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The main result presented in this paper is the Framework for Product Family Master Plan. This framework supports the
identification of a product architecture for companies that customize products and services. The framework has five
coherent aspects, the market, product assortment, supply-production, organization and work processes. One of the
unique results is that these aspects are linked, which make it possible to make explicit recommendations for an
architecture (the way a product family should be structured with clear interfaces), architecture elements and
consequences. By means of a case study it is shown that the potential EBIT (Earning Before Interests and Taxes)
improvement of the case company is 10%.
Significance: Many companies make customization, but have severe difficulties becoming profitable. This paper
suggests a framework for identifying an architecture that can provide a basis for increasing profitability.
Keyword: Product Family Design, Architecture, platform, product development.
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1. INTRODUCTION
For many companies that deliver customized products and solutions it is often very difficult to make satisfactory EBIT
(Earning Before Interests and Taxes). Below is an example from a company making customization of building
equipment. The Gross Margin (GM) distribution across projects has a variation as shown in figure 1.

Figure 1: Gross margin for projects

The x-axis shows individual projects in the company and the y axis shows the actual gross margin in each individual
project. In the company above all quotations are calculated based on a gross margin of 20%. As the diagram shows,
quite a significant amount of projects have a margin far below 20%. What can also be seen is that some projects have a
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higher margin than 20%. It is clear that there is significant margin deviation in the majority of projects. As a result this,
the company has an overall EBIT of a few percent some years and a negative EBIT in other years.
The above situation is no single incident but is more or less the general picture for the 40 companies that we
have been working with over the last years, Hvam, Mortensen & Riis (2007). There are exceptions but the majority of
the companies making complex engineering customized products have severe problems making a satisfactory EBIT. In
periods where it is relatively easy to get new projects these companies could make more money if they were more
professional in selecting the profitable customers and projects. The situation today with financial crisis many
companies try to shoot at everything, leading to a situation where many projects become even less profitable.
There are certainly many reasons for the lack of ability to make a satisfactory EBIT. This paper is based on the
assumption that EBIT can be improved significantly if a more clear architecture for the product assortment is designed
and implemented. A clear architecture means that the building blocks in the product assortment and related interfaces
are clearly defined. This further means that the organization, processes and systems are designed to handle this
architecture. In other words the architecture describes where the company can make profitable projects. A further
implication is that a company will then be able to recognize a profitable customer or project upfront. The reason is that
a relative stable architecture means that robust and optimized processes can be developed. If the architecture, including
core interfaces is changed in each project, it is nearly impossible to develop robust processes across the whole
company.
This paper will propose an operational framework, Framework for Product Family Master Plan, which can
serve as a basis for identification an explicit architecture. The research is based on PhD, Master and consultancy
projects in more than 40 companies mainly within Scandinavia. Before going into the framework, we will first
examine some of the barriers for implementing architectures. Then the framework is presented and is then related to
other research work and finally experience from application of the framework in an industrial company is presented.

2. BARRIERS FOR MAKING A CLEAR ARCHITECTURE
Most Board of Management teams recognize the need for having a more clear architecture. The phenomena have many
different phrasings such as standardization, preferred solutions, platforms, fast track, mass customization, lean
processes etc. They all somehow express the intention that there should be two execution processes, a fast track and a
standard track. This is shown in the figure below.

Standard track
Fast track

Figure 2: Clear distinction between fast track and standard track. Projects within the architecture shall be executed as
fast track and projects outside the architecture shall be executed as standard track or simply rejected.

The standard track is based on the architecture and the standard track is covering the remaining projects. Often there is
no clear separation between the two tracks leading to a lot of complexity and inefficiency in project execution.
Despite that the vision for many companies is expressed more or less explicit, very few companies seem to be
able to implement it. This section will summarize the most common barriers that companies have expressed during
architecture projects.
“We deliver value to our customers by delivering exactly what is requested” This will sometimes be true but in many
cases not. There are many examples of variety in a product assortment that does not provide value to customers but
only add complexity cost in companies. A few examples of this phenomenon are. One company is delivering products
with actuators that are bolted, welded and glued. This means that three types of production processes have to mastered,
leading to increased cost. Seen from a customer point of view this variety does not add value. Another company is
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having pressure tanks certified for 4,1 bar, 4,4 bar and 5 bar. In this case certificates and approvals have to developed
and maintained without any extra value to the customers.
“We will loose our customers” This might be true, but there is a clear tendency that the companies trying to shoot at
everything make significant less money than the one with a clear and focused market strategy. Without an architecture
it is difficult to recognize a profitable customer. An architecture makes it more clear where a company can develop and
deliver customized products with satisfactory EBIT. Thereby a significant better decision basis is available for
accepting or rejecting a project or a customer. Some of the companies that we have studied have reduced turnover due
to fewer customers, but the customers they have contribute to an increased margin.
“Product assortment ownership is unclear” Companies develop products within projects with a clear responsibility as
long as it is a project. But after the project and on portfolio level the responsibility is often unclear. There are
procedures for how to introduce new products and components, but often there are no procedures for removing them.
The criteria for accepting or rejecting a project are often very fuzzy.
“We do not know where to start” In many companies the product assortment is so complex that it is difficult to get an
overview. Over the years product programs often become extremely complex, due to customization, acquisition of new
companies and reinventing the wheel in projects.
“Architectures is a looser project – do not touch it” To succeed with an architecture project commitment from sales,
engineering and production is necessary. In sales a company might have so say no to customers, in engineering a more
clear focus on sharing and reuse is needed and in production capabilities have to be adjusted according to the
architecture and vice versa. Who is responsible for the link between sales, engineering and production? Ultimately it is
the CEO. Often we see architecture initiatives isolated in the sales, engineering and production but they are not
coordinated and do therefore not create significant benefits.
“Benefits are difficult to quantify” It is difficult to prove that companies with a more clear architecture make more
money than companies without, but among the companies that we have studied there is a clear tendency. Among the
most important reasons why benefits are difficult to quantify is that savings often are related to decreased overhead
costs. The increased ability to develop new products, shorter lead time is not easy to quantify. Many sophisticated
techniques are available in literature, such as activity based costing and total cost management. In the companies we
work with more simple techniques have been utilized. The main technique has just been to evaluate what task are added
or removed in each functional area in a company.
There is no simple answer to address the above barriers, but one aspect that can support decision making is a systematic
approach to identify what could be concrete architectures, architecture elements and benefits. One such approach is the
Product Family Master Plan Framework.

3. FRAMEWORK FOR PRODUCT FAMILY MASTER PLAN
This section will briefly describe the framework that has been utilized for analyzing a company and the product
assortment with the purpose of identifying an architecture. The intention has been to describe a framework which can
support answering the following questions:
1) What are the existing variety of the product assortment, seen from customer, functionality and part point of
view?
2) Is the variety creating value for the customers?
3) What sort of complexity is created in production, due to product variety
4) What are existing variety in production and production processes?
5) Which production processes are creating value?
6) What variety exists in the work processes when customer specific solutions are designed?
7) What are the dispositional relation between the product assortment variety and the order and development
process?
The product modeling basis in the Product Family Master Plan Framework is the Theory of Technical Systems (TTS),
Hubka (1988) and Theory of Domains (ToD), Andreasen (1980). According to TTS and ToD a product can be modeled
from four points of views: process, function organ and part. A process describes the transformation that a product is
able to do. A coffee machine is able to carry out a process where water and coffee beans are united in to coffee. The
functions are defined as the purposeful effects necessary to carry out the process mentioned above. In the coffee
machine example the effects necessary are creation of heat, filter the coffee beans and the water. The organs are the
elements which are able to realize the functions. Examples of organs in a coffee machine are the heating element, the
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filter, the can and the chassis. The parts are the physical elements which in an interplay is able to realize the organs.
Example of parts in e.g. the heating element might be the wires, the screws, and plates. In the framework processes and
function view are combined in to what is called a customer view. The customer view is then the subset of the processes
and functions that are relevant seen from a customer point of view.
Object oriented models consist of objects and relations. An object is characterized by its identity, structure and
behavior. According to Coad & Yourdon (1991), relations can be whole-part, generalization - specialization, message
connection and instance connections. Whole-part (part of) is relations between entirety and elements. Generalization specialization (kind of) are relations between super and sub classes. Message connections are data flow between
objects, e.g. that calculation in one object requires data from another object. Instance connections are relations between
classes and instances. TTS and ToD is describing single products whereas object oriented modeling adds variety in
such a way that product families can be modeled.
The Product Family Master Plan (PFMP) is originally proposed by Harlou (2006) and is based on TTS, ToD
and Object oriented modeling. In this paper the PFMP is expanded by means of a market, supply, organization and
work process dimension. The totality is named Framework for Product Family Master Plan, se figure 3 below.

Figure 3: Framework for Product Family Master Plan

The Product Family Master Plan (PFMP) Framework consists of five aspects. The market, product assortment,
production supply, organization and work process aspect. In this section the framework and the contents is explained
further.
Product Assortment aspect
Starting with the Product aspect, it consists of a customer view, engineering view and part view. Each view consist of
two sub structures a part_of structure and a kind_of structure. In the customer view all features that are of importance to
the customers are described. The engineering view contains the functional units (organs in the TTS) and variants within
the product assortment. The part view describes the physical elements and variants of the products.
What is of special importance is the links between the views. Each of the views is causally linked meaning that certain
types of traceability can be described. The relation between customer view and engineering view describes how certain
customer features are realized by means of certain functional units. The relation between engineering view and part
view explains how functionality is realized by means of physical parts and sub-assemblies. Reading the from the part
view to the engineering view explains how a certain part contributes to delivering functionality of the products. From
the engineering view to customer view the relation describes how functional units deliver customer features and,
hopefully, value to the customer.
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From these relations a number of important conclusions can be derived. Some examples are:


The more relations that exist from a certain feature in the customer view to functional units in the engineering
view, the more complexity are the product assortment inherent. This means that if a feature in the customer
view is changed; all the related functional units and subsequent parts have to be changed or updated.



The relations between the engineering view and the customer view often reveal that certain functional units in
the engineering view have no explicit relations to the customer view, meaning that a none-value adding variety
has been added to the product assortment.

Further more the commercial variants of the product assortment are mapped. This means that it can be clearly seen
what in terms of customer features, functional units (organs) and parts that are shared across the Product Family of the
products. In figure 3 three product families, A, B and C are described.
Market aspect
In this area two sub aspects are described. The Power Tower matrix (shown in the upper part of the market aspect in
figure 3), Meyer & Lehnerd (1997) sales volume and turnover for each customer feature is mapped. The Power Tower
has two dimensions. The first one is business areas (BA in figure 3) and the second one is the high, medium and low
end products. The power tower provides a good overview on how the product families are covering the whole market.
When deciding on an architecture, it is of high importance to determine which areas in the Power Tower matrix it shall
cover. Mapping the customer features in terms of sales volume and contribution margin provides a good overview on
the consequences of adding or removing a feature to the product assortment.
Production – supply aspect
This is in principle the same as the product assortment aspect – just that the production processes are the modeling
object. The principle here is a generic process diagram, meaning that all process is mapped on a generic level. The
production flow of each family is then mapped in the process diagram. For each process, the numbers of part or
assembly variants are described (described in the circle after each process). A shadow behind the boxes indicates that
variants of the process exist, e.g. two different welding processes are carried out. The production flow for each family
is described in the production – supply aspect (this is shown by means of the lines connecting the boxes and end up in
individual families, A, B, and C). Mapping the production flow of individual families, gives an overview of how much
of the production processes and equipment that are shared across the product families.
Organization aspect
In this aspect the persons and departments being active in the sales, delivery and production of a product variants is
mapped. The purpose is to see how many times change of ownership is carried out in the chain of work processes.
Mapping the different IT systems utilized also provides valuable information for determining the complexity that have
to be handled.

Work processes
In this aspect the generic work process in the company is mapped, i.e. quotation, sales, design, purchase, quality etc.
When deciding on an architecture it is easy to optimize against a few work processes, but it has to be optimized with
respect to whole work process chain in order to provide significant benefits, e.g. lead time reduction. The next section
will briefly explain the relations between the different aspects. It is due to the explicit relations that the most important
conclusions can be derived.
Product assortment – Market aspects: There are two different relations shown in figure 3. The first one is relating
product families and the power tower. This relation shows in which business areas the product families are marketed.
The second relation shows how classes of features relates to product sales and volumes.
Product assortment – Production supply aspects: This relation shows how individual parts are manufactured in a
sequence of production processes. By means of this relation commonality between parts and production processes can
be visualized.
Organization – work process aspects: The relation shows which part of the organization that is responsible for the
individual work processes.
In section 5 the case study will explain how the above framework has been utilized as basis for making decisions on a
product family architecture.
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4. EXISTING APPROACHES IN LITERATURE
The following review is based on the results from the phd dissertation of Morten Kvist, Kvist (2009).
Modular Function Deployment: The modular function deployment (MFD), Ericsson & Erixon, (1999) builds largely
on the methodology of the QFD and on the formulation of eight so-called module drivers. The purpose of MFD is to
enable cross functional teams (including mainly marketing, development and production personnel) to create a mapping
from the physical structure of the products within a family to the functional structure of those products and to ensure
that the functional structure corresponds to the demands of the customers. Modular Function Deployment method
consists of five consecutive steps. Customer requirements are mapped to functional criteria and subsystem design
characteristics and subsequently forming a physical design in which a modular architecture supports a carefully
selected set of modularisation incentives called module drivers.
Design Structure Matrix: This approach takes a starting point in the decomposition of a product into
components/systems and an identification of interfaces/relations among these, Pimmler & Eppinger, (1994), HölttaOtto & De Weck, (2007). By the use of algorithms, it is possible to encapsulate components into modules or chunks
that are closely related to each other from an interaction point of view [Steward, 1981]. This process is referred to as
clustering. The outcome of a DSM is a proposal for a future modular product architecture.
Generic Bill of Materials: The generic BOM originate from the assemble-to-order environment, van Veen &
Wortmann, (1987) The end-products typically have a number of features for which a number of options are available to
choose from. Not many options are required in order to make the number of combinations (i.e. end-products)
enormous. The number of end-products can easily become too large to able to define specific BOM’s for every single
combination. Furthermore, forecasting, BOM-storage and maintenance become unmanageable. The generic BOM is a
concept that is introduced to enable creation of a specific manufacturing BOM when the customer places an order, by
replacing. The generic BOM is used to describe related products in one all-embracing model by using generic and
specific items.
Decision tree: The decision tree, Rea, (1965)is used by Tiihonen & Soininen (1997)as a product configuration model,
which basically represents all the valid combinations of the components that can be used to obtain the desired functions
for the customer. The product configuration model, Mesihovic & Malmqvist (2004). The decision tree presents the
multitude of component variety within a product family and by the use of positive combinatory relationships (e.g. if
“engine size”=D13 then “engine power” must be 360 or 420 hp) and/or incompatibility relations (e.g. if “engine
size”=D13 then “engine power” cannot be 220 or 700 hp) it defines the possible product configurations.
Value analysis: Value Analysis is a discipline founded at General Electric in the late 1940’s , Fowler (1990). In short,
value analysis is a methodology that has as its purpose to relate cost with functions in a product. It is a stepwise
methodology in which a product is partitioned into smaller constituents for further analysis – that may be analysis of
cost or value. Value is not the same as the Japanese idea of customer value we may see within the lean paradigm. Value
is specifically defined as the “worth” relative to cost, i.e. value = worth/cost. Worth in this sense actually resembles the
idea of customer value in lean very well. It is a denominator of those aspects, functions and features a customer wants
to pay extra for. The customer is regarded as the downstream stakeholders in the supply chain. Worth is – in other
words – a function of the totality of needs and demands of the customers, the customers’ customers, the distribution
channel etc. Some practitioners try to quantify worth and relate it directly to cost. Obviously cost is rather quantitative
and measurable in hard currency, while “worth” is a more soft and qualitative size. Whether qualitative or quantitative,
value has a focus on identifying value elements from a customer perspective and relate it directly to the functions of the
product and thereby indirectly to the way the products are built.
Function structures: The function-based design methods are characterized by the establishing either a function model
Pahl & Beitz, (1996), Otto & Wood (2001) or the schematics of the product Ulrich & Eppinger (2000). The function
structure describes the flow of material, data, and energy through sub-functions of the product using a set of rules (e.g.
the rules that are referred to as the functional basis which basically is a common language to describe functional
elements. The schematic of the product is somewhat similar to the function model. But where the function model
describes the product using functional elements the schematics on the other hand can describe both functional and
physical elements, whichever being the most meaningful. Having established an understanding of the functional
structure of the product some methods base identification of modules on experience and some simple guidelines, i.e. a
rather qualitative approach Pahl & Beitz (1996), Otto & Wood (2001), Ulrich & Eppinger (2000), [Pimmler &
Eppinger, 1994]. Basically, these methods identify potential modules in a way similar to the way the MFD method
makes use of the so-called module drivers.
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Multi criteria assessment: Otto & Hölttä-Otto (2007) presents a technique based on multi-criteria assessment where
platform concepts are given a score based on a set of different weighted criteria. Although, the method is designed to be
used for screening of preliminary platform concepts, and not - as it is the focus of this research - analysis and re-design
of product families, the method include analysis aspects that should be considered. The method is based on relatively
quantitative metric adapted from the field of modularity, platform design, and product development in general (e.g.
functional structure, DSM, commonality indices, etc.).
Value stream mapping: Most value stream mapping tools has a focus on information and physical goods passing
through the supply chain. The value stream is consequently often perceived as the flow of materials through the value
adding processes. There are several value stream mapping tools Womack & Jones (2003), Rother & Shook (1998). This
section describes the “traditional” value stream mapping tool. Other tools or methods re describe in the subsequent
sections. A less graphical depiction of the value stream is a process activity map. It is a schematic representation of the
critical path of a production. It is basically a matrix containing a mapping between process steps and machines, time
consumption and distance along with other factors of choice. This tool may be used in conjunction with the traditional
value stream map or as a preparation of that.
Conclusion: It is clear that all the above approach can play a role in identifying an architecture for a product family or
product assortment. The contribution of the Framework for Product Family Master Plan is mainly the relations between
the different aspects. Most properties of a company and product assortment are so-called relational properties,
Andreasen (1994). This means that e.g. production cost is the result of a meeting or relation between a product and a
production system. The existing approaches main focuses on single aspects and not the interplay. Value stream
mapping is widely used in lean projects. Often the product dimension is not taken into consideration. This is
particularly relevant for companies manufacturing customized products and solutions. It is difficult to achieve a lean
process on a complex product assortment with high number of part variants and unclear interfaces. Most of the data
necessary for filling out the framework is often available in companies but is distributed across IT system, departments
and persons. Making the relations visual is often very beneficial and makes it possible to make conclusions that are
otherwise not possible.

