, “Configuration 

Knowledge Modeling: How to Extend 
Configuration from Assemble/Make to Order 
Towards Engineer to Order for the Bidding 
Process,” Computers in Industry, vol. 99, pp. 29–
41, 2018, doi: 10.1016/j.compind.2018.03.019. 

[6] M. Bonev, “Enabling Mass Customization in 
Engineer-To-Order Industries: A Multiple Case 
Study Analysis on Concepts, Methods and Tools,” 
The Technical University of Denmark, 2015. 

[7] C. Y. Baldwin and K. B. Clark, “Modularity in the 
Design of Complex Engineering Systems,” in 
Complex Engineered Systems, Berlin, Heidelberg: 
Springer Berlin Heidelberg, 2006, pp. 175–205. 

[8] J. Bossen, M. N. Hansson, O. Madsen, K. Nielsen, 
and T. D. Brunø, “An Engineer-To-Order Mass 
Customization Development Framework,” in IFIP 
Advances in Information and Communication 
Technology, vol. 440, no. PART 3, 2014, pp. 116–
123. 

[9] Z. Wang, M. Zhang, H. Sun, and G. Zhu, “Effects 
of Standardization and Innovation on Mass 
Customization: An Empirical Investigation,” 
Technovation, vol. 48–49, pp. 79–86, 2016, doi: 
10.1016/j.technovation.2016.01.003. 

[10] J. Clarkson and C. Eckert, Design Process 
Improvement - A Review of Current Practice. 
Springer, 2005. 

[11] J. Jiao, T. W. Simpson, and Z. Siddique, “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, 2007, doi: 10.1007/s10845-007-0003-2. 

[12] M. Bonev and L. Hvam, “Performance Measures 
for Mass Customization Strategies in an ETO 
Environment,” in Proceedings of the 20th EurOMA 
Conference, 2013. 

[13] N. Suzić, C. Forza, A. Trentin, and Z. Anišić, 
“Implementation guidelines for mass 
customization: current characteristics and 
suggestions for improvement,” Production 
Planning and Control, vol. 29, no. 10, pp. 856–871, 
2018, doi: 10.1080/09537287.2018.1485983. 

[14] M. S. Sawhney, “Leveraged High-Variety 
Strategies: From Portfolio Thinking to Platform 
Thinking,” Journal of the Academy of Marketing 
Science, vol. 26, no. 1, pp. 54–61, 1998. 

[15] J. Gleisberg, O. Knapp, and M. Pötzl, “Modular 
Products: How to Leverage Modular Product Kits 
for Growth and Globalization,” 2012. [Online]. 
Available: 
www.rolandberger.de/media/pdf/Roland_Berger_M
odular_Products_Long_IPE_20120410.pdf. 

[16] T. Brady, A. Davies, and D. M. Gann, “Creating 
Value by Delivering Integrated Solutions,” 
International Journal of Project Management, vol. 
23, no. 5, pp. 360–365, Jul. 2005, doi: 
10.1016/j.ijproman.2005.01.001. 

[17] M. Foehr, M. Gepp, and J. Vollmar, “Challenges of 
System Integration in the Engineer-to-Order 
Business,” IECON 2015 - 41st Annual Conference 
of the IEEE Industrial Electronics Society, pp. 73–
79, 2015, doi: 10.1109/IECON.2015.7392078. 

[18] M. Gepp, M. Foehr, J. Vollmar, A. Schertl, and T. 

9



Schaeffler, “System Integration in Modularization 
and Standardization Programs,” in 2015 Annual 
IEEE Systems Conference (SysCon) Proceedings, 
Apr. 2015, pp. 847–852, doi: 
10.1109/SYSCON.2015.7116856. 

[19] Y. Hooshmand, D. Adamenko, S. Kunnen, and P. 
Köhler, “An Approach for Holistic Model-Based 
Engineering of Industrial Plants,” Proceedings of 
the International Conference on Engineering 
Design, ICED, vol. 3, no. DS87-3, pp. 101–110, 
2017. 

[20] H. Eisner, “Systems Engineering: Building 
Successful Systems,” Synthesis Lectures on 
Engineering, vol. 6, no. 2, pp. 1–139, Apr. 2011, 
doi: 10.2200/S00349ED1V01Y201104ENG014. 

[21] S. P. Philbin, “Managing Complex Technology 
Projects,” Research-Technology Management, vol. 
51, no. 2, pp. 32–39, Mar. 2008, doi: 
10.1080/08956308.2008.11657493. 

[22] D. D. Walden, G. J. Roedler, K. J. Forsberg, R. D. 
Hamelin, and T. M. Shortell, Systems Engineering 
Handbook - A Guide For System Life Cycle 
Processes and Activities, 4th ed. Wiley, 2015. 

[23] P. J. Clarkson, C. Simons, and C. Eckert, 
“Predicting Change Propagation in Complex 
Design,” in Proceedings of DETC’01 ASME 2001 
Design Engineering Technical Conferences and 
Computers and Information in Engineering 
Conference, 2001, pp. 1–10. 

[24] B. Hamraz and P. J. Clarkson, “Industrial 
Evaluation of FBS Linkage – A Method to Support 
Engineering Change Management,” Journal of 
Engineering Design, vol. 26, no. September 2015, 
2015, doi: 10.1080/09544828.2015.1015783. 

[25] H. Eisner, Managing Complex Systems - Thinking 
Outside the Box. Wiley, 2005. 

[26] D. H. Meadows, Thinking in Systems - A Primer. 
Earthscan, 2009. 

[27] S. D. Eppinger, “A Planning Method for Integration 
of Large-Scale Engineering Systems,” in 
Internation Conference on Engineering Design, 
ICED97, 1997. 

[28] NASA, NASA Systems Engineering Handbook 
1995. 2007. 

[29] IEC and ISO, “Industrial Systems, Installations and 
Equipment and Industrial Products - Structuring 
Principles and Reference Designations - Part 1: 
Basic Rules (IEC 81346-1:2009),” 2009. 

[30] www.incose.org, “What is Systems Engineering?” 
https://www.incose.org/systems-engineering 
(accessed Jun. 09, 2020). 

[31] T. U. Pimmler and S. D. Eppinger, “Integration 
Analysis of Product Decompositions,” in ASME 
Design Theory and Methodology Conference, 1994. 

CORRESPONDENCE 

Christian A. Bertram, PhD Student 
Technical University of Denmark 
Department of Mechanical 
Engineering, Section of 
Engineering Design and Product 
Development 
Niels Koppels Allé 404 
2800 Kgs. Lyngby, Denmark 
chalbe@mek.dtu.dk 

Georg O. Müller, PhD Student 
Technical University of Denmark 
Department of Mechanical 
Engineering, Section of 
Engineering Design and Product 
Development 
Niels Koppels Allé 404 
2800 Kgs. Lyngby, Denmark 
gemul@mek.dtu.dk 

William D. Mangum, 
Technical University of Denmark 
Department of Mechanical 
Engineering 
Niels Koppels Allé 404 
2800 Kgs. Lyngby, Denmark 
s190035@student.dtu.dk 

Niels Henrik Mortensen, Prof. 
Technical University of Denmark 
Department of Mechanical 
Engineering, Section of 
Engineering Design and Product 
Development 
Niels Koppels Allé 404 
2800 Kgs. Lyngby, Denmark 
nhmo@mek.dtu.dk 

10