5. INDUSTRIAL EXAMPLE: COOLING SYSTEMS
The case company is selling, designing, manufacturing and delivering customer specific cooling solutions for large
OEM (Original Equipment Manufacturing) customers. The company has been grooving significantly over the last 10
years. One of the reasons is that their customers have grown significantly. While the customers have had a profitable
growth, then the case company has experienced a declining EBIT over the last years.
The business situation for the case company can be characterized as follows:
 Increased pressure on prices –because customers becomes bigger and is thereby obtaining higher barging
power
 Customers becomes global and is therefore expecting global delivery to an increased number of design and
manufacturing sites
 The expectations on shorter lead time for quotations is expressed clearly by the customers
 Competition from EU and China is expected to be further intensified
 Shorter time to market for new products is necessary to maintain the current market share.
To address the above challenges many initiatives have been started – one of them is investigation of the potential
benefits of a having a more clear architecture for the products and solutions.
Over a couple of month’s data for were collected and structured as described in the Framework for Product Family
Master Plan. Due to confidentiality and practicality (10 A0 posters for describing the contents of the whole framework)
the actual posters and contents are not shown in this paper. Among the important conclusions from utilizing the
framework were:


The dimensioning tool utilized in the sales phase is utilized to calculate the critical parts in the solutions. The
consequence is that each solution will be unique. This will again lead to variety that is not value creating to the
customers.



Many classes of parts exist, e.g. tubing equipment for 4,1, 4,2 and 4,3 bars – this is also an example of non
value creating variety.
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The product structure shows a complex mapping between the customer, engineering and part view. This
means that each time a customer feature shall be different from the previous; it is a complex engineering task.
In production it will lead to a new variant that have to be managed.



A visit to a key customer revealed that a lot of the variety in terms of connections, fasteners, approvals etc was
not very critical to the design of OEM equipment.



There was significant variety in the manufacturing processes which is mainly adding complexity and will
increase lead time.



In many of the cooling systems the customer order decoupling point is placed very early in the production
process chain which again will lead to long lead time and production complexity in general.



There were in period’s significant quality problems and related costs. One of the reasoning for this is that the
amount of manufacturing processes made it difficult really to master them on world class level.



Some of the projects is characterized by reinventing the wheel, meaning that the solutions already exists, but
was designed again due to lack of overview concerning existing solutions.

The systematic mapping according to the framework was considered as being very beneficial both to the management
team and senior personnel in sales, engineering and manufacturing.
The next step was to propose an architecture for the product assortment. The result of this design work is shown below,
in figure 4. By critically looking at the framework for product family master plan an architecture with standardized
interfaces were proposed at shown below.

Figure 4: Proposed architecture for cooling solutions, in Danish
Among the main benefits estimated was:






Reduction of number of parts from 600 to approximately 100
Reduction of direct cost with 10%
Reduction of complexity cost in the whole organization by 10%
Significant reduction of lead time for new prototypes
Significant reduction of lead time for new products

It was estimated that the new architecture will be able to cover 65% of the total sales, which means that that EBIT will
be increased by 10% over a period of two years. At the moment a detailed design of critical components is carried out
in order to verify the above benefits.

6. CONCLUSIONS
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The main result from this work is the Framework for Product Family Master Plan. This framework can be utilized as a
basis for systematic analysis of companies making customer or market variants of products. The framework enables a
company to point out which of the activities and product elements that provide value to the customers. This serves as a
valuable basis for identifying an architecture of a product assortment or product family. A good architecture enables a
company to recognize profitable customers and projects. The case study indicates that a significant improvement of
EBIT is possible with a fully implemented architecture. As the case study shows development of an architecture is not
necessary a complex development project, but in many cases more a question of making decisions on preferred sub
solutions.
A real implementation of the architecture is a very challenging task, because it has to work across sales, engineering
and production. Many preconditions for a successful implementation exist, e.g. a focused market strategy, a modern IT
infrastructure and a proper working product management. Due to the highly cross functional nature and market
strategic impact the responsibility ultimately have to be anchored by the CEO and board of management.
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PROACTIVE MODELING OF PRODUCT AND
PRODUCTION ARCHITECTURES
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ABSTRACT
This paper presents an operational model that allows description of market, products and production
architectures. The main feature of this model is the ability to describe both structural and functional
aspect of architectures. The structural aspect is an answer to the question: What constitutes the
architecture, e.g. standard designs, design units and interfaces? The functional aspect is an answer to
the question: What is the behaviour or the architecture, what is it able to do, i.e. which products at
which performance levels can be derived from the architecture? Among the most important benefits of
this model is the explicit ability to describe what the architecture is prepared for, and what it is not
prepared for - concerning development of future derivative products. The model has been applied in
large scale global product development projects. Among the most important benefits is contribution to:
 Improved preparedness for future launches, e.g. US versions of the products.
 Improved synchronization between product- and production development
 Achievement of attractive cost- and technical performance level on all products in the product
family
 On time launch of the generation of the product program
Keywords: product architecture, modeling product architecture, multi product development,
production architecture.
1 INTRODUCTION
Many industrial companies are facing serious challenges in maintaining competitive advantages.
Among the most often mentioned challenges are:
 There is a need to reduce time to market (and more importantly time to money) for new
products and solutions. Some of the companies that have participated in this research have lost
25% of market share in certain business areas during the last year. The reason for this is that
they do not have the right products available on the market.
 There is a need to achieve right cost level for global products– Immelt et al. [1] mention that
for GE to be cost competitive, the company needs products that are 80% cheaper in China
compared to US products.
 The need for localization and customization of products are increasing [2].
There are certainly many approaches to handle the above challenges, which are of organizational-,
process-, tool-, and competence nature. The focus in this paper is architectures, i.e. design of product
families or product programs based on stable interfaces and standard designs (modules). Implementing
an architecture have relations to all of the above aspects, but the overall hypothesis of the research
presented in this paper is that in order to improve the design of product families, architectures have to
be modeled explicitly and visually.
Many kinds of research projects have been carried out in order to improve the understanding of
architecture work. Among the most important contributions are [3], [4] and [5]. So why is there a need
for further investigations? One answer is that nearly all definitions of architectures are of structural
nature, i.e. what the architecture is. This is for obvious reasons very relevant, but equally important are
the functional aspects of architecture, i.e. what the architecture able to do. For instance the ability to
answer the question: Which products can be derived from the architecture? This phenomenon is not
very widely understood and described. Furthermore, the links between market, product and
production/supply architecture are relevant. This is also not in itself a new recognition, but when it
comes to e.g. evaluating the consequence of adding or removing a feature in a product, it is very
difficult to model the consequences market- and production wise. It is the ambition to make a model
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that allows operational linking between the three architectures. Almost none of the research literature
explains explicit relations between market, product and production architectures.
The reason proactive is mentioned in the paper title, is to address that there is a big business potential
and necessity for companies to think ahead in product program design, meaning that the next 2, 3 or 4
launches of derivative products have to be taken into consideration explicitly. Architecture wise this
means that an architecture shall be able to show the preparedness for the launching of future product
generations.
The results presented in this paper is based on research in 3 PhD projects, Kvist [6], Harlou [7], and
Pedersen [8] within modeling of architectures. The structure of the paper is as follows. Section two
will report on some of the findings from observation of architecture work in main Scandinavian
companies. Section 3 will identify the relevant modeling aspects to be included for modeling
architectures. Section 4 will present state of the art concerning modeling of architectures. After that
section 5 will present a proposal for how to model market, product, and production architectures.
2 WHY IS THERE A NEED TO IMPROVE ARCHITECTURE MODELING?
If a product assortment in a company is described by means of a traditional market matrix, it can be
shown as below in Figure 1
BA#1
High
end
Mid
end
Low
end

BA#2

BA#3

Product 1

Product 2
Product 3
Product 4

Figure 1. Product mix of a company:
The horizontal axis shows the Business Areas (BA) and the vertical axis describes the performance level of
products ranging from low to high performance products

Because many products are designed without conscious decisions concerning the market coverage,
poor product family design is carried out. Some of the bad decisions that we have observed in this
research are:
One size fits all: In many companies the product architecture is shared from high end to low end
products. One consequence of this is that low end products have too high costs and high end products
are not sufficiently prepared for future launches. In some companies there is a conception that
“stripping” the high end products is a way of developing low end products. There are perhaps
examples where this can be done, but is in many cases it is not possible. In other words, “stripping a
Rolls Royce does not bring a Volkswagen into existence”.
Dedicated products – future generation products are not addressed: Product or product programs are
designed without sufficiently addressing facelifts and next generations. Some examples of this are e.g.
US variants developed on European development sites. The consequence is that US product variants
are significantly delayed. Another company is developing a dedicated product for hospitals. This
product shall at a later stage also be used in large industrial laboratories. The consequence of
developing a dedicated hospital product is that the industrial product program is delayed at least 3
years.
Spaghetti products: Some product families consist of subsystems with very complex interfaces and
interactions. The consequence is that development of even small updates becomes very complicated
and resource intensive.
Non value adding variety: There are many examples of variety in a product assortment that does not
provide value to customers but only adds complexity cost in companies. A few examples of this
phenomenon are: One company is delivering products with actuators that are bolted, welded and
glued. This means, that three types of production processes have to mastered, leading to increased
cost. Seen from a customer point of view, this variety does not add value. Another company is having
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pressure tanks certified for 4.1, 4.4 and 5.0 bar. In this case certificates and approvals have to be
developed and maintained without adding any extra value to the customers.
The consequences of the above issues are higher costs and reduced ability to launch new products.
One of the means to handle the above issues is to develop product families based on explicit
architectures. The next section will take a closer look on which phenomena to include in the modeling
of architectures.
3

WHICH ELEMENTS SHOULD BE INCLUDED IN MODELING OF
ARCHITECTURES

The paper is based on the so-called Product Family Master Plan Framework [7], [9], Theory of
Technical Systems [10] and Theory of Domains [11]. Consequently three types of architectures are
necessary, i.e. market, product and production/supply chain.
et
Mark

Product family

Produ
ctio
supply n/

Figure 2. The Product Family Master Plan Framework (by Kvist (2009) based on Harlou (2006))

There exist many definitions of architectures in literature. Some of the most often quoted are:
The combination of subsystems and interfaces defines the architecture of any single product. Every
product has an architecture; the goal is to make that architecture common across many products. Any
single product’s architecture therefore has the potential to become a product platform architecture if it
is designed and then used as the basis for creating several more derivative products”, Meyer &
Lehnard [5].
An architecture is a structural description of a product assortment, a product family or a product. The
architecture is constituted by standard designs and/or design units. The architecture includes interfaces
among units and interfaces to the surroundings”, Harlou [7].
“In essence, a PFA (Product Family Architecture) means the underlying architecture of a firm’s
product platform, within which various product variants can be derived from basic product designs to
satisfy a spectrum of customer needs related to various market niches”, Jiao & Tseng [12].
All of the above definitions are underlying the importance of interfaces and description of how
product families can be described. This is certainly very important, but the above definition is missing
the clear distinction between structural and functional aspects of an architecture. Furthermore it does
not explain the type of elements that are relevant in the structural and functional definitions. In
accordance with Theory of Technical Systems [10] this research will reserve the word structure to how
individual products are built up and architecture will be reserved for describing how a product family
is built up including the future derivative products.
The next sections will explain some of the necessary architecture modeling requirements in market,
product and production architectures that this research have identified.
3.1 Market architecture requirements
The overall purpose of the market architecture is to model what the product family shall cover and
what it shall not cover. Often this is unclear leading to unfocused product architecture design.
Product properties across the product program: Taking a starting point in properties being obligatory,
expected or positioning in the market place, properties can be realized by implementing them as either
e.g. basic properties, differentiators or delighters in the product design – depending on the level of
fulfillment.
Requirements across individual and all application areas: This is important in order to scope the
product families, e.g. which areas shall be covered and which shall not be covered. Similarity and
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differences across application areas is in principle going to drive variety of the elements constituting
the product architecture and flexibility of the production architecture.
Product family architecture definitions: This dimension is explaining which product families that shall
be developed and how they cover the market grid as previously shown in e.g. Figure 1.
List of features and options: This is an important area since it is often difficult for projects to clarify
how many features shall be implemented in high end, medium and low end products. It is relevant to
explicitly specify which features shall be implemented and which ones shall be postponed to later
launches or simply omitted from certain market segments.
List of commercial variants that shall be launched to the market: This list describes the complete list
of individual products and which standard designs and features that goes into each product. This is
relevant in order to identify the total development task that shall be handled.
3.2 Product architecture requirements
List of structural elements: According to [7] we distinguish between standard designs and design units.
The standard designs encapsulate what is reused in several product families, whereas the design units
are elements which are not reused. The distinction between standard designs and design units is of
importance as their nature is different. Standard designs have to be designed in such a way that they
can be used in future products, whereas design units only have the scope of one product. Consequently
the application aspects are different for standard designs and design units. A standard design requires a
higher degree of documentation, higher degree of maintenance, appointment of responsibility than a
design unit, in order to enable ruse in future products.
List of interfaces: This area described the important mechanical, electrical, fluidal and software
interfaces between standard designs and design units.
List of product families that can be derived from the architecture: This area describes the functional
aspect of an architecture and includes key properties of the individual products that can be developed
e.g. cost, energy efficiency, footprint, fault tolerance etc.
3.3 Production/supply chain requirements
Generic production flows: These flows describe the main production and assembly processes
including the necessary production equipment. At the end the types of standard designs that can be
produced shall be described. This indicates the flexibility of the production and shows what
differentiates each variant and what is common.
List of equipment: This includes the production lines, cells, machinery, tools and fixtures, mapped
towards future launches.
3.4 Road mapping – future launches
Future launches: Indicate which products and standard designs to be launched.
Specific product updates: This shall explain which products that shall be launched for each application
area.
4 STATE OF THE ART
This section described significant contributions to the modeling of architectures in literature:
Modular Function Deployment: The modular function deployment (MFD) [3] builds largely on the
methodology of the QFD method and on the formulation of eight so-called module drivers. The
purpose of MFD is to enable cross functional teams (including mainly marketing, development and
production personnel) to create a mapping from the physical structure of the products within a family
to the functional structure of those products and to ensure that the functional structure corresponds to
the demands of the customers. Modular Function Deployment method consists of five consecutive
steps. Customer requirements are mapped to functional criteria and subsystem design characteristics
and subsequently forming a physical design in which a modular architecture supports a carefully
selected set of modularization incentives called module drivers.
Design Structure Matrix: This approach takes a starting point in the decomposition of a product into
components/systems and an identification of interfaces/relations among these, Pimmler & Eppinger
[13], Höltta-Otto & De Weck [14]. By the use of algorithms, it is possible to encapsulate components
into modules or chunks that are closely related to each other from an interaction point of view [15].
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This process is referred to as clustering. The outcome of a DSM is a proposal for a future modular
product architecture.
Generic Bill of Materials: The generic BOM originate from the assemble-to-order environment [16].
The end-products typically have a number of features for which a number of options are available to
choose from. Not many options are required in order to make the number of combinations (i.e. endproducts) enormous. The number of end-products can easily become too large to able to define
specific BOM’s for every single combination. Furthermore, forecasting, BOM-storage and
maintenance become unmanageable. The generic BOM is a concept that is introduced to enable
creation of a specific manufacturing BOM when the customer places an order. The generic BOM is
used to describe related products in one all-embracing model by using generic and specific items.
Decision tree: The decision tree [17] is used by Tiihonen & Soininen [18] as a product configuration
model, which basically represents all the valid combinations of the components that can be used to
obtain the desired functions for the customer. The decision tree presents the multitude of component
variety within a product family and by the use of positive combinatory relationships (e.g. if “engine
size”=D13 then “engine power” must be 360 or 420 hp) and/or incompatibility relations (e.g. if
“engine size”=D13 then “engine power” cannot be 220 or 700 hp) it defines the possible product
configurations.
Value analysis: Value Analysis is a discipline founded at General Electric in the late 1940’s [19]. In
short, value analysis is a methodology that has as its purpose to relate cost with functions in a product.
It is a stepwise methodology in which a product is partitioned into smaller constituents for further
analysis – that may be analysis of cost or value. Value is not the same as the Japanese idea of customer
value we may see within the lean paradigm. Value is specifically defined as the “worth” relative to
cost, i.e. value = worth/cost. Worth in this sense actually resembles the idea of customer value in lean
very well. It is a denominator of those aspects, functions and features a customer wants to pay extra
for. Some practitioners try to quantify worth and relate it directly to cost. Obviously cost is rather
quantitative and measurable in hard currency, while “worth” is a more soft and qualitative size.
Whether qualitative or quantitative, value has a focus on identifying value elements from a customer
perspective and relate it directly to the functions of the product and thereby indirectly to the way the
products are built.
Function structures: The function-based design methods are characterized by establishing either a
function model [20] or the schematics of the product [4]. The function structure describes the flow of
material, data, and energy through sub-functions of the product using a set of rules (e.g. the rules that
are referred to as the functional basis which basically is a common language to describe functional
elements. The schematic of the product is somewhat similar to the function model. But where the
function model describes the product using functional elements the schematics on the other hand can
describe both functional and physical elements, whichever being the most meaningful. Having
established an understanding of the functional structure of the product some methods base
identification of modules on experience and some simple guidelines, i.e. a rather qualitative approach
[4], [13] and [20].Basically, these methods identify potential modules in a way similar to the way the
MFD method makes use of the so-called module drivers.
Multi criteria assessment: Otto & Hölttä-Otto [21] presents a technique based on multi-criteria
assessment where product architecture concepts are given a score based on a set of different weighted
criteria. Although, the method is designed to be used for screening of preliminary product architecture
concepts, and not - as it is the focus of this research - analysis and re-design of product families, the
method include analysis aspects that should be considered. The method is based on relatively
quantitative metricc adapted from the field of modularity, product architecture design, and product
development in general (e.g. functional structure, DSM, commonality indices, etc.).
Value stream mapping: Most value stream mapping tools has a focus on information and physical
goods passing through the supply chain. The value stream is consequently often perceived as the flow
of materials through the value adding processes. There are several value stream mapping tools, e.g. by
Womack & Jones [22]. This section describes the “traditional” value stream mapping tool. Other tools
or methods re describe in the subsequent sections. A less graphical depiction of the value stream is a
process activity map. It is a schematic representation of the critical path of a production. It is basically
a matrix containing a mapping between process steps and machines, time consumption and distance
along with other factors of choice. This tool may be used in conjunction with the traditional value
stream map or as a preparation of that.
ICED11

5

117

Conclusion: It is clear that all the above approaches can play a role in identifying structural aspects of
an architecture, but the functional aspects are not explicitly described. Functional aspects of an
architecture includes identification of which products that can be derived and the properties of these
products, e.g. costs or energy efficiency. This is important because identification of what the
architecture can support and what it cannot support concerning future launches of products is of high
importance. Furthermore the structural contents of architectures are not described in terms of module
or design types. This topic is relevant in order to design flexibility in product architectures. In large
projects this plays an important role concerning scoping of the development task. Also visualization of
multiple architectures in the market, product and production is missing.
The next section will present a proposal for the modeling of market, production and production
architectures.
5

ARCHITECTURE MODELING

5.1 Market architecture
The purpose of modeling the market architecture is to bring clarity into decision making concerning
the choice of which segments to cover or not cover and what properties are needed in order to do so
across different business areas with different applications. A clearly defined market architecture is able
to guide and control the engineering efforts towards profitability by “smart” product family design.
Varying applications

Product properties

ü

Delighters

Differentiators

Basic
Segment
Qualifiers

Level of fullfillment

Positioning

ü

Property 1

Property 1

Property 2

Property 2

...

Engineering
expectation

Property 1
Property 2

...

...

Marketing
wish

ü

Market & Legal
Requirements

Application 1

Application 2

Application 3

Figure 3. Product properties and their mapping
towards varying market applications.

The radar diagrams show the total performance of the product by mapping the properties capable of
positioning the product against competitors e.g. by differentiation. During the early phases of product
scoping and requirements definition in close cooperation with competencies representing marketing,
the mapping can serve as means of matching the wanted product performance from a marketing point
of view with the expected product performance from an engineering point of view. Hereby, the
explicit mapping can have a brokering function facilitating the meeting between sometimes unrealistic
marketing wishes and best guess engineering expectations. If applied to a product family intended to
cover different applications in different segments with varying requirements, it is of fundamental
interest to map marketing professionals’ perception of the spectrum of varying demands. As it is most
often impossible to fulfill requirements for all segments, the mapping can help focusing the product
architecture towards the most appropriate and favorable segments. To concretize the product
properties, features and options can be modeled e.g. by the means of the “customer view” [7] mapped
towards the different applications and varying the performance levels (low-, mid- and high end).
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Figure 4. Features/options and their mapping towards performance levels in different applications
and the identified product architecture(s).
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This mapping serves to answer the questions of which product features that are in scope for the
development task. Some features are too expensive or simply irrelevant for certain applications and
are outside scope. Other features will be outside the standard program for all applications since they
may ‘pollute’ a robust product architecture. Finally, the mapping towards one or more product
architectures closes the gap towards engineering and sets the boundaries for the development task.
The detailing of the link between matching product features and identified product architecture, calls
for a visualization of the commercial variants. They serve as being the ‘contract’ between engineering
and marketing explicitly identifying the development task. The detailing of this list requires the
product development task to be past the early stages, but major value is represented in conducting this
modeling as early as possible.
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Figure 5. Commercial variants and their utilization of standard design,
design units and associated product features

The modeling will vary according to the application variation, general market aspects etc., however,
the models shown in Figure 3, Figure 4 and Figure 5 are made to illustrate general purposes.
5.2 Product architecture
According to the suggestions presented in this article, the modeling of product architectures
encompasses the constitutive structural elements of a product architecture and the behavioral
functional abilities. In other words, the aim of these modeling techniques are not solely to describe
what the product architecture is, but also what the product architecture is able to do.
Interface description

Mechanical

C

Generic designs

Z
X

Standard A Standard B Standard C
design I
design II
design III

Electrical
Design
unit

Figure 6. Generic structural elements of
the product architecture:
Standard designs and design units.

Fluidal...

Y

-V, mA

Figure 7. Modeling of interfaces between
standard designs, between standard designs
and design units and/or surroundings.

Equally important to the standard designs and design units, the interfaces capable of maintaining a
predictable product structure, must be modeled explicitly as well.
Different standard designs can adopt different roles. Some are closely related to specific functions
and/or application, while others are universal to the product architecture. Finally, design units are used
for embodying functionalities that vary between individual product variants.
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Standard designs & design units
Standard design I
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Figure 8. Standard designs & design units.

Figure 8 shows the variance across the different structural elements while incorporating the dimension
of future launches: Which designs need to be prepared for which launches? Naturally, it is impossible
to plan further than a certain realistic extent in rapidly changing markets, but the higher the detail this
modeling can achieve, the better the basis for improving the launch preparedness is.
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Figure 9. Assessing the business potential of commercial variants.

As described earlier, the explicit modeling of commercial variants early in the development process,
act as the explicit link between the market- and product architectures, it is of fundamental commercial
importance to map the expected production volumes, contribution margins, and payment willingness
from customers – the payment willingness being the quantitative interpretation of the ‘worth’
phenomenon described earlier. If established, a measure of the complexity induced by different
product variants can be included to qualify discussions with industrialization professionals with the
task of freezing production architecture aspects. These four measures can help balancing out the
product architecture(s), ensuring a leveled variance spectrum composed of “smart” variants with an
appealing overall business justification.
5.3 Production architecture
Depending on the size of the product architecture development project, the associated production
system will need either an update, a modification or a complete redesign. The production system is
designed coherently, as the product architecture matures and passes from concept to detail design.
As basis for the modeling of production architecture is the generic production flow shown in Figure
10. This is capable of showing how and when the product variants are created in the production lines,
which elements in the production system that are alike and which elements that differ. The relevant
decoupling points (either variant creation points or customer order points, depending on the context)
can be established and fixed [xx]+[xx]. Furthermore, an inclusion of relevant machinery, tools and
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capacity utilization metrics provides the opportunity of assessing key financial characteristics of the
suggested setup.
Generic Production Flow
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Figure 10. Generic Production Flow: Modeling the flow of all variants in one visual model

Since production equipment can require extensive capital investments, a mini roadmap of the lines,
machinery and tools is valuable to map towards the suggested launch rhythm. As shown in Figure 11,
the addition of further parts and components intended for launch 3 and beyond, will most likely entail
a larger utilization of the production capacity, take up physical space of the production floor and
require additional investments in machinery and tools downstream.
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Figure 11. Production equipment needed for 1 launch, 2 launch, 3 launch etc.

These are all aspects that are predisposed by the design of the product architecture(s); thus requiring
explicit and coherent models.
As marked in Figure 4, certain features will be part of the standard program incorporated in specific
commercial variants, while other features will need an individual business case in order to be fulfilled
as e.g. customizations. Setting up a global chain of supply and delivery, service levels of standard lead
times, degree of local customization possible etc., are also factors predisposed by the architectures of
the product and production. Figure 12 shows an example of how a global company could utilize the
price of cheap labor in some regions with the local capability of customizing product (and perhaps
conduct final assembly) around the world in product/distribution centres.
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Figure 12. Global supply and delivery capabilities
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5.4 Roadmap
The behavioral aspects of the market-, product- and production architecture is considered in the
architectures’ future launch preparedness. This is a function of the architecture, explaining what the
architecture is able to do. This ability is modeled by visualizing the launches, derivative products and
specific product updates – already planned for.
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Figure 13. Future launches:
Launch preparedness, launch waves, derivative products and specific product updates.

6 EXPERIENCE FROM APPLICATION
The above architecture modeling approach has been utilized in one large scale product development
project. The case company is operating globally and develops industrial products in high volumes.
During the 2 year project, approximately 100 designers have been working on developing the product
program. The development project has included complex fluid-dynamics, mechanics, materials,
software, electronics, solid state mechanics and thermodynamics - architecture wise only mechanics
and electronics have been included. In the area of production, complete new facilities have been
established in Asia, Europe and the US. Market wise the product program has partly been launched.
Sales is taking place through existing sales companies. The application areas include mainly existing
well known areas, but also a few new applications are included, e.g. renewable energy. So far the
research conclusions have not yet been approved by the management of the company and therefore the
case is presented anonymously.
The PhD students have been working for more than a year and a half, several days a week in utilizing
the market, product and production architecture model. During the case study, the architectures has
been developed and described by the PhD students in close collaboration with employees in sales,
product management, engineering, production and supply chain. Four types of architects have been
responsible for the contents of the market, product and production/supply chain architecture. The PhD
students have carried out the practical structuring of information. The four types of architects are
named market, product, production/supply and cross functional architect. The market architect is
based in product management and is responsible for the market architecture and roadmap; the product
architect is based in engineering and is responsible for the product architecture; the production
architect is based in production and is responsible for the contents of the production architecture; and
10
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the cross functional architect is responsible for the alignment of the market, product, production
architecture and roadmap. The project manager has acted as the cross functional architect.
Two kinds of meetings have been conducted in the project: They are named architect meeting and
cross functional architect meetings. The first year both architect and cross functional architect meeting
was carried out each Thursday from 9.00 to 11.00. During the last period the market, product and
production architect was held each week, but cross functional architect meeting was held every 2nd
week. Participants in market architect meetings were program management and product management.
In the product architecture meetings, senior designers from relevant specialist areas participated. In the
production architect meetings new product introduction managers, tool designers and production line
designers participated.
Experience from application of the market architecture: The feature/options has enabled an earlier and
more explicit definition of what defines a high end, mid end and low end product, i.e. clarification of
which features and options that shall go into which variants.
Experience from application of the product architecture: The interfaces have been decided much more
conscious compared to previous projects in the company. It means that the next 3 product launches
have been explicitly planned in such a way that the architecture is prepared for one new technology, an
update of the user interface and more advanced wireless communication.
Experience from application of the production architecture: The project has had the task to establish
completely new production lines with three kinds of automation levels, fully automatic, semi
automatic and manual production and assembly. Particularly the full automatic production line design
have benefitted from the product architecture. It has been possible to order new production and
assembly equipment earlier since the product program have been decided earlier and therefore variety
of each part have been known earlier. Also the product architecture specification has been beneficial to
production design since flexibility and scalability is very important design properties for automatic
production equipment.
Experience from cross functional application of the market, product and production architecture: The
main benefit of the cross functional review meetings have been continuous scoping of the project, i.e.
decisions concerning what shall be developed now and what shall be postponed. Another aspects that
have been more consciously considered, is clarification of where the architecture shall be prepared and
where is shall not be prepared for future launches. The performance limits concerning cost, energy,
foot print and availability have also been clearly defined.
All in all the main benefits of applying the explicit modeling of market-, product-, production
architectures (including the roadmap) has been a contribution to:
 Improved preparedness for future launches, e.g. US versions of the products.
 Improved synchronization between product- and production development
 Achievement of attractive cost- and technical performance level on all products in the product
family
 On time launch of the generation of the product program
Concerning future application the cross functional architect role has to be reconsidered. With a
traditional organisation, one could argue that “no one” or everyone is responsible. No single person or
department have all the competencies necessary to handle the cross functional architect role. This will
be a topic for further research and case studies. The architecture models are mainly handling technical
decisions whereas business decisions is only implicitly addressed. This is another area that obviously
should be improved.
7 CONCLUSIONS
The paper has presented an explicit proposal for description of contents of a market, product and
production architecture. The main contribution is the distinction between structural and functional
contents of architectures. By this distinction it is possible to improve the description of what the
architecture is prepared for concerning future launches.
Further work includes test in two other companies. So far only the mechanical is included. It is clear
that also software has to be included in the next version of the modeling method. Also other life
phases such as service/aftermarket will in many cases be of high importance. A follow up case study is
planned in order to study whether the intended preparedness is realized in reality.
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Abstract
An often overlooked aspect of architecture based product development, is the market aspect. However,
without focusing the scope of the product family and ensuring an appropriate layout of product
families, variants and features across the product program offerings, experiences show that
architecture based product families become rigid, unfocused, prepared for yesterday’s market
situation, and ultimately lack profitability. This paper will propose to expand the existing notion of
coordinating product and production architectures as a means to develop profitable architectures by
including an architecture of the market. This is to be interpreted as the ‘market perspective’ of the
product family referring to the design of the product family from the market’s point of view. The main
result of this paper is the suggestion of a definition of a market architecture with an articulation of its
elements, relations, hierarchical nature and raison d’être. Three action research studies show that
defining the market architecture serve as a feasible and operational means of addressing the market
aspects in architecture development.

1. Introduction
Architecture based product development can basically be considered as a means of solving the
conflicting task of providing variety to the market place while seeking to reduce complexity among
internal company operations in order to achieve an attractive cost level of a product family.
Commonality of activities is here an important ingredient, which is closely related to the commonality
of the structural aspects of the product family. However, as there is a very close relationship between
the variety provided and the dispositioning of costs during development, it is a fundamental challenge
to maximize the variety that generates a high payment willingness without sacrificing internal
complexity, and minimize the variety that does not generate any payment willingness. These two
standard situations are usually not too difficult to differentiate from each other. On the other hand, the
foundation of good decision-making in reality is often much more blurry to reach such unambiguous
conclusions.
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Figure 1: The four standard situations

As seen in Figure 1 the dilemma begins especially when we look upon the situation of high payment
willingness with costly variety. The provision of support for decision-making in these ‘grey zones’ is
the theme of the paper, and the contribution offers an operational suggestion for how to improve the
foundation of decision-making to handle the trade-offs that arises from this dilemma.
Behind the scenes of these types of decisions are the balancing of the offerings to the market towards
the design of the architecture of the product program and the production setup.
In order to account for the hierarchical relations between the meetings encountered by a product
family through its life cycle phases, structures can be defined for every life cycle phases, which are to
be taken into account during development [Andreasen et al. 1996].

Figure 2: Structure of the product life cycle phases
(redrawn from Andreasen et al., 1996)

From Andreasen et al. [2004] one definition of an architecture is that it is a “purposefully aligned
structure of a system”. Hence, the deliberate alignment of the structures of the life cycle phases may
denominated as architectures. Yet, the architectures vary a lot depending on what life stage is under
consideration, ranging from architectures mainly constituted of structural elements (e.g. production) to
architectures mainly constituted of behavioral character (e.g. service).
While the production stage usually carries most of the costs, the product and production architectures
are previously proposed to be developed in coordination with each other [Mortensen et al. 2011].
However, as an extension to this, product and production architectures do not become profitable if the
derived product family is not targeted the market in a coherent and appropriate way. Therefore, we
propose the concept of an architecture of the market, as a systematic description of the hierarchical
aspects that define the meeting between the product family and the launch on the market [Mortensen et
al. 2008]. As with product and production architectures, the key challenge here is to create an optimal
fit between the market, product and production architectures, which is done through alignment
[Andreasen et al. 2004]. The three domains of market, product and production follow the classic
partitioning from Integrated Product Development [Andreasen and Hein 1987].
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Figure 3: Three architectures: Market, product and production/supply
(redrawn by Kvist, 2009, originally from Harlou, 2006)

The classic paradox of variety and commonality is largely at stake here [Andreasen et al. 2004]. While
variety can be considered a relational property between product families, variants and features,
commonality is a relational property between different life phase views, referring to the resemblance
of the meetings encountered by the products during these phases [Andreasen and Olesen 1990].
Hence, the deliberate balancing of variety and commonality calls for a modeling of the critical aspects
deciding the outcome of the trade-offs between these paradoxical goals. This paper suggests to expand
the current notion of coordinating the development of product and production architectures as a means
to develop profitable architectures by including an architecture of the market.
The paper will briefly describe the motivation for such a market architecture and discuss the
requirements for this. Subsequently the literature is screened for the state-of-the-art, followed by a
proposition towards the definition of an architecture of the market. Lastly, the experiences from
applying the framework are commented upon and conclusions are drawn.

2. Why do we need an architecture of the market?
2.1. The classic pitfalls
From a company perspective, we need an architecture of the market, in order to avoid these classic
pitfalls:
2.1.1. Market cannibalization
This is the phenomenon of new product introductions becoming unprofitable, due to significantly
overlapping market coverage between product families. This results in lost sales of existing product
families that does not justify the new introduction.
2.1.2. The ’sandwich’ phenomenon
This phenomenon describes the ‘trapped’ situation encountered by companies in industries where
growth is centered in the high-end and low-end market tiers, and the product families developed lack
performance to compete in the high-end markets and lack cost competitiveness to compete in the lowend markets. This leaves them unfocused in the mid-end tier with decreasing sales.
2.1.3. Dead end scaling strategies
A dead end scaling strategy is characterized by the company having no profitable scaling strategy in
place, thus using the development efforts on new product introductions without prospects for followup releases, upgrades or continuous multi-launches. A dead end is encountered when no natural
continuation is planned.
2.1.4. Uneven mix of product properties
If there is no clear differentiation or distinction between which product properties the market expects
to be in the product, and which product properties that is capable of positioning the products in the
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targeted segment, a common result is an uneven mix of product properties eventually leading to over
and underspecified product variants, which drive internal complexity and lack profitability.
2.1.5. Lack of application knowledge
As the variance across product applications can be considered the basic variant driver of a product
family, the lack of structuring of knowledge about the requirements from these applications, can
distort the focus of which application to target as primary and which application to deprioritize as
secondary.
2.1.6. Sub-optimal price and cost points
Even though price and cost in principle always should be separated, the layout of optimal and
suboptimal cost-points of the product program should be aligned with price points suggested from a
marketing perspective. The pitfall here is to end up with high volume variants positioned in
suboptimal price and cost points that do not fulfill the product program target contribution margins,
thus jeopardizing profitability of the whole product family.
2.1.7. The jungle of free-text requirements
Many companies have improved their management of requirements, but the classic pitfall here is the
lack of classification of requirements that appear in free-text fields with no clear sender or recipient,
no differentiation between need/nice to have, and no links to the product architecture. Also, these tend
to grow beyond 1-5.000 requirements even for smaller mechanical products, increasing complexity
without providing an overview of the dependencies between the requirements.
These pitfalls are recorded through a number of case studies within the research group of the authors,
representing a comprehensive challenge for the majority of companies engaged in with product
customization, variant management and mass customization.
There is no simple solution to avoid ending up in the situations described above, but the next section
will go through some of the basic requirements for defining an architecture of the market with the aim
of improving companies’ decision-making. The underlying hypothesis here is that by improving the
foundation of decision-making, the risk of ending up in these pitfalls will decrease.

3. What should the market architecture enable us to do?
In order avoid the classic pitfalls described in section 2 the definition of the market architecture should
enable companies to fulfill these five overall tasks:
3.1. Requirements for a market architecture
3.1.1. Scope the development of product and production architectures
The market architecture should support the scoping the product and production architectures from a
marketing point of view. This could include the focusing of which segments and applications to cover
and which not to cover.
3.1.2. Elaborating the product applications within these business areas
In order to account for the product applications, the market architectures should support to provide an
overview of the similarities and differences among the intended product applications, e.g. by
visualizing the requirements of the critical performance parameters.
3.1.3. Make clear and differentiate the product properties
The market architecture should support the allocation of product features across the product variants
and ensure an appropriate mix of different product properties across these.
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3.1.4. Match the layout of product features with the layout of commercial variants
With multiple intended applications, multiple features to satisfy these, and multiple product variants to
carry these features, the market architecture should provide a comprehensive overview of this
“layout”.
3.1.5. Guide market pricing and match with balanced performance steps (optimal price and cost
points)
The market architecture should support to harmonize the feature ranges with performance steps and
match with the underlying cost levels in order to maximize the average contribution margins and avoid
inappropriately scaled feature levels of product variants.

4. State of the art
Significant contributions have been made to clarify the market aspect of architecture-based product
development. These include:
4.1. Adjacent fields of research
4.1.1. Platform strategies
Meyer and Lehnerd [1997] were the first to formulate three fundamental types of strategies in the
market segmentation grid combining product segments with price/performance tiers; horizontal
leveraging, vertical leveraging, and the beachhead approach. Kristjansson and Hildre [2004]
formulated 17 influencing factors on which platform strategy to choose, and divided them into 4
categories: Core competencies, industry situation, market situation, and competitive strategy.
4.1.2. Product planning
Andreasen and Hein [1987] formulated product planning as the continuous parallel activity of
determing the product strategy, conduct business search, follow up and supervise on product
development activities through coordinating activities. Recent contributions include the challenges of
variant management within these efforts [Jonas and Krause 2011]. Also, Riitahuhta et al. [2011]
suggests the modeling of a Company Strategic Landscape combining aspects of product, value chain
and strategy structuring as means of product-process synchronization
4.1.3. Enterprise Systems Engineering
American literature is oriented towards a wider definition of the concept of architectures [Rebovich
and White 2011], working with a practical definition of an architecture as a model that details a
system’s constitutive and behavioural characteristics in the form of activities, processes, functions,
roles, taxonomy and framework. The notion here is that architectures are often rendered through views
of deliberate perspectives to overcome human cognitive limitations.
4.1.4. Product properties vs. Customer preferences
Original contributions, as e.g. the Kano model, seek to characterize product attributes from the
meeting between product and the customer preferences. This is done by differentiating between
basic/threshold/obligatory attributes, performance/positioning attributes and excitement/delighting
attributes (some variations of the model includes expected attributes as a sub-kind of
performance/positioning attributes that can only be optimized to a certain limit, e.g. noise level). Other
coherent frameworks exist for this partitioning of product attributes.
4.1.5. Et cetera
In addition to the fields mentioned above, requirements management, concurrent engineering, and
related product management disciplines all mention the subject of the market aspect of architecturebased product development, but it is out of scope of this paper to go into further details here.
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4.2. Gap
The current state-of-the-art lacks a coherent description of the elements described in the requirements
listed in section 3. Individual elements are touched upon from different theoretical angles and with
different aims, but these are not consolidated from a product architecture-based viewpoint. Aside from
the lack of coherence, most contributions within this field consider the market perspective of
architecture development as ‘focusing on maximum variety’ by default, without going into details
about optimal fit of product applications and product features. Hence, some contributions become
isolated in the product domain by e.g. developing advanced numerical optimization algorithms that
seek to optimize the configuration of product families based on very simplistic product models. These
methods might satisfy analytical needs, but they do not fulfill the requirements described in section 3.
Based on this sub conclusion, section 5 will elaborate on the suggested proposal of an architecture of
the market.

5. The market architecture
5.1. Towards a definition
To overcome the challenges listed in section 2 and fulfill the requirements from section 3, a
description of an architecture of the market is suggested. The architecture of the market should serve
the development product programs by describing them from the market’s point of view, while
maintaining a hierarchical structure that can act as a malleable object of alignment towards the product
and production architectures. Figure 4 shows the three architectures with their five levels. Section 5.4
will elaborate on the definition of the included elements.

Figure 4: Alignment of market, product and production architectures
(expanded from Mortensen et al., 2008)

5.2 Use
The argument here is that modeling these three aspects concurrently during development is a
prerequisite of creating attractive product programs. Alignment is seen as the mutual phenomenon of
creating an optimal fit between the different architectures through activities of synthesis. However, in
some cases of e.g. redesign or DFM activities, certain architectures can remain stable.
The architecture of the market is suggested to be applied both for mapping the market aspect of a
product program for analytical purposes, and for maintaining an overview of decision-making during
updates or new product program development.
5.3. Visualization
A visualization approach is chosen as means of staging the definition of architectures as boundary
objects between the involved domains. Architectures, being a rather abstract phenomenon, can be very
difficult to manage without appropriate models. In the attempt of bridging coordination between
multiple domains with multiple levels of understanding, visual modeling is considered a prerequisite
of intervention and malleability.
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5.4. The five levels
In Figure 4, the three architectures are shown with their five levels. Figure 5 shows an elaboration of
the five levels of the market architecture. As this is a general presentation, naturally the levels vary
from case to case. However, a key aspect presented here is that the market architecture needs
concurrent definition of all five levels.

Figure 5: The 5 levels of the market architecture

The arrows between the levels to the right are indicating that there can be a one-to-many relationship
between the three lower levels in both directions.
5.4.1. Program layout
Based on the market grid introduced earlier, the overall task of the program layout is to describe which
business areas/segments to serve and which not to serve. The program layout expands this concept by
adding the market life cycle stage to indicate whether a product family is newly introduced, maturing,
or declining. The horizontal structure can indicate business areas or segments usually having a simple
fit to the product applications. The mapping can help focusing the product architecture towards the
most appropriate and favorable segments. Included in the program layout is also an indication of
future derivate product families in order to avoid the pitfall of dead end program scaling.
5.4.2. Applications
The applications of the product are basically a segmentation of the market based on common use
situations. The visualization of the requirements from each application (e.g. by radar diagrams) can
serve to prioritize which applications to target the product program towards, while serving as a
valuable input for differentiating what is variable between applications and what is common. The
application overview is used as a mediating function between marketing and engineering for balancing
wishes and possibilities, but also as a benchmarking tool for assessing the innovation height of a new
product program compared to the recent product program. Applications can be similar within business
areas/segments and across market tiers; in this case, it is the level of fulfillment that differentiates the
product families from low-end to high-end.
5.4.3. Commercial variants
The commercial variants are the actual product variants of which the marketing department usually
carries the market responsibility. In engineer-to-order companies, these do only exist retrospectively as
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commercial variants are customized for individual customers’ specific needs. The projected cost of the
commercial variants are mapped towards marketing’s best guess of market price ranges. This allows
for a comparison of the contribution ratios across the product program to evaluate the grouping and
allocation of features and options across the commercial variants and improve product program
contribution margins.
5.4.4. Features and options
The overview of the commercial variants are combined with the customer view [Harlou 2006]. Here
the mapping of features and options are done towards these variants, and it is relevant to focus which
features and options to include during the first product launch and which to postpone for future
launches. Some features might be de-scoped and omitted if the means of realization is not in place,
payment willingness is considered absent, or if the overall market offerings are regarded as being too
wide and in need of focus. The main task of linking the features and options towards the varying
applications is to separate the cost-effective and reusable ‘core’ from the variations provided by these.
5.4.5. Properties and qualities
The lowest level contains the individual product attributes of interest to the customer, namely product
properties and product qualities. A well-working partitioning here is the differentiation between
obligatory (must), expected (improvement to a certain level) and positioning properties (differentiating
from competing products), or simply just need/nice-to-have. In some industries the existence of
excitement properties (delighters that surprise the customers if included) are just as important. This
definition might seem loose, but due to variation between industries and products, no general
partitioning is suggested here. This information is often stored in requirements lists, but it is important
to link these directly to the features and options fulfilling these requirements.
5.5. Linking the architectures
As time-to-market is mostly decided by the size of the engineering efforts, and investments are mostly
decided by changes implemented in production, it is of fundamental importance to link the mapping of
the market architecture to the product and production architectures, and optimally develop these three
concurrently. The market architecture constitutes the basis of a focused product architecture, thus
making all efforts of focusing the production/supply tasks dependent on the ability to focus the market
architecture.

6. Experiences from application
The concept of the market architecture has been tested, refined and developed through a number of
action-based research studies. Three of them are shortly commented here:
6.1 Early-stage architecture development
In the context of a larger industrial manufacturer of mechanical products, a new promising technology
was considered the corner-stone of a new generation of product families. To ensure forward
compatibility of the technology and prepare for laying out a path of potential future launches,
architecture work was engaged. Since the project was in its early stages, the work was focused on the
interplay between the market and product architecture. Here, the market architecture provided an
overview of the product applications, the commercial variants and the possible features and options.
The main task here was to separate the application dependent options from the reusable core to prepare
it for mass production and attractive cost levels. The results was a proposal for the first generation of a
product family architecture with prospects of a line of possible future derivatives, matched with an
overview of the variations between proposed variants and selectable options. Also, the market
architecture helped to select prototype installations that represented the total spectrum of possible
future variants, and to focus the basic scaling principles of the product architecture in alignment with
the market architecture.
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6.2 Performance critical OEM-supplier
In a world leading OEM supplier of performance critical components for the energy industry, research
work was initiated in order to clarify how the company could benefit from architecture thinking and to
test and improve the modeling techniques. The company had severe difficulties with their time-tomarket, and no reuse existed between engineer-to-order customer projects. Also, the investment level
and resource consumption of a standard development project was too high to serve other than a few
large OEM customers. The definition of a market architecture helped to scope the definition of
coherent product and production architectures. By creating an overview of the dynamics in the
program layout and by systematically listing the requirements from lead applications, the market
architecture helped to focus engineering efforts. This created a basis for reuse of engineering resources
and production equipment, shorten time-to-market for derivative products, and remove the risk
elements from high initial investments in production equipment having the tendency to scare away
OEM customers unwilling to co-finance such start-up activities.
6.3 Fundamental architecture selection
In an industry leading electronics company, a major program development project was severely
postponed. As the company is a result of mergers in the past, different product architecture strategies
were present alongside each other, and the major dilemma was whether to switch to a fast-track
development program using current technology with market launch in 2012/2013, or accept the
postponement and develop the product program as initially proposed being ready for launch in 2015.
With contradictory interests and different perceptions of the market situation, the modeling of the
market and product architecture of the development program was initiated to evaluate which
fundamental architecture selection options would serve the company the best. The classic pitfalls of
multiple development projects competing for the same sales (market cannibalization), and dead end
scaling strategies were largely at stake here. The basic trade-off between maintaining the market
position with the fast-track alternative, or wait and improve the feature offerings with possible loss of
market share, was elaborated in the dimensions described in section 5. This modeling of the alternative
market and product architectures served to improve the decision foundation of the company, e.g. by
aligning the scaling strategy of the product architecture with the scaling strategy of the market
architecture.

7. Discussion
Only dispersed bodies of literature have treated the market aspects of architecture-based development
of product programs and families systematically. This contribution should be regarded as another
important piece of a puzzle outlining a suggested framework based on the authors’ practical
experiences within this challenging area. Thus, the contribution presented here does not represent a
complete framework on its own, but serve as a contribution to the framework of the authors
(represented in Figure 4) and the scientific body of knowledge.
An important strength in this contribution is that the application of the concepts presented can be
applied without the need of crossing huge barriers. Many companies might have some elements of the
market architecture well documented and under control when looking retrospectively at current
product programs, but the contributions presented here underline the importance of modeling the
market architecture proactively during development and in coherence with the product and production
architecture. A possible deficiency with the concepts presented here arises from the same situation, as
the need of adaptation (and competence to do this) is needed in order to integrate the work with the
market architecture successfully.

8. Conclusion
This paper has presented and elaborated on the definition of an architecture of the market. Is has been
described how the definition can support the difficult decision-making of providing sufficient variety
in product programs to maximize payment willingness from customers without sacrificing internal
complexity. The market architecture definition has been motivated through the outlining of seven
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classic pitfalls encountered by companies failing to scope and fit product programs appropriately from
the market’s point of view. The response to these challenges was formulated through five
requirements for the definition of an architecture of the market, and the state-of-the art was screened
and briefly summarized to identify the knowledge gap. Subsequently a proposal towards a definition
of a market architecture was described shortly including five levels, and the successful application
through three case studies was shortly reported.
Implementation of architecture thinking across market, product and production domains, however, is a
very challenging task. Many preconditions and prerequisites exist for successful implementation, e.g. a
modern IT infrastructure, organizational ownership, sufficient resources/competences and high-level
anchoring of the initiatives.
Regarding further work, the detailing of the modeling elements included in this presentation can be
mentioned. As this has been a short and general presentation, the further detailing, testing and
refinement of the modeling techniques behind the market architecture are relevant activities to succeed
this paper. The generalizability can be considered a strength of this presentation as well as a weakness,
since reality in many cases needs a higher resolution of detailing that this presentation format allows
for.
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This paper presents the Architecture Framework for Product Family Master Plan. This framework supports the
identification of a program architecture (the way cost competitive variance is provided for a full range of products) for a
product program for product-based companies during the early stages of a product development project. The framework
consists of three basic aspects: the market, product program, production and a time aspect – captured in the multi-level
roadmap. One of the unique features is that these aspects are linked, allowing for an early clarification of critical issues
through a structured process. The framework enables companies to identify a program architecture as the basis for
improving time-to-market and R&D efficiency for products derived from the architecture. Case studies show that
significant reductions of development lead time up to 50% is possible.
Significance: Many companies are front-loading different activities when designing new product programs. This paper
suggests an operational framework for identifying a program architecture during the early development phases, to enable a
significantly improved ability to launch new competitive products with fewer resources.
Keywords: Product architecture, program architecture, product family, platform, time-to-market, scalability

1. INTRODUCTION
Many industrial companies are experiencing significant challenges in maintaining competitiveness. There are many
individual explanations behind these, but some of the common challenges that are often recorded from companies are:
•

•

Need to reduce time-to-market in R&D:
o Shorter product life cycles are increasing the demand for faster renewal of the product program in order
to postpone price drops and maintain competitive offerings (Manohar et al., 2010)
o Loss of market share in highly competitive markets call for improved launch responsiveness to match and
surpass the offerings of competitors (Chesbrough, 2013)
o Protection of niche markets and their attractive price levels requires continuous multi-launches of
competitive products (Hultink et al., 1997)
Need for achieving attractive cost and technical performance levels for the entire product program
o Increased competitiveness requires all products to be attractive both cost wise and performance wise
(Mortensen et al., 2010)
o Focusing of engineering resources requires companies to scale solutions to fit across the product program
(by sharing) and prepare them for future product launches (by reuse) (Kester et al., 2013)
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o

Sales forecasts from global markets are affected by an increasing number of external influences making it
more and more difficult to predict the sales of individual product variants, thus leaving no room for
compromising competitive cost and performance for certain product variants (Panda and Mohanty, 2013)

These externally induced challenges pose a major task to the whole company. As such, many approaches exist to handle
these challenges which are of organizational- , process-, tool-, and competence nature originating within research from
sciences across business, marketing, organization, technology, socio-technical, and engineering design. The research
presented here originates within engineering design and product development focusing on the development of a program
architecture for a company. Although originating from the engineering design domain which is naturally centered in the
R&D function of a company, the development of program architectures have relations that stretches far into the marketing,
product planning, sourcing, production, and supply chain domains as well as into the companies’ overall product strategy.
Several original contributions exist from (Lindemann et al., 2009; Harlou, 2006; Ulrich and Eppinger, 2000; Ericsson and
Erixon, 1999; Meyer and Lehnerd, 1997; Ulrich, 1995) outlining important dimensions of architectures. Also, many recent
contributions exist (Johannesson, 2013; MacDuffie, 2013; Campagnolo and Camuffo, 2010), but companies are still
struggling with the adaption of various concepts and methods while the challenges from the competitive surroundings are
not decreasing (Krause et al., 2013). One element is the lack of operational approaches to support in particular the
synthesis, instead of merely analysis, of product programs (Jiao et al., 2007). By 2004, two-thirds of contributions
presuppose the a priori existence of a product family or product program on which to apply sophisticated optimization
techniques and algorithms (Simpson, 2004), and later literature studies do not report a change here (Simpson et al., 2014;
Campagnolo and Camuffo, 2010). In many cases, however, it is not appropriate to take a starting point in the optimization
of old structures and building blocks, as the integration of new technology and new solutions may provide the basis for
developing better products.
This paper presents the Architecture Framework for Product Family Master Plan enabling companies to create an overview
of the current state of the market, product, production, and roadmap aspects of the future program architecture during the
early development phases where CAD drawings and other product documentation does not yet exist. The state can be a mix
of tentative and/or decided during earlier phases, and stabilized and/or verified during later phases. But in addition to an
overview, the framework also enables the substantiated evaluation of e.g.:
•
•
•
•

Adding or removing a feature
Decoupling or integrating a module
Precipitate or postpone point of customization
Adding or removing a performance step etc.

The overview and evaluation does not only cover the scope of the next product launch, but also includes the preparation
towards future launches to be derived from the architecture under development. Thus not only including the constituting
structural description of an architecture (parts, modules etc.), i.e. what the architecture is, but also the behavioral description
(derived features, future launches etc.), i.e. what the architecture is able to do.
Proactive is mentioned in the title for two reasons:
•
•

There is a need for identifying the program architecture before the specification of individual variants are frozen
making it impossible to rationalize decision-making on a program level.
There is a need to include the next two, three or four product launches to be derived from the architecture and take
these into consideration explicitly – meaning that they should be included in modeling activities to the extent
meaningful input can be provided to support their definition.

The next section will briefly present the research method followed by an outline of the current barriers and challenges in
identifying program architectures to overcome the challenges presented here. Subsequently, the state-of-the-art is reviewed
including a discussion of the methodical gap that the authors have identified. After this, the framework is presented
followed by the description of four industrial case applications.
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2. RESEARCH METHOD
The framework presented here is developed using literature and experience. The framework is developed by researchers
with an applied research background within product architecture, product modeling, product configuration, mass
customization combining traditional domains of mechanical engineering with operations management. Experience has been
built up by 15-20 years of case studies conducted in companies developing, producing and marketing products of a mainly
mechanical character. The case studies have matured the framework’s modeling techniques to their current state through the
reflective use in a number of different companies and situations. This paper will include four recent cases demonstrating the
wide application of the framework, but also to show the need for adapting the framework and modeling techniques to fit the
exact requirements arising from the company specific challenges. These four case studies represent prescriptive research
studies including different levels of descriptive evaluation of the framework’s support to the given case.
The basic hypothesis behind the framework is that the application of explicit modeling techniques promotes the
identification of an architecture, based on the assumption that explicit modeling promotes the basis for decision-making.
Yet, a number of requirements exist to ensure this result – here are two of them:
•
•

The framework’s models must be staged as boundary objects (Star and Griesemer, 1989) between competent and
influential professionals from the market, product and production domain
The framework’s models are properly prepared for constructive intervention and malleability – through structured
review sessions (Cooper, 1992)

The models may be intra-domain specific for clarification of details, e.g. a proposal for engineering building blocks only to
be reviewed by R&D, or cross-domain hybrids to promote alignment, e.g. the inclusion of a feature and its impact on
production.

3. BARRIERS AND CHALLENGES
There are a number of context specific reasons why companies do not succeed in identifying profitable program
architectures during the early phases of development projects. However, a number of explanations are recurring.
Below is a list of reasons repeatedly recorded during interviews with R&D management teams from 2010-2013 across 12
different companies producing products of mainly mechanical character. The companies operate in seven different
industries. The quotes were recorded during the interviews.
“What we measure is what we promote”
Project managers are not measured upon the preparedness towards future launches. Most often, business cases do not
include any additional sales figures, development costs or lead-time beyond the impact of first product launch, making it
very difficult for project managers to justify the preparation towards future product launches if this requires additional
investments – even though this is often not the case. Concurrently with companies being more and more project oriented,
the forward-looking thinking beyond the strict project boundaries is made increasingly difficult, leaving it up to the skilled
or far-sighted project managers to push and drive this on their own.
“Our project management techniques can compromise architecture thinking”
Most companies are organizing their R&D activities according to phase-gate models (e.g. Stage-Gate®) of many different
variations. This is not a problem in itself. Although in some cases, phase-gate models assume linearity in the sense that
market requirements must be almost completely finalized before product and production concept work can start. This can
be lethal to architecture work, as no meaningful prioritization of market requirements can be carried out without knowing
the product and production consequences. For instance, how to prioritize the implementation of a feature if the development
lead time, production investment level and module consequences are unknown?
“We have no forward-looking scaling strategies in place”
Solutions are developed to meet dedicated specification by discrete values without considering how to scale in terms of
added functionality or a different performance level. Therefore it becomes difficult to ensure that appropriate performance
and cost points can be realized for future product variants. Solution principles are often not stretched across the full
spectrum to make sure that the best performance to cost ratios are met for the first, second, third and fourth launch wave of
products. The consequence is that solutions are not scalable in the sense that they cannot deliver competitive performance
beyond their primary product implementation.
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“Our development projects become too focused too soon”
In the effort of streamlining projects to make them capable of meeting deadlines and hand-in deliverables in due time,
projects sometimes become too focused too soon. Often this ends up having the complete opposite effect as projects
constantly challenge their scope and boundaries, unsure about whether to include e.g. neighboring product applications or
whether to support the next generation of technology. Instead, the experience of the authors is that the inclusion of
neighboring product applications and future generations of technology from the beginning of the program architecture work
helps to improve the scoping of the lead development project, as the scope and boundaries for the lead product are now
clearly defined (see section 5). However, this requires a program overview of target and neighboring product applications,
which often does not exist.
“The amount of information available is overwhelming and obtaining an overview is difficult”
The amount of information in most modern companies is often overwhelming in itself representing a huge barrier in itself.
Access to ERP and PDM/PLM systems is no assurance for carrying out successful data mining in order to structure data
into a format that allows comprehensive decision-making. As the data complexity is increasing, the need for creating simple
hybrid visualizations (by combining data from different sources) increase.
“There is a lack of tool support”
Many phase-gate models require the concept of the product program to be done in order to pass Gate 0, but often do not
provide any tools or ways for project managers to carry out this sort of overview. Therefore, it is up to project participants
to think up new ways of representing early product program concepts in parallel to their existing tasks. Similarly, very few
models support the evaluation of consequences across market, product and production areas. Furthermore, the responsibility
of highlighting these consequences is often redistributed across different project participants with diverse backgrounds and
varying tool support.
“It is difficult to work with a program of solutions – it is easier to work with just one product”
There is plenty of complexity to deal with in most development projects, and the scope of a program architecture can often
scare competent resources from the complexity in this widened task. Additionally, only few resources are dedicated to the
projects during the front-loading phase (phase before Gate 0), making it even more attractive to focus the development
project on a few product variants – simply to cut down complexity. The effect of this de-scoping is the lack of preparation
towards future launches resulting in increased time-to-market and decreased utilization of resources.
“We lack responsibility – no one is given the task”
In many companies, only upper management has the actual architecture responsibility, as project managers are very often
only responsible for the first product launch, and no other functional departments in practice own this cross-functional area.
Therefore, even though program managers exist in certain companies to facilitate coordination between project managers,
very little preparation towards future product launches actually exists. On a portfolio level, the program responsibility is
often found in the market domain, whereas no one is responsible for establishing a clear link between the portfolio level and
the program level where solutions are developed and maintained by the R&D function. Silo thinking is still predominant
when it comes to linking the portfolio plans with projects’ ability to think ahead towards future product launches. However,
elements of architecture responsibility has begun to see the light of day in some companies, but the challenge here is that
the role of program architects is often not sufficiently defined leaving them with difficulties in taking critical decisions.
“How to select the point of departure – we have difficulties getting started”
Previously, a central concept to architecture work was the separation of preparation and execution activities. A clear
architecture makes this possible in principle, but companies often dedicate their best resources for the execution projects,
making the preparation projects fail dealing with the very early and highly strategic decision-making taking place here. This
is often too big a challenge for less experienced resources. Therefore, it is the experience of the authors that the architecture
preparation activities should be carried out as a front-loading activity to a larger development project – during the early
development phases.
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4. STATE-OF-THE-ART
The review of the state-of-the-art includes a review of five different groups of supporting methods for the identification of
architecture for a product program. Function-based models taking their starting point in functional structures by focusing on
the clear mapping between functions and modules as a basis for a modular architecture. Matrix-based models take their
starting point in an existing structure, using sophisticated algorithms to identify functional clusters that can later become
module candidates. Concurrent engineering takes it starting point in the concurrent design of product and production
architectures, while DFM provides a set of specific tools to promote this alignment – however, without providing adequate
support for identifying an architecture for an entire product program, but focusing on single products. Methods based on
mathematical models are also briefly reviewed.
Function-based models
Methods describing the development of modular product architectures often choose to start with the conscious mapping of
functional structures into physical modules (Pahl et al., 1996). Functions can be represented in function-based models, e.g.
functions-and-means trees (Andreasen, 1980), or by schematics of the product including physical elements to a meaningful
extent (Ulrich and Eppinger, 2000).
The understanding product functions can be used in different ways to identify possible modules. To improve the
identification of modules and make sure that the modular architecture will serve its objectives, Ericsson and Erixon (1999)
define a set of module drivers. The module drivers can support the reasoning behind the module identification by
elaborating the justification of the modules’ existence, e.g. ‘planned product changes’ module, ‘process’ module, ‘different
specification’ module, ‘technology evolution’ module etc. The module drivers are a part of a comprehensive framework
called Modular Function Deployment (MFD), which in analogue to the QFD method provides support for the linking of
relationship between the module drivers and technical solutions.
Matrix-based models
Another approach to identify modules is the application of design structure matrices (DSM). This approach takes its point
of departure in the decomposition of a product into parts and/or subsystems while identifying the relations (and possible
future interfaces) among these (Pimmler and Eppinger, 1994). By applying different algorithms and clustering techniques,
it is possible to encapsulate functional ‘chunks’ that have the potential of becoming physical modules, due to their
functional interrelations. DSM techniques are the subject of many research initiatives and serve as the basis for an array of
derived methodologies. A recent example of this is the Multi-Domain-Matrix (Lindemann et al., 2009; Lindemann and
Maurer, 2007). Alternatively, other design tools focus more on the specific task of examining different functional flows
with the aim of identifying modules (Stone et al., 2000; Otto and Wood, 1998). These methods are heuristically based.
Other general methods focus on the identification of common features in the existing product program in order to point out
the basis of the product architecture (Gonzalez-Zugasti et al., 2000). By formulating the design task as a quantitative
problem, which can be subject to optimization, this method is balancing inputs from requirements and product variants
design with data models of performance and costs. By iteration, the optimal product variants are designed and evaluated
through quantitative performance metrics.
Concurrent Engineering
From the associated area of Concurrent Engineering, one can also find research into the concurrent development of product
and production architectures, with phrasings such as ‘methods supporting the development of product platforms’.
Nevertheless, interesting contributions are submitted within this area. Fine (1998) introduces a three-dimensional
methodology superimposing the traditional domains of concurrent engineering, by suggesting the linking of technology,
architecture and focus relations in the process, product and supply chain domains. Fixson (2005) proposes an important step
of operationalization of this 3D-Concurrent Engineering approach (3D-CE) by developing a multi-dimensional framework
that enables comprehensive assessment of alternative product architectures.
The concept of Architecture for Product Family (APF) is introduced as a conceptual structure, proposing logics for the
generation of product families (Du et al., 2001; Jiao and Tseng, 1999). The Generic Product Structure (GPS) is then
proposed as the platform for tailoring products to individual customer needs. Ko and Kuo (2010) presents another
systematic method for concurrent development of product families, by combining QFD-based methods with quantified
DSM-techniques and morphology analysis to visualize concepts.
Design-for-Manufacture (DFM)
Original contributions from Olesen et al. (1992) proposed a framework for the concurrent development of manufacturing
supported by the Theory of Dispositions (Andreasen and Olesen, 1990). This is done by proposing a set of models aligning
the product design and the product life system phase of manufacturing to create a fit. However, the case with DFA and
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DFM methodologies, the main focus is single product development. Herrmann et al. (2004) comments that an extension of
the DFM tools to comprise multi-product development will hold the key to achievement of competitiveness.
Mathematical models
Some researchers have undergone the task of developing methods based on mathematical models. Some methods are based
on measures of modularity, which act as subjects of optimization using different techniques (Guo and Gershenson, 2007).
Others seek to integrate product platform, manufacturing process and supply chain decisions through the application of
mathematical models, thus extending the concept of the Generic Bills of Materials (GBOM) by quantifying relations
between decisions from the different domains (Huang et al., 2005).
Conclusion
It is evident that the contributions mentioned above can play a role in the identification of program architectures.
Situated in this cross-functional research field, it is clear how research centered within either the product or production
domain, tend to leave out important aspects of the adjacent fields, and considering the identification of program architecture
this is a deficiency considering the contributions listed above.
Extensive research is also found within the reengineering of business processes and different means of optimization of
operations, but these areas exclude necessary details within the field of architectures. They are simply not concrete enough,
or deal with suboptimization of operations and processes leaving out the product domain.
The mathematically based models are centered on analytical activities, thus omitting support of synthesis activities, which
also would require a different form of representation. For the mathematical models to be applicable, a very delicate balance
between concretization and data basis has to be present. Skinner (1978) formulated this dilemma a long time ago
as:“Mathematical models that include enough variables to be realistic can become fantastically difficult to formulate and
program. And oversimplified models, eliminating vital factors, are inaccurate and misleading”.
Furthermore, evaluating a product architecture based on the product itself, not including the market or production
architecture, misses the important relations between these three, making it impossible to capture the benefits of alignment.
Also, no basis is found to support the definition of the behavioral aspects of program architecture, that is, which products
can and cannot be derived from the architectures and the performance properties of these. Lastly, the consequence
evaluation described in section 1 is not supported in order to enable a substantiated evaluation of the program architecture
in its entirety.

5. ARCHITECTURE FRAMEWORK FOR PRODUCT FAMILY MASTER PLAN
Figure 1 shows an overview of the modeling techniques making up the framework. The framework allows for the
identification and definition of a program architecture during the early phases of a development project for a full product
program. The framework consists of an architecture of the market, product and production (including supply and
distribution) as well as the time-aspect captured in the multi-level roadmap.
The term “program architecture” is reflecting the result of aligning the market, product and production architectures and
coordinating these with the multi-level roadmap in order to ensure an improved preparedness towards future launches. Thus
the term differentiates itself from a product architecture in the sense that a program architecture requires the alignment with
market and production architectures to achieve both competitiveness and attractive cost levels – from first launch and over
time. The framework can be considered an extension of the basic framework of the Product Family Master Plan (Harlou,
2006), following the basic partitioning in market-product-production from the research in integrated product development
(Andreasen and Hein, 1987).
The term “scalable” from the title of the paper refers to the scalability of solutions by development of modules that are
designed to be scalable in the desired range and in relation to key design characteristics. This enables the achievement of
attractive cost of system performance optimized for price, value or performance.
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As indicated on the vertical left, each part of the framework consists of a set of models that capture constitutional aspects –
what the architecture is, as well as behavioral aspects – what the architecture is able to do. Besides these, a set of evaluation
models supplement the constitutional and behavioral models by allowing for a structured evaluation of the consequences
that the program architecture lead to. The framework consists of a mix between intra-domain views that focus on e.g. the
product aspects, and cross-domain views that focus on the link between for example product and production. The intradomain views are to be applied for clarifying aspects within a specific domain, whereas cross-domain views are to be
applied for creating alignment between domains.
The market architecture is the market perspective on the product program reflecting the design of the product program
from the market’s point of view (Hansen et al., 2012; Mortensen et al., 2008). The identification and definition of the
market architecture serves to avoid a number of classic pitfalls concerning the market perspective of product program
development: Unplanned market cannibalization due to overlapping offerings, lack of differentiation between high-end and
basic market tiers, dead end scaling strategies with no natural continuation of product launches planned, an uneven mix of
product properties across the product program and price and cost-points that are out of balance. Another pitfall is the
exponential growth in requirements formatted in a free-text format that are difficult to apply to gain an overview of
differences between different product applications.
Program Layout
The Program Layout serves two important objectives: The clear scoping of what the program architecture should cover and
what not to cover, and the identification of the requirements that differentiate the market segment and market tier. The
Program Layout resembles a market grid (Meyer and Lehnerd, 1997), but is extended by inclusion of the differentiating
requirements which hold the key to competitiveness in the specific market segment. Also, the modeling of the layout on a
program level (instead of product family level) allows for a clear differentiation of individual product families.
Application/requirement overview
The application/requirement overview serves the objective of identifying which requirements that are common to all
product applications and which vary. This overview can also take on a mediating function between marketing and R&D to
balance market wishes towards engineering possibilities, or be used as a benchmarking tool to identify where exactly the
new product program should differentiate from the previous one. The clear definition of this is a central prerequisite for
focusing the engineering resources during development.
Customer view 2.0
The Customer view 2.0 serves the aim of detailing the feature and option layout across the product program. In addition to
the original customer view (Harlou, 2006), this expanded version allows for detailing the feature and option layout to suit
the state of the development project by either modeling application areas or groups of product variants in horizontal
columns. Mapping of features and options directly towards the specific commercial variants may result in an overly
detailed level of granularity during the early phases of product program development.
The product architecture is the constitutional and behavioral elements of the program architecture concentrating
specifically on the physical realizations of the product program in terms of systems, modules (including key components)
and interfaces.
Systems, modules and interface overview
The systems are the carriers of functionality and the viewpoint is applicable and important where it is impossible to
encapsulate functionality into separate modules (e.g. control, hydraulics). The functionality of systems should be
independently defined and strive for a simple mapping towards the modules implementing the systems to allow for a
flexible decoupling. The modules are encapsulated to achieve beneficial effects in the value chain (e.g. development,
sourcing, production) or the entire product life cycle (e.g. installation, upgrade, recycling). The most critical interfaces are
identified and described in this overview to make sure that the stabilization of these is considered a key goal during
architecture conceptualization.
Product architecture overview
The product architecture overview serves the aim of outlining the sharing of modules between main product variants to
create an overview of where variants of modules are needed and where modules can be used across several product
variants. This provides a powerful tool to oversee the status of the program development project.
Module performance scaling chart
In order to obtain the desired steps of performance for the main key properties, the scaling principle of relevant modules
can be outlined in order to ensure that the performance steps are balanced. The performance of key properties is mapped
towards defining design characteristics (e.g. power or efficiency in relation to weight or size), in order to clarify how to
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achieve balanced steps in relation to the specific design characteristics that are most sensitive to achieving the desired
performance.
Evaluation: Module consequence evaluation chart
This chart evaluates how the feature layout is mapped towards the modules. If the implementation of a feature is dispersed
across several modules the design is integrated and an attempt should be made to limit the implementation of a feature to
fewer modules (shown by red crosses). If the implementation of a feature is a 1:1 relation with a module, functional
encapsulation has succeeded and the functionality is decoupled (shown by green tick marks).
Evaluation: Cost of system performance
This chart evaluates how the relation between performance and cost is for main systems. Three optimization points are
suggested here, namely price, value and performance. Price is the low-cost version where only necessary functionality is
implemented, value is where system performance reaches a market competitive level before prices start to climb, and
performance is where the maximum possible system performance can be reached without compromising the program
architecture.
Evaluation: Preparation level evaluation chart
This chart supports the evaluation of whether to include design and production preparation for implementation of features
and functionality to be utilized beyond the first product launch. Depending on the probability of future use and the cost of
preparation, it is suggested to either integrate the feature (high probability, low cost), decouple the feature (high probability,
high cost), question the feature (low probability, low cost) or descope the feature (low probability, high cost). Furthermore,
the ratio between the resources needed to include the preparation now or postpone it to a later development project should
be considered carefully. If this ratio is 1:1, it is reasonable to postpone the implementation, if the program architecture is
not compromised. If this ratio is 1:10, a considerable amount of R&D resources can saved by implementing the feature
now.
The production architecture describes the constitutional elements of the production setup along with the behavioral
elements associated with the function of the production setup in relation to supply and distribution/delivery.
Generic Production Flow
This view captures the variant creation points of the production flow, the order entry points of the meeting between the
planning/order flow and the production flow, and the customization points where goods become unique to specific product
variants and/or customers. The Generic Production Flow (Mortensen et al., 2011) contains an aggregated view of all main
production equipment, modules and product variants and enables the assessment of whether variants are created in the most
appropriate sequence, timing and by which impact on production equipment.
Supply chain architecture overview
In relation to the supply chain, the performance of the production flow sets requirements for delivery sizes and frequencies
of inbound materials and the need or possibility for postponed variant creation in distribution centers or hubs. This
overview captures the significant elements in relation to the overall supply chain design, in order to explore opportunities of
complexity reduction during production and bringing down work-in-progress, inventories and delivery times.
Evaluation: Production consequence evaluation chart
This chart supports the evaluation of production equipment readiness towards future product variants by identifying the
production impact of future module variants that are not decided yet. In close relation to the preparation level evaluation
chart, this chart supports the specific evaluation of the production equipment to evaluate which production lines to remain
dedicated to and which to include flexibility towards future expansions.
The roadmap described the time aspect of the program architecture. The view of the multi-level roadmap combined the
timing, duration and delivery from technology projects, development projects with a roadmap of products on the market
and production ramp-up activities. The unique aspect here is explicit inclusion of the product structure to enable road
mapping on a modular product level in order to ensure the alignment between the product architecture and careful planning
of multiple product launches.
Applying the framework
Four important basic conditions are identified as critical for successfully applying the framework. The framework is
developed to be applied as part of a program architecture review process:
•

There is need for appropriate staging of the modeling techniques in order to ensure sufficient interaction between
relevant competences. The staging can be improved by using A0-format posters to capture the vast amount of
details necessary to support architecture decision making.
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•
•

•

It is necessary that practitioners have sufficient practice in modeling techniques. The modeling of critical aspects
across market, product and production domains requires sufficient theoretical understanding of the dependencies
across practical training but also practical training.
In order for the modeling techniques to be usable and pertinent, it is important to orchestrate reviews on a frequent
basis to ensure that the architecture models reflect the most recent status of the development project. Reviews must
be thoroughly prepared by the respective resources in order to facilitate an efficient exchange of information from
different stakeholders.
It is of fundamental importance that key competences are included in the architecture review process as
architecture decision-making normally requires the highest competence level available in a company.

6. INDUSTRY APPLICATION: FOUR CASES
The Architecture Framework for the Product Family Master Plan has been used and evaluated in a number of cases whereof
four of them are reported here. Not all cases use the full framework. Instead the framework was tailored to meet specific
needs by focusing on gaining a significant impact from the use of a few models and views rather than forcing these through
the full framework.
In a global company developing and producing mechanical solutions for industrial applications, a subset of the Architecture
Framework has been used in more than 50 development projects. The overall goal is to reduce complexity in development
project and optimize product development investments to create room for focused innovation. The Architecture Framework
is used to create an alignment between market representatives, R&D engineers and production technicians by initially
focusing on commitment towards requirements (market architecture) to ensure that development activities fulfill the goals
specified from market side and to make sure that R&D and production can deliver faster and with a higher certainty. The
Architecture Framework has succeeded in providing an overview for the project participants to identify the project critical
path, determine which solutions to use across the product program and by which scalability these solutions can be
developed. The Architecture Framework is owned by the product responsible while the ownership of individual views can
be distributed with specific responsibility. The application of the framework is targeted to improve time-to-market by more
than 40% (more than 50% of early phases and 30% of later phases) and recent projects show promising results, where
several derivative launches have been prepared for during the main project phase. These derivative launches would
normally have been postponed for subsequent development projects.
Views included: Customer view 2.0, product architecture overview, supply chain architecture overview/generic production
flow, and the multi-level roadmap.
In another global company developing and producing medical devices, another subset of the Architecture Framework has
been used in the two largest development projects. The overall goal is to coordinate the development of the production
equipment with the development of the product program whilst making sure complexity of the product offerings does not
increase exponentially. Historically, the product assortment has grown in small steps triggering a need for constant
rebuilding and expansion of the production setup followed by high cost and unacceptable downtime of production. The
Architecture Framework served to explore the boundaries of the product offerings during the early development phase to
ensure that the preparation level of design and production equipment was optimized for quick responsiveness where needed
and de-scoped where the inclusion would have resulted in over-investments and loss of productivity for a large part of the
production setup. The result has been that more products variants are developed simultaneously than ever before, including
the very important preparation of the production architecture. This has resulted in a time-to-market reduction for the
product variants that would normally have been postponed for a later development project, as well as an improved overall
R&D efficiency due to the wider bandwidth of the product program to be derived from the program architecture.
Views included: Customer view 2.0, module consequence evaluation chart, product architecture overview, preparation level
evaluation chart (partly), generic production flow, production consequence evaluation chart, and the multi-level roadmap.
In a third global company developing and producing machinery for industrial, commercial, and consumer applications, the
Architecture Framework has been used and tested in two larger development projects. The overall goal has been to move in
the direction of multiple market launches that are derived from a program architecture over a period of 8-10 years, instead
of renewing the entire portfolio every 3-4 years with large investments and R&D resource spend as a consequence. The
Architecture Framework served to challenge the initially proposed product structure to see how robust it is to embrace the
features that are planned to be introduced beyond the first product launch. Together with an overview of the program layout
and an application/requirement overview the framework succeeded in bridging these to the cost of system performance and
module performance scaling chart. This was done to ensure that main performance properties were directly targeted the use
applications where they provide the most value – in the most cost-effective way. To exemplify, a number of different
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solutions existed to provide the Watts needed from the customer’s point of view. The framework made it possible to
identify the most cost-effective option, which at the same time made it possible to scale the performance for all the product
variants in scope, without compromising the balanced achievement of performance- and cost points. Overall, the result of
the framework being applied is a significant reduction in time-to-market for all the features that would traditionally have
been de-scoped from the development project and postponed for implementation later on. To be exact, the early phases of a
similar product development had a standard duration between 12-18 months, which was now reduced to 6 months. It was
evaluated in formal workshop that the later development phases including production preparation etc. would not change
dramatically in duration. However, the program architecture was evaluated to improve the precision of the project duration
by avoiding downstream non-value adding iterations.
Views included: Program layout, application/requirement overview, Customer view 2.0, module consequence evaluation
chart, product architecture overview, module performance scaling chart, cost of system performance, and the roadmap.
In a fourth global company developing and producing electronics for businesses and consumers, the Architecture
Framework has been used in two large development projects. The overall goal in this context is to be able to launch 50%
more products using the same amount of R&D resources. The key to achieve this is to move from the development of
single or very small families of products to develop entire product programs. To be able to do so, the identification and
definition of a program architecture is key in order to ensure that multiple product launches not just become individual
development projects that are carried out in sequence without improving time-to-market or R&D resource utilization. The
Architecture Framework enabled the structured overview of features/options to ensure adequate product differentiation
from a market point of view without an unnecessary increase of modules and interfaces across product variants. The result
was the parallel development of almost twice as many product variants than previous projects had managed within a
comparable time horizon. To be exact, five product variants were included in the program architecture where a standard
scope within the company would be one to three. Another effect was that the early phases preceding the stage-gate
development phases was reduced by more than 50%, based on detailed measurements conducted by the company’s program
office.
Views included: Customer view 2.0, module performance scaling chart, product architecture overview, and the multi-level
roadmap.

7. CONCLUSION
The main result is the Architecture Framework for Product Family Master Plan. The Architecture Framework contains a set
of modeling techniques to provide views that enable the identification and definition of a program architecture during the
early phases of a product development project. The framework is unique in the sense that it includes not only constitutional
aspects of a program architecture, but also includes behavioral aspects while enabling the optimization of the program
architecture through a number of evaluation models. The framework has been applied in a number of cases studies,
resulting in four different global companies indicating a significant improvement in time-to-market for product launches
derived from the program architecture. This is enabled through the improved utilization of R&D resources by the means of
enhancing the preparation level or ability to launch of the product program. This is done by preparing the program
architecture for the second, third and fourth product launches following the first product launch. The preparation level is
achieved through the coordinated development of an architecture of the market, product, and production to enable a longterm perspective on product program decision-making during the early phases of a development project. Further works and
implications of the framework include the coordination with quantification of complexity costs to ensure a measurable
impact on not only innovation related benefits but also complexity cost reduction.
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Abstract
Many Original Equipment Manufacturers (OEMs) are experiencing an ever increasing pressure on
their ability to develop solutions at a faster pace and at competitive prices. In particular, OEMs
developing and manufacturing high-performance complex parts with highly integrated product
structures are struggling with time-to-market and unpredictable quality levels. Orders are often
fulfilled in an engineer-to-order workflow and very little commonality exists between solutions across
the product program. These OEMs also experience significant challenges in applying modularization
to their product programs as a means to overcome the challenge, due to the reason that highly
integrated product structures of complex parts are not easily modularized using traditional methods
for modularization. In such cases resulting compromises on performance and cost are most often
difficult to unite in a competitive product. This paper presents a framework that enables such
companies to overcome these challenges by identifying an architecture of the product and production
setup. The architectures enable the companies to scale their solutions and production setup in a
profitable way, and at the same time maintain a sufficient degree of commonality to significantly
improve time-to-market, R&D resource utilization and the level of quality.
Significance: Many companies experience problems with applying modularization to highly
integrated product structures of complex parts. This paper suggests a framework for identifying
modularity even beyond the traditional physical product interfaces by an architecture that allow these
companies to harvest the benefits of modularization without compromising functionality,
performance, or cost.
Keywords: Product architecture, product platform, product customization, scalable architecture,
product complexity
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1

Introduction

Many Original Equipment Manufacturers (OEMs) experience an increasing pressure on their ability
to develop solutions faster and at lower costs. It is not unusual that large companies expose their
OEMs to cost cutting strategies forcing them to cut 5-10% of cost every year (Zoia, 2013;
Bickerstaffe, 2012). This leaves OEMs with no choice but to innovate. Only through developing new
solutions with improved performance can they postpone the pending price drops and remain
profitable. As many businesses also become more and more project-oriented, large companies are
minimizing their risks and become reluctant to co-finance R&D activities at their OEMs, while at the
same time expecting their OEMs to supply new solutions at a faster pace. This is a tendency which
has increased in the wake of the global financial crisis.
These changed circumstances put the OEMs under pressure, requiring them to increase their R&D
efficiency to improve time-to-market by providing new competitive solutions faster; and at the same
time cut costs by improving product quality and productivity in production. The globalization of most
large companies has also forced OEMs to act in the global stage, making the need for local variants
increase, while the fluctuation of demand between the different variants makes production planning
more difficult as the production volume of each product variant decreases.
Requirements on OEMs
Decrease

Increase

Time-to-market

R&D Efficiency

CAPEX (Capital
Expenditure)

Production efficiency

Volume per product variant

Quality level
No. of product variants

Table 1 – Conflicting requirements on OEMs

The requirements listed in Table 1 are conflicting. And they apply challenge an OEMs agility of
supplying new solutions, whilst at the same time making it very costly to expand the current portfolio
using traditional approaches. Developing new solutions in a traditional engineer-to-order workflow
would severely compromise R&D efficiency while imposing negative consequences on production
ramp-up times and product quality, as every solution is often new from an R&D and production point
of view. At the same time the OEM customers require that OEMs push the envelope of the products’
performance to enable them to achieve higher efficiency and improve their own offerings.
Traditionally the notion has been that applying modularization can make it possible to develop a
modular architecture for the product program (Meyer and Lehnerd, 1997; Ulrich, 1995).
Modularization when appropriately applied could serve as a means to provide the variety needed from
a customer point of view and at the same time reuse sub-solutions across different products to
improve time-to-market, and maintain predictable product quality. However, many companies do not
succeed in this, as modules are not easy to identify in products where key functionality is highly
integrated and distributed across the product structure (Hölttä-Otto and de Weck, 2007). Examples of
these types of complex parts include e.g. rotor blades, complex manifolds and engine parts, hulls etc.
that in addition contain a high degree of engineering from several disciplines as fluid mechanical
engineering, solid mechanical engineering, process engineering and chemical engineering. In these
cases, the compromises on performance often become too significant following traditional
modularization approaches (Guo and Gershenson, 2007; Gershenson et al., 2003). In the development
of highly performance oriented critical components – no extra 3-5% of material/weight can be added
to the products. Such over-engineering is most often not an option.
This paper is based on the assumption that the definition of an architecture can enable the OEMs to
overcome the challenging situation described above in Table 1. So far, traditional modularization has
played an important role in architecture-based product development (Ericsson and Erixon, 1999). But
as traditional modularization takes its starting point in functional decoupling in order to isolate
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functionality in modules (Jiao and Tseng, 1999), there is a need for a new approach applicable to
products where functionality is highly integrated and distributed across the product structure.
This paper presents a framework seeking to expand the recent body of knowledge within
modularization and architecture-based development of product programs by including the situation of
OEMs supplying engineer-to-order solutions with integrated functionality distributed across the
product structure of complex parts. Thus, the framework disclaims the current notion of
modularization and architectures being a compromise to achieving competitive performance in highly
integrated designs. The framework contains a set of coherent models and a stepwise approach.
This paper will continue by elaborating the motivation and requirements for the framework. This will
be followed by a review of the state-of-the-art methodology and a presentation of the proposed
framework. The framework has recently been applied in an industrial case study with promising
results, which are also presented here. The paper is concluded by a discussion, reflection and a
conclusion.

2

Challenges and barriers

In the experience of the authors no OEM management disagrees with facing challenges in meeting the
requirements mentioned in Table 1. Many of these challenges are closely related to the current ways
OEMs are developing unique solutions to every customer. The observations below are based on a
collection of interviews with management of OEM companies:
Customers are dictating solutions: As many OEMs do not proactively show their customers which
solutions they would prefer, the natural result is that OEMs end up providing solutions that are unique
to every individual customer. In the pursuit for customer satisfaction many OEMs enter a sales
dialogue with a mindset of accepting a level of customization close to 100% – even regarding subsolutions that are not critical to the overall performance of the product.
No proactive go-to-market approach: Many OEMs satisfy themselves with their upstream position in
the value chain as being a rather passive supplier in the market place, not recognizing the need for an
active marketing effort to analyze market developments and predict which particular segments are
growing. Therefore they tend to fall into a reactive role resulting in lack of responsiveness towards
technological trends and changing requirements from customers.
Very limited development outside customer projects: Many OEMs do not start development before the
customer has accepted to cooperate. This leaves customer projects being notoriously behind schedule
and leaves little-to-none opportunity for including forward-looking development work in customer
projects.
Customer projects are fulfilled with zero outlook: The natural consequences of the reactive market
approach and customer dictated solutions are that customer projects often fail to look beyond their
first delivery. The focus on the first delivery results in solutions that are not prepared for upgrades or
predisposed for future variants.
Solutions are developed in individual work streams: In the attempt of becoming customer focused,
OEMs organize development teams in individual work streams, with only little or no coordination
between them. The result is often lack of solution overview and sub-solutions that vary from customer
project to customer project, making it difficult to harvest benefits of common solutions across
customer projects while prolonging time-to-market.
Complex interplay between specialized engineering disciplines: The high performance products in
scope here require very specialized engineering design work from different disciplines. Even though
every engineering discipline has a separate optimization task closely related to the unique customer
requirements many dependencies exist between them, making it difficult for individual disciplines to
predict and see through their influence to other disciplines.
R&D resources are tied up to individual customer projects: OEMs tend to tie a relatively large share
of their R&D resources into specific customer projects, when customers are willing to co-finance
development costs. However, “renting out” R&D resources for e.g. EUR70-80 per hour makes a very
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low return on investment compared to investing in R&D resources developing solutions that could be
common for a range of customers. The issue becomes particularly crucial when customers exit the
projects before time and the OEM is left behind with a customer specific solution and zero orders.
Lack of task definition: It is the experience of the authors that the challenges mentioned above is a
natural consequence of the way OEMs orchestrate their engineering resources and define their tasks
and priorities. There are often very few or no cross-functional initiatives that aim to overcome these
challenges as they span all the way from initial customer dialogue to the engineering execution and
project delivery. Moreover customer projects are often kept isolated and 100% focused on customer
dictated requirements making it difficult to prioritize efforts in order to change the condition
mentioned above.
These challenges end up becoming barriers for OEMs to fulfill the requirements listed in Table 1.

3

Requirements for the framework

To overcome the challenges and barriers presented in the previous section, there is a need for OEMs
to address their development of customer specific solutions in a different manner. As the problem
reaches all the way from early sales dialogue to the delivery of engineering solutions, it is not
sufficient to make small and local changes in order to turn the situation around – there is a need for a
more profound change. A change that needs the support of a framework, in order to


Identify an architecture for the product and production setup that allows for profitable
customization of complex customer specific solutions with highly integrated product
structures by improving the utilization of R&D resources and improving time-to-market.

In order to do so, the framework should enable OEMs to








Scope an architecture from a market point of view. This includes focusing upon which
segments and applications with which performance steps to cover and which not to cover.
This again determines the market envelope i.e. the collective of the preferred offered product
variants and their desired performance steps.
Identify the defining design characteristics and properties based on primary market
parameters. This includes the scaling principles for design characteristics and performance
properties.
Identify an architecture that utilizes R&D resources to provide value instead of solving
similar requirements for every customer project as repetitive work. This includes decoupling
of work tasks to enable different disciplines to work in parallel.
Identify an architecture that allows for scaling of sub-solutions to allow for reuse between
customer projects.
Identify an architecture with product scaling principles that are coordinated with the
production scaling principles with respect to geometry and volume.
Identify an architecture that can serve as foundation for deriving several future product
variants beyond the first delivery

With these requirements literature has been reviewed for contributions that address the challenges
described and fulfill the requirements listed here.

4

State-of-the-art

This section covers significant contributions in literature to: The modeling of architectures, the
support for developing modular product families, and methods for improving the development process
in terms of reducing lead time.
Architectures based on design process theory: According to (Andreasen and Hein, 1987) the
development process can be described in terms of single models on four levels: product planning,
product development, product synthesis and problem solving. The design process theory is based on
descriptive and prescriptive models from (Pahl et al., 1996; Hubka and Eder, 1988). Product planning
is related to activities where decisions regarding introduction of new products and phasing out
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existing products are made. Concerning application of architectures and platforms, it will have impact
on all levels above, i.e. product planning, product development, product synthesis and problem
solving. In order to succeed with a platform it has to be fitted to the nature of product development,
meaning that solutions are determined gradually, and platforms have to include certain flexibility in
order to match different design projects and product variety.
The concept of Concurrent Engineering (CE) is a parallel approach, replacing the linear process of
serial engineering. CE is intended to encourage the product developers, from the start, to consider the
total job (Prasad, 1999; Prasad, 1996). The concept of CE is very much linked to the concepts of
architecture based development. In a modular architecture, there is a division of labor between
architects who first split a product into modules, and those who work within the parameters of a
specific module. The latter group needs to know only about the specific module and the design rules
which ensure that the module can be integrated into the larger system. Modules can then be developed
in parallel, which again lowers lead time in development. A prerequisite is that architects possess the
requisite knowledge of parameter and task interdependencies of the whole product.
The concept of Architecture for Product Family (APF) is introduced as a conceptual structure,
proposing logics for the synthesis of product families (Du et al., 2001; Jiao and Tseng, 1999) . The
Generic Product Structure (GPS) is then proposed as the platform for tailoring products to individual
customer needs. (Ko and Kuo, 2010) presents another systematic method for concurrent development
of product families, by combining QFD-based methods with quantified DSM-techniques and
morphology analysis to visualize concepts.
Product Family Master Plan (PFMP): The Product Family Master Plan (Mortensen et al., 2010;
Harlou, 2006), describes a product assortment from three points of view: Customer, engineering and
part view, equivalent to the partitioning in market, product and production domain of the Integrated
Product Development framework (Andreasen and Hein, 1987). Each of the views is causally linked
meaning that certain types of traceability can be described. The relation between customer view and
engineering view describes how certain customer features are realized by means of certain functional
units. The relation between engineering view and part view explains how functionality is realized by
means of physical parts and sub-assemblies. Reading the PFMP from the part view to the engineering
view explains how a certain part contributes to delivering functionality to the products. From the
engineering view to customer view the relation describes how functional units deliver customer
features and, value to the customer. Another important aspect of the PFMP is that it enables a
professional dialogue between three very important stakeholders, namely sales, engineering and
production. There must also exist a professional media for communication and decisions concerning
the exact scope and content of possible platforms.
Modular Function Deployment (MFD): The Modular Function Deployment (Ericsson and Erixon,
1999) builds on the methodology of the Quality Function Deployment (QFD) and on the formulation
of eight so-called module drivers. The purpose of MFD is to enable cross functional teams (including
mainly marketing, development and production) to create a mapping from the physical structure of the
products within a family to the functional structure of those products and to ensure that the functional
structure corresponds to the demands of the customers. Modular Function Deployment method
consists of five consecutive steps. Customer requirements are mapped to functional criteria and
subsystem design characteristics and subsequently form a physical design in which a modular
architecture supports a carefully selected set of modularization incentives called module drivers.
Design Structure Matrix (DSM): This approach takes a starting point in the decomposition of a
product into components/systems and an identification of interfaces/relations among these (HölttäOtto and de Weck, 2007; Pimmler and Eppinger, 1994). By the use of algorithms, it is possible to
encapsulate components into modules or chunks that are closely related to each other from an
interaction point of view (Steward, 1981). This process is referred to as clustering. The outcome of a
DSM is a proposal for a future modular product architecture.
The function-based design methods (Function structures) are characterized by establishing either a
function model (Otto and Wood, 2001; Pahl et al., 1996) or the schematics of the product (Ulrich and
Eppinger, 2000). Both approaches have a visual representation as an outcome. The function structure
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describes the flow of material, data, and energy through sub-functions of the product using a set of
rules (e.g. the rules that are referred to as the functional basis which basically is a common language
to describe functional elements). The schematic of the product is somewhat similar to the function
model. But where the function model describes the product using functional elements, the schematics
can describe both functional and physical elements — whichever is the most meaningful for the
purpose of the representation. The functional structure forms the basis for several different approaches
to design or re-design the products.
The German school of Variant Management provides a number of methods and techniques to
optimize the design of variance in product families (Krause et al., 2013). The methods and techniques
form an integrated approach, which aims to reduce internal variety of product programs. The overall
idea of the approach is that non-value adding variety of the product program is both constituted by
elements belonging to product variety and process variety. In order to reduce internal non-value
adding variety of the product program, one has to address technical-functional and product-strategic
module drivers along the product life cycle phases, and to redesign components to enable a modular
(variety optimized) product structure.
Configurable Component framework: The configurable component concept (CC) is a means of
representing systems and their subsystems using a generic building block, the configurable component
(Claesson, 2006). The original purpose of the concept is to handle data, information and knowledge
sharing, as well as managing the conflict between commonality and reuse, while having the ability to
represent variant-rich and complex products and, more generally, entire product platforms. The CC
concept declares a bandwidth within which platform elements, including interfaces may vary. Thus,
the interfaces are co-configured to fit each other, which allows for keeping design flexibility intact
throughout the development process. The CC framework has been implemented and tested in the
automotive and aerospace industry. The framework has been enlarged to cover an approach for
integrating modeling of products and production systems (Gedell and Johannesson, 2013;
Levandowski et al., 2013).
Impact of product configuration in engineering oriented companies: Studies have shown that
engineering oriented companies (companies in which each customer order requires some engineering
work) can gain significant reduction of lead time in quotation and production by implementing
product configurators (Haug et al., 2011). Product modularization and configurations are used to
structure and model the product assortment in order to configure a customer tailored product
unambiguously. However, the creation and use of configurators is often a risky and highly timeconsuming project. Thus, although for example for a 90 percent reduction of lead time and man-hours
achieved, this may still be an unprofitable project if the costs of achieving this are too high.
4.1 Gap
The contributions definitely all play an important role in identifying architectures. However, very few
contributions have dealt with the definition of architecture initiatives for highly integrated products or
complex parts. For these product types it is often not possible to consider integration or balancing of
different modules, because modules (in a classical understanding) cannot be decoupled from the rest
of the integrated product structure. It is simply not possible to identify such. Integrated products or
complex parts can be characterized as functional feature-based products in which the customer’s
perceived value in the products is based on properties such as peak performance and efficiency in
operation. To optimize such functionality of a product family, it is necessary to consider compromises
between the product variants (total systems) instead of compromises between modules (sub-systems),
because the performance of the technical system is dependent on the balancing of design
characteristics between product variants. The current frameworks, methods and models proposing to
support architecture initiatives, do not enable companies to overcome these challenges. The gap in
prior contributions is centered on the task of identifying flexible and scalable architectures, for highly
integrated products, for the product and production setup. Yet, the theoretical basis mentioned in
section 4 provides a thorough basis for deriving a framework integrating the PFMP-based
methodology of concurrent design of market, product and production aspects merged with a function-
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oriented modeling of performance properties to identify coherent feature, performance and production
scalability.

5

Research methodology

The framework presented in Figure 1 is the result of experience derived from several previous case
studies conducted with OEMs producing high performance mechanical products for a relatively small
amount of large customers. These studies have matured the framework till its current state and
subsequently it has been tested in yet another case study with very promising results.
According to (Joergensen, 1992), research is both problem and theory based. The problems in the
industrial practice is described in section Challenges and barriers and which is based on several
interviews with managers and decision makers in European engineering companies experiencing these
problems. Therefore, many descriptive research activities lie ahead of this framework presentation,
which can be characterized as being prescriptive.
5.1 Type of inquiry
Different types of inquiries were used while engaging in the practical setting. During the analysis
phase of the study, the inquiries were rather exploratory and diagnostically based, helping the
researchers to understand the situation and assess the applicability of the framework. Moving on to
the synthesis phase, the inquiries changed to being more of confronting in character and directly
prescriptive. The last type challenges the company to see their products from a new perspective, and
was absolutely necessary in order to make them adopt the framework and ensure a successful
intervention.
5.2 Visualization as working method
As the research aims to bridge information from sales and marketing with engineering and production
development, there is a need to create a boundary object enabling the different competences to
interact, exchange ideas, and understand each other’s work challenges (Latour, 1986). Thus
visualization has been used to create such a boundary object to facilitate collective alignment among
sales/marketing, engineering and production professionals. From the early stages of the project a
concept architecture has been illustrated on A0 sized posters, allowing professionals with different
backgrounds to gather around a large poster and make review meetings efficient and by taking
advantage of the optical consistency such a visualization represents. This approach enables
participants to lay aside their daily working habits and see the challenges in the project as being of the
‘same type’.
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6

Framework

The illustration presented in Figure 1 represents the framework for developing a scalable architecture
including a step-wise approach. It is not the intention to present a complete framework, but instead
emphasis has been put on the elements of crucial importance when an OEM wishes to:






Move away from a dedicated engineer-to-order workflow where unique solutions feature in
every customer project
Explore their design envelope to investigate the potential for generating solutions with lower
lead time
Develop an architecture to enable faster development of new and competitive solutions
Improve the efficiency and effectiveness of R&D resources
Enhance the preparation level towards generating future derivative variants

The framework follows the classic partitioning in a market, product and production domain known
from (Andreasen and Hein, 1987). The 9 steps represent sequenced excerpts from the framework that
was discussed, reviewed and documented on large A0 format posters to keep a coherent overview of
the architecture’s status.
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Figure 1 – Framework including approach

1. Identification of future growth segments
Developing an architecture which is prepared for the future, requires a much more systematic
approach to analyzing and interpreting the growth of the most favorable market segments than
traditional OEMs are used to. It is not necessarily good to be 100% customer driven in the sense that
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customers might not include the OEM in their 3-5 year product roadmaps thus leaving the OEM
behind with shorter time to react. Therefore it is necessary to use for example the Program Layout to
outline the growth in all relevant business areas across different tiers from high-end to basic (Hansen
et al., 2012). This can form a basis for identifying which market segments to focus on and isolate the
application areas of relevance.
2. Extract and interpret requirements from key customers
From the analysis of the future growth segments, the next step is to select a few key customers within
these segments and extract and interpret their requirements. The Customer View can serve to support
the systematic mapping of these requirements based on for example interviews with senior
representatives within technical sales (Harlou, 2006), and categorize these requirements dependent on
which application they are applicable for.
3. Separation of defining design characteristics and performance properties
The next step is to separate those design characteristics and performance properties that answer to the
primary market parameters. These are derived as parameters fulfilling the most important customer
requirements – e.g. efficiency, load limits or other characteristics and properties. This is a very critical
step, as it is necessary to initiate the development of the architecture by solely focusing on those
fulfilling the few requirements that are capable of positioning the products in the market place.
Link a: The interpretation of the most important application specific requirements into the few design
characteristics and performance properties that can fulfill these.
4. Determine geometrical and volume production scaling principles
Using the direct input of the defining design characteristics (e.g. primary geometries) the scaling
principles for production can now be determined. As it is critical to achieve scaling towards future
variants and upgrades, this must be determined in coordination with the geometrical possibilities and
limitations outlined by the defining design characteristics.
Link b: The physical scaling of production equipment is coordinated directly with the defining design
characteristics and scaling of volume is taken into account.
5. Scoping of architecture in terms of market envelope
As it is impossible to satisfy all primary market parameters in their full range, it is necessary to scope
the architecture in terms of which will be boundaries of the market parameters seen from the
customer’s point of view. The fulfillment of these parameters will often be subject to trade-offs, as the
fulfillment of one parameter can be increased by compromising the fulfillment of another.
Link c: The market parameters might be direct market oriented translations of certain design
characteristics (e.g. size) and performance properties (e.g. thrust, power, efficiency).
6. Identify lead variant and discrete concept variants stretching across the design envelope
Identifying the lead product variant, meaning the first product variant of the new product family, is
the next step. The identification of this would normally be the result of close dialogue with a lead
customer. While specifying the lead variant it is of crucial importance to specify a number of
additional concept variants. These concept variants are not going to be completely designed in detail
just yet. They serve as important instantiations of the architecture in order to investigate scaling
principles of design characteristics between the different variants, including the lead variant. This is in
order to achieve appropriately balanced performance steps of the most critical properties.
The sum of these architecture variants spans the total design envelope of the architecture.
Link d: The architecture variants are closely linked to the market parameters in the way that the design
envelope matches a certain market envelope, where individual market parameters are covered within a
certain range.
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7. Design production equipment for lead variant to include scaling for discrete concept
variants
In terms of production the basic scaling principles are already determined (step 4), but taking the
starting point in the lead variant the actual equipment can now be designed and specified. The discrete
concept variants are taken directly into account deciding the geometrical scaling principles as it is
now possible to prepare production equipment (moulds, fixtures etc.) for the exact design
characteristics of these. However, no capital is invested covering the discrete concept variants – only
preparation activities to maximize future reuse of production equipment for the lead variant
Link e: Production equipment for the lead variant is prepared for scalability towards the design
envelope represented by the discrete concept variants.
8. Determine layout of secondary design characteristics and performance properties using
various scaling principles
Until now, the design only contains the defining design characteristics and performance properties.
The secondary ones are now to be balanced within the design envelope to make a good fit in balanced
design and performance steps. These secondary design characteristics and performance properties
describe the sub-solutions. They do not interfere with primary performance, as the task is to optimize
the whole architecture and product family. There is no value in varying these sub-solutions
unnecessarily across the architecture.
Link f: Certain sub-solutions might have close ties to the production equipment and desired future
volume scalability. Therefore, it should be ensured sub-solutions are aligned with the critical choices
of production technology and volume scaling principles.
9. Verify market envelope and communicate preferred design range to customers
To close the loop and harvest benefits of the preparation of the architecture, the next step is to verify
the design and resulting market envelope to make sure that it fits with the needs of potential future
customers. If this can be verified the next challenge is to communicate the preferred design range to
customers. The preferred design range is the market translation of the architecture variants prepared in
the lead design and discrete concept designs.
Link g: As the market envelope reflects an optimized scaling range of the designs (“inside” the
envelope), it is of critical importance to communicate the preferred range of designs to customers, as
there might not be a good product match if the customer falls “outside” the market envelope.
Nomenclature: Green means “inside”, Yellow means “inside with compromises/adaptions”, Red
means that larger changes to the architecture has to be made in order to offer a competitive product.
The exact sequence of the 9 steps varies slightly between individual cases, but the sequence presented
here was the one used during the case study.

7

Case

The framework was applied in an engineering oriented OEM company serving the global energy
industry with performance critical components used for critical energy generation processes. The
company has a global production footprint enabling the OEM to serve a number of customers having
only regional production facility of their own and to help them expand their market reach to win
larger orders on a global scale. The case company is anonymized as a result of competitive reasons
and in order to be able to report more interesting details than a public case allows for.
7.1 Situation
In the wake of the global financial crisis the customers of the OEM company have experienced
financial problems with financing their energy solutions. Their financial shortcomings put pressure on
their OEMs, as they cannot co-finance R&D activities to the extent they have done earlier, and cannot
commit themselves to larger production volumes as the business is becoming increasingly project
oriented. The OEM is experiencing severe price cuts for their high volume products forcing them to
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find new growth segments, where their engineering expertise can be valued in terms of a higher price
level.
7.2 Framework
The first engagement with the company was an assessment project to evaluate the potential of
architecture based product development in the company. As the products of the company cannot be
modularized in the traditional sense by visible and physical structural decoupling, certain skepticism
was expressed by many stakeholders in the company. However, the result of the assessment project
was to apply the framework to a new promising development project, where a few potential large lead
customers had shown interest.
As specified in Step 1, the potential customers constituted a future growth segment for the OEM,
making it an appropriate business area to apply the framework to.
The next step, Step 2, was to extract and interpret the key requirements from the most likely future
customers – including the potential lead customers. The Customer View was used to create an
overview of which requirements were common to all customers and which vary between them, and
the most important market parameters were isolated.
In Step 3, taking the starting point in the Customer View, the defining design characteristics and
performance parameters were separated out in order to create early concept designs that fit directly to
the market parameters. Thus it was ensured that the primary requirements of efficiency, load limits
and preparation for scalability was taken into account during these very early stages of designing.
Fulfilling these was directly associated with the fluid dynamic nature of the products. This made the
fluid dynamic trade-offs and design considerations primary for defining design characteristics and
performance properties.
Figure 2 exemplifies defining design characteristics and their relations to performance properties for
an engine manifold. The performance properties of flow, pressure, and strength are realized in a
complex interplay between the inlet/outlet size, the tube wall thickness, the diameter of the tube, and
multiple bending radiuses of the tubes.

Figure 2 – Identified performance critical design characteristics for an engine manifold

The performance critical design characteristics were used in Step 4 as input to determining the
geometrical and performance scaling principles of the production equipment.
Figure 3 exemplifies the concept of scaling principles. The defining design characteristics of the
engine manifold have been identified i.e. the defining structure and its attributes based upon desired
performance properties. Some geometry is fixed for all variants in the design envelope (red areas) in
order to support modularity in the production equipment, while others are flexible (green areas). The
performance properties are related to flow, pressure, and strength. In order to meet the requirements to
performance properties in the design envelope, the design characteristics have been determined in
principles and ranges of scaling i.e. tube diameter, inlet/outlet size, bending radius in tubes, and the
tube wall thickness. The relations between design characteristics and performance properties have
been analytically verified, and even if no physical parts yet exist, the design is fully scalable within
the defined ranges.
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Figure 3 – Engine manifold used as example for illustrating scaling principles and scaling ranges

Modular thinking was incorporated early and applied to the production equipment to ensure future
reuse of most the costly and lead time defining production equipment.
The next step, Step 5, was to scope the architecture from a market point of view based on the work
from Steps 1-4, as it was not possible to make a one-fits-all design. Clear decisions were made
regarding which performance ranges to support, and which not to support. As the customers of the
OEM use different technologies, several decisions were made to include support for certain ones
while excluding the support of others (e.g. different support system technologies).
In Step 6, the lead variant was identified together with three other discrete concept variants – one
variant with lower specification and two with higher specifications. In total now four architecture
variants. The lead variant was intended for a large customer. The discrete concept variants were
aligned with the preferred scaling principles (from Step 4) and targeted to fulfill market parameters in
the surrounding areas of the chosen ranges (from Step 5). Throughout the rest of the architecture
design process, the concept variants were used as modifiable instantiations of the architecture to put
structure to the design envelope. These concept variants do not limit the future design of variants to
match these exact discrete specifications, but they prepare the architecture and the scaling principles
applied to fulfill any requests for variants inside the design envelope of the architecture.
Step 7 was the inclusion of production equipment to include the actual lead variant while preparing
for the future scaling of the discrete concept variants. Modularization was applied to ensure the
preparation towards the required scalability of future variants by decoupling the variable equipment
from the costly and lead time defining equipment.
In Step 8, the sub-solutions were included now taking all the secondary design characteristics and
performance properties into account. For instance, the steps between sub-solutions do not have to
follow the same steps as the four architecture variants – the sharing of sub-solutions could be
independent hereof, and in certain cases, only two variants of sub-solutions were chosen for the four
variants in scope. An example of this was layers of strengthening material that were completely
shared within the common parts of the architecture variants decoupling the variance needed to other
more flexible areas of the design.
In Step 9, the architecture including the design and market envelopes was communicated to
customers. This approach represented a large shift of paradigm for the OEM company, enabling a
much more qualified early dialogue, as the OEM could now enter specific design discussions with
customers before having started an actual customer project with them. This has so far enabled the
OEM to influence and impact design decisions of their customers – a side effect that only very few
company representatives believed possible when the project started.
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7.3 Results
An extensive validation effort was initiated after the framework was applied. All participants in the
architecture design process were interviewed and their best estimate of their resource requirements (in
hours) and lead time (in days) was collected. The investigation showed that



An architecture variant (succeeding the lead variant) can be developed using:
o R&D resources: From index 100 to 30
Lead time from:
o First customer dialogue to finished design: From index 100 to 58
o Finished design to prototype delivery. From index 100 to 50

Figure 4 – Savings in design lead time and R&D resources for one variant

The index 100 is reflecting a traditional customer project where a unique and dedicated design is
developed from scratch.
This estimate is conservative and includes all resources relevant – including project management
itself, while taking critical path and normal project uncertainties into account.

Figure 5 – Total savings in design lead time and resource consumption for four variants

Figure 5 illustrates the savings in design lead time (–32%) and R&D resource consumption (–53%) by
using the new architecture approach instead of the company’s previous new product development
(NPD) process. The architecture project covered four variants and the savings are calculated on this
premise. The OEM’s ability of supplying new solutions at a faster pace has increased, without
increasing R&D resources in the same step. The R&D efficiency has actually improved by reducing
the resources needed to develop four variants by as much as 53%. The savings compared to normal
projects will moreover increase when more variants are developed inside the already specified design
envelope.
The dramatically improved responsiveness towards customer requests inside the architecture has been
a game changer for the OEM company. Customers are now even sharing their own roadmaps with the
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OEM company in order to ensure closer collaboration and make sure that their product requests falls
inside the scope of the further development of the architecture. In other words, the benefits from
requesting new products inside the envelope of the architecture are obvious enough to enable the early
customer interaction as needed.
Today, the OEM company is working with marketing their architecture in order to harvest the full
potential, and recent conclusions are that customers find their approach proactive and constructive.
Also the organizational anchoring of the architecture thinking patterns, methods etc. utilized in this
project is also a derived activity as are the implications to portfolio management, roadmapping,
product and production technology etc.

8

Discussion and reflection

8.1 Case
Reducing time-to-market by almost half and saving 53% on R&D resources is a drastic improvement
on current performance. However, limitations of the case results do exist.
The framework only covers the development of a lead variant and preparation for derived architecture
variants. The actual execution of architecture variants was estimated through interviews with all
relevant stakeholders, but the actual execution of these are in the making at the time of writing.
However, the projected realization time, on which basis 70% of the savings were derived, was
accepted and found credible by the OEM management. This covers the internal validation of the
results.
External validation is more difficult. The researchers have undertaken many architecture projects for
OEMs developing mechanical solutions for large customers, which provide certain evidence that this
OEM company is comparable to many other OEM companies. Their challenges are similar to the
challenges experienced in many other OEM companies. The OEM is a global player, capable of
attracting many skilled employees with an annual turnover in the range of EUR 0.5-1billion, and there
are no indications that the leap of performance achieved in the case study, could be explained with
lack of professionalism or a competence level below average.
The reliability of the results are therefore of course contingent upon many contextual factors of the
company where it will be applied. Also the mere presence and attendance of the researchers in kickoff meeting, review meetings and evaluation meetings is impossible to isolate from the results – as of
course, a certain competence within the field is necessary in order to create such positive results.
8.2 Theory evaluation
As reported in the case the framework proved useful and solved the challenge of identifying an
architecture for the OEM case company. The theoretical gap mentioned in section 4.1 has therefore
been challenged by the framework proposed, which is integrating the PFMP-based methodology of
concurrent design of market, product and production aspects merged with the function-oriented focus
on performance properties to identify coherent features, performance and production scalability. The
framework’s inclusion of behavioral aspects of architectures across market, product and production
domains, namely what the architecture enables the company to do in terms of preparation and
responsiveness towards future launches (instead of limiting the focus to what the architecture is) has
also been an important parameter differentiating the framework from previous works, and proved
useful in highlighting the relevance of the work in the industrial setting of the case study. This angle
of attack seemed a powerful response to the traditional skepticism which can be found by practitioners
who doubt the industrial relevance of such a framework.
8.3 Further works
The framework applied here may be altered to fit the exact needs of other engineering companies. For
example, the focus on the lead customer and lead design could be carried out earlier than described in
this paper. Also, as high performance mechanical products might experience the need for very
different optimization loops, the generic and general inclusion of these is difficult and therefore left
out of this work. However, the transferability of the results presented here is generally assessed to be
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good, as long as industrial practitioners can mobilize the necessary driving force to ensure the
architecture work is progressing and is aligned among the major stakeholders.
An improvement area to focus further works on is the creation of quantitative trade-off models to help
support designers in critical decision making of where to apply dedicated design and where to allocate
efforts for incorporating scalability into the architecture. The aim would be to minimize the costs of
complexity while improving time-to-market and the responsiveness towards customer requests. Some
early models were applied in this and earlier case studies, but it was out of scope to generalize these
for this publication.
Another improvement could be a general assessment model to apply for another case company
experiencing similar challenges. The model should support the assessment of the level of readiness to
profit from the development of an architecture to serve the customers instead of always proposing
dedicated designs. A result could be a maturity model that prescribed which areas to focus a preproject on before developing the actual architecture in a lead customer project.

9

Conclusion

This paper has presented a framework including a step-wise approach to develop an architecture,
particularly suited for OEMs developing mechanically and highly integrated performance products,
where traditional modularization is not enough to achieve reuse, scalability, reduce time-to-market
while improving R&D resource utilization. The framework and its approach takes it starting point in
bridging the few but defining design characteristics and performance parameters of the products with
the market parameters that are critical to achieving competitiveness within a target segment. By
systematically implementing scalability for main- and sub-solutions an architecture for the product
and production setup is developed. This ensures an increased responsiveness towards customer
requests and a case study shows promising and significant reductions in time-to-market (almost 50%)
and savings in R&D resources used per customer project to develop derived product variants based on
the architecture (70%).
The authors would like to thank the case company for sharing challenges, resources and competences
with the research team.
This research received no specific grant from any funding agency in the public, commercial, or notfor-profit sectors.
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Abstract
This paper introduced a set of external factors capturing the contextual differences that set the
stage for architecture initiatives. These are derived from a systems theoretical approach
recognizing the fact that architecture initiatives should respond the challenges posed by the
external environment in which the company and the future product program is operating. The
outlining of the factors are based on the conviction that no one-fits-all exists, when it comes
to architecture initiatives, and the notion that it is impossible to truly evaluate whether an
architecture initiative is good or bad, without including the contextual differences. The
purpose of the external factors is to improve scoping and goal setting of architecture
initiatives, and improve comparability between- and transferability of knowledge from
architecture initiatives. The external factors are a first step towards an actual classification of
architecture initiatives.
Keywords: Product architecture; product platform; systems theory; contingency factors

Introduction
Challenges
A vast array of new methods and techniques for successful implementation of product
architecture initiatives are presented every year in various conferences. The contributions are
based on experiences from many different companies and research work. However, due to the
fact that product architectures are a complex phenomenon in itself, the findings and
discoveries reported from research originating from specific architecture initiatives, can be
difficult to transfer from one context to another. And while researchers often neglect to
include the contextual differences that set the boundaries and conditions for the architecture
initiative, it is difficult for practitioners to adapt towards and benefit from the latest ideas and
concepts.
In close relation to these challenges is that the lack of inclusion of contextual differences
makes it difficult to evaluate whether an architecture initiative is good or bad. There is no
one-fits-all when it comes to the tailoring of architecture initiatives to a specific situation of a
company. The lack of inclusion of contextual characteristics simply poses a risk for
unsuccessful scoping and goal setting of architecture initiatives eventually leading to
underperforming product programs.
This paper addresses this challenge by outlining a set of external factors that capture the most
significant contextual differences, as a first step towards an actual classification of
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architecture initiatives. This is based on the basic hypothesis that proper classification is a
prerequisite for improving the maturity of research within product architecture initiatives.
Here, the aim is to improve the scoping and goal setting of architecture initiatives, and
improve generalizability of research in architecture initiatives as a prerequisite of
comparability and transferability.
The external factors are proposed based on the experiences collected from various actionbased research studies, which leads towards a later publication of an overall classification.
A systems theory view
In order to address the challenges described above systems theory is applied.
Definition of the system and its boundaries
When developing a new product architecture, is has previously been presented how it is
necessary to define the product architecture in close coordination with the market aspects and
the production setup. This approach is captured in the DTU framework for architecture
initiatives (see Figure 1) [1], [2].

Figure 1 – DTU framework for architecture initiatives

The framework builds upon the classical partitioning of the market, product and
production/supply domains [3]. This is most recently presented and described as the market
architecture, product architecture and production/supply architecture. The elements described
in each pyramid, can be seen as the behavioral and constitutive elements of an architecture
that an architecture initiative can change and affect.
In order to separate the architecture initiative from its surroundings, it is necessary to consider
the architecture under development as a system. The architecture initiative can change
elements within the system (the architecture) as a response to the external factors.

Figure 2 – System, boundary and external factors
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Figure 2 shows the architecture as a system. The task of the architecture initiative is to
provide a response to the external factors, in order to improve competitiveness of the
company where the architecture is developed. The important aspect here is that the external
factors provide the conditions for the environment in which the system is performing.
Therefore, there are no such “absolute truths” when it comes to architecture initiatives. From
contingency theory Galbraith (1973) described this phenomenon years ago [4], stating such
design of complex systems, not one single design can be the best in all cases and that the best
design depends on the character of the environment, which the system is going to interact
with.
This paper will address the challenges above by taking an important first step towards a
classification of architecture initiatives. Firstly, the motivation for the classification is
described in headlines including small examples; secondly, the external factors are outlined to
describe the contextual differences setting the boundary conditions for an architecture
initiative; and lastly, a few examples are shown including a short reflection and a conclusion.

Why do we need to classify architecture initiatives?
Motivation
Scoping and goal setting of architecture initiatives
The primary motivation for classifying architecture initiatives, is to improve the scoping and
goal setting of architecture related initiatives in general. The authors repeatedly experience a
mismatch between the definition of the initiative and the situation the initiative should
respond to. In other words, often, the concepts and ideas of the architecture initiatives do not
match the challenges companies are facing. Therefore, many companies end up in classic
pitfalls [1], due to the lack of proper scoping and goal setting of the architecture initiative
eventually leading to architectures that are not appropriately tailored to the situation.
Improve comparability of initiatives
A secondary motivation for classifying architecture initiatives is the difficulty experienced
when comparing different architecture initiatives with each other. Often, attempts to
generalize experiences end up in rough simplifications (when the abstraction level gets too
high) or alternatively too much “contextual noise” (when the abstraction level is too low). A
classification of architecture initiatives should serve to overcome these challenges by
providing a common “language” for either making comparison possible, or support and
clarify why comparison is not possible.
Improve transferability of experiences
The comparability of initiatives should also serve to improve transferability of experiences
between researchers and between the academic societies and industrial practitioners. Many
concepts and ideas from academia are more or less randomly dispersed across different
industries, often not optimally scoped or tailored to suit the needs of individual companies
being in different situations.

State of the art
Adjacent fields of research
External complexity drivers
Bliss (2000) defined three external complexity drivers determining the “market complexity”,
namely demand-, competitive- and technological complexity [5], and argues that companies
must adapt their internal complexity to match these external complexity drivers.
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Contingency theory
Zeithaml et al. (1988) formulated a number of principle solutions or responses that can be
used to satisfy the requirements of a given competitive environment [6].
Strategy definition
One of the most significant contributions within this area is still Porter’s (1980) generic
strategies [7]: Market segmentation/focus, cost leadership or product differentiation.
However, an appropriately scoped and successful architecture initiative can serve to combine
these strategies, e.g. enabling differentiation and cost leadership at the same time.
The production task
Skinner (1974) argued decades ago, a blind-spot for most production managers is the attempt
to design a production setup that has to compete with an impossible mix of demands [8].
Many additional contributions from Skinner emphasized the strategic definition of the
production task as a central aspect of the corporate strategy, and a powerful response to
external competition. As the requirements for a production system are dynamic, the
production task is not stabile and changes over time
The specification task
Hansen (2003) contributed similarly by describing the need for analyzing and defining the
task of the variant specification system [9].
Business structures vs. competitive conditions
Sant (1988) linked typical business structures, competitive conditions and product offerings in
relation to the market life-cycle phase of a product program [10]. This was a continuation of
Skinner’s definition of the production task to include the domain of product development and
place this into a business perspective.
Industry life-cycle and game rules
Johnson and Scholes (2008) proposed life-cycle model of an industry and merged this with
various business structures to derive a set of basic game rules [11]. The game rules highlight
the most important competitive parameters of the different industry life-cycle phases.
Product architecture
Mortensen et al. (2005) argued the need for modeling of opportunity roadmaps to capture the
need for future changes of features, technologies, standard designs and products [12].
Open innovation
Riitahuhta et al. (2011) defines a Company Strategic Landscape, within which the product
structure must be aligned with the value chain structuring, strategy structuring, process and
service structuring, and organizational structuring [13].
A life-cycle view
The Design-for-X life-cycle perspective also entails a line of contributions centered on
integrating life-cycle knowledge in product development by recognizing the need for e.g.
time-to-market focus by corresponding Design for time-to-market methods [14].
Variant management
The German school of variant management provides a vast number of methods and
techniques to optimize the design of variance in product families as a response to the external
factors from a competitive environment.
Gap
Very few contributions have dealt with the definition of external factors that act as boundary
conditions of an architecture initiative. The clear focus on the task definition and the
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influencing factors of this seems to be rather isolated to the production domain, and there is a
need to implement this thinking in architecture development in order to enable the
improvement of scoping, comparability and transferability of architecture initiatives. For
example, a large number of contributions focus on modularity as a goal in itself, even though
modularity will always remain a means to achieve desirable effects in response to the
challenges imposed by external factors.

Towards a classification: The external factors
In order to present a classification of architecture initiatives, this paper will propose a set of
external factors that the classification has to take into account. The actual classification will
be presented in a later publication.
Framework of reference
To be able to capture the complex aspects of architecture initiatives, it is proposed to refer to
an architecture framework recently proposed by the authors (see Figure 1). This is in
compliance with many of the contributions presented in the previous section thus creating a
solid foundation for deriving the set of external factors.
The external market factors
Market launch clock speed
The frequency of market launches has a large impact on the planning of new product
introductions. Certain companies are situated in industries with e.g. yearly trade exhibitions
that make it necessary to target new product introductions to these. Other companies are
operating in industries where continuous product launches and upgrades are expected to keep
the attention of the main markets. The market launch clock speed can be determined strictly
by external parameters in certain companies, whereas it can be the sole decision of a strong
marketing department in other companies. Again, the market launch clock speed has a huge
impact on the stability it is possible to implement in the architecture development, as the need
for an evolving and transforming architecture arises when the clock speed increases.
Marketing channel/supply chain position
The channel of which the products are delivered to the market place is another influencing
factor of which architecture initiative to work with. In situations where products are delivered
directly to end-users, the architecture should be prepared for a clear differentiation of
offerings through features with positioning properties.
In other situations sales are carried out through sales subsidiaries to wholesalers, where range
completeness and a leveled distribution of variants throughout the offerings spectrum can be
achieved with balanced performance steps. The architecture has to be prepared for that, as
this has an impact on e.g. basic technological scaling principle.
Thirdly, other companies sell their products to contractors or technical advisors that focus
solely on sales price and minimum required performance. In these cases the optimal
distribution of cost- and price points and the use of proven technology are of fundamental
importance.
Lastly, other companies sell their products through public procurement agencies (e.g. medical
products) that need a strong formal justification of incrementally added value, compared to
previous product generations, as formal documentation – often accompanied by passing
formal test procedures. In these cases, the product and production architecture is strongly
assigned to accomplishing these obligatory properties in order to be part of public tenders etc.
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Market positioning
The market share and bargaining power are important factors closely related to the factor of
product customization.
If customers are in possession of the bargaining power, the architecture can either only be
prepared to a certain level (CTO/ETO), or a strong cost focus must be applied throughout the
architecture development. On the other hand, if the company has the bargaining power, the
architecture initiative can be focused to maximize feature multiplicity and launch clock speed.
The market share can be equally decisive for the focus of the architecture initiative, as factors
as range completeness can be important to maintain a large market share, and as unique
differentiation can be important to maintain a niche market share.
The external product and production factors
Primary driver for product positioning
The primary positioning driver of products to be derived from the architecture is of course
specific from company to company. However, in general there is often a focus on sheer
performance or feature multiplicity in order to position the products ahead of those of
competitors.
A focus on sheer performance sets a number of physical constraints on the architecture, as
mechanical compromises can be difficult to match with functional encapsulation and
modularization. In most cases, the challenge is here for the architecture to enable the
functional and physical encapsulation around the performance critical parts or modules, or
isolate the modularization efforts to the production domain. In other cases, the architecture
initiative could be centered on defining an integrated but scalable structure of the products, in
order to reduce lead time of the development task and production ramp-up.
A focus on feature multiplicity can be ideal as a driver for modularization as part of the
architecture initiative, and the focus will be the balancing of feature variety and payment
willingness towards incremental production investments and development lead time.
Product customization
The type of product customization is included as an influencing factor. Here, a distinction
between whether the market can be served with a definite solution space or an open solution
space is made.
In companies having a definite solution space, pre-defined product variants are developed in
discrete instances. These companies are also nominated product-based companies, and the
focus of the architecture initiative should be the preparation of multiple planned product
launches while minimizing the internal resource consumption.
In companies having an open solution space, configurable product variants are customized.
The architecture developed here is focusing on isolating the reusable standard designs from
the customer-specific design units, while focusing on preparing the architecture for short
development lead times. Here, the challenge of the architecture is to enable a controlled
specification of customized products (e.g. with configurators) to guide customers towards
similar solutions in order to reduce internal complexity. The solution space can be more or
less defined often differentiating between Configure-to-order (CTO) or Engineer-to-order
approaches.
Product and production technology clock speed
The frequency of technology renewal has a large impact on the stability it is possible to
implement in the architecture development. High technology clock speeds often rule out
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physical reuse, thus focusing the architectural potential at a higher structural level. For
instance are elements on parts and process level not standardized, but product structures and
product equipment might be reused across product generations and families. Or, physical
reuse can only be obtained by thorough encapsulation (e.g. by isolating functionality
completely).
High technology clock speeds can result in very short market life cycles of products or short
life cycles of production equipment leaving a small room for architecture initiatives focused
on traditional reuse. Also, technology clock speed is a high determinant for the dependency
towards technology development centers and external suppliers of key components.
Volume per variant
In continuation of the influencing parameter of product customization, the volume per variant
is another parameter differentiating architecture initiatives.
Companies following an ETO approach are developing one-off products in some cases. In
these situations the architecture initiatives focuses of interface management, decoupling of the
development task and a close integration of requirements from the installation and
commissioning phase.
Other companies following a CTO approach are often manufacturing a relatively low volume
of each variant. In these cases, the architecture initiative cannot pursue benefits from
economies of scale between the low volume variants, but the development of a robust
production architecture can be another good way of ensuring competitiveness as long as
preferred solutions are implemented in configuration systems to control the specification of
new variants within the boundaries of the production capabilities.
In high volume production, the architecture initiatives should strive to accomplish the virtues
of a traditional mass customization paradigm.
Macro-economic environment
It is necessary to mention the macro-economic environment as well. The interest rate,
currency exchange rate, customs duties, logistics costs, market accessibility and legislation,
raw material prices all play a huge role for the placement of production sites, sourcing of
parts, supply chain design and choice of materials etc. Globalization has made the importance
of macro-economic factors even more evident, and most factors remain relatively unstable.

Experiences from application
It is the experience of the authors, that it is immensely important to take the external factors
into account while scoping architecture initiatives. The central point here is that different
contexts require different solutions. There are no one-fits-all when it comes to the scoping and
definition of powerful architecture initiatives, and many parallels can be drawn to the research
conducted within the production domain on the definition of the production task. However,
these aspects become even more important concerning architecture initiatives, as the product
and production architectures share a number of relations. Therefore, it is of fundamental
importance to include the external factors and provide a clear definition of the task that the
architecture initiative should solve:





Map the external factors of importance
Prioritize which factors to take into account
Concretize and quantify how to address the factors
Design the architecture initiative to respond to the external factors
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The experiences are gained through numerous action-based research studies within primarily
Scandinavian industrial companies.
Reflection and further work
This paper is just a beginning. A structured and systematic ongoing work with the factors lies
ahead of the authors. In addition to this, the next step of this research is to develop the actual
classification of the initiatives. It is the ambition to develop not only a framework, but also a
“guide” for researchers and industrial practitioners. A central aspect here is to map the
external factors towards a set of generic types of initiatives and outline a set of practical and
action-oriented solution recommendations. The understanding of the external factors
presented here is seen as a prerequisite of this next step.

Conclusion
The paper has introduced a set of external factors capturing the contextual differences that set
the stage for architecture initiatives. These are derived from a systems theoretical approach
recognizing the fact that architecture initiatives should respond the challenges posed by the
external environment in which the company and the future product program is operating. The
purpose of the external factors is to improve scoping and goal setting of architecture
initiatives, and improve comparability between- and transferability of knowledge from
architecture initiatives. The external factors are a first step towards an actual classification of
architecture initiatives.
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Abstract
This paper proposes an operational method for rationalizing a product program based on the
calculation of complexity costs. The method takes its starting point in the calculation of
complexity costs on a product program level. This is done throughout the value chain ranging
from component inventories at the factory sites, all the way to the distribution of finished
goods from distribution centers to the customers. The method proposes a step-wise approach
including the analysis, quantification and allocation of product program complexity costs by
the means of identifying of a number of suggested Life Cycle Complexity Factors (LCCFs).
The suggested method has been tested in an action based research study with promising
results. The case study shows how the allocation of complexity costs on individual product
variants provides previously unknown insights into the true cost structure of a product
program. These findings represent an improved decision basis for the planning of reactive and
proactive initiatives of rationalizing a product program.
Keywords: Complexity costs; product program; rationalization; product architecture

Introduction
Challenges
Most industrial companies offering a multitude of product variants to the market have
accepted that this situation comes with a price – it is not free to handle many product variants.
In fact, it has been shown in numerous examples that all stages in the life cycle are affected by
the variance in a product program. To diminish the negative effect of this “necessary evil”,
many efforts have been made especially during the last 15-20 years to improve the marketing,
design, production and management of product programs. One unavoidable means within this
area is the application of architecture-based development of product platforms. Significant
contributions are found in this research field, but very little research has been centered on the
actual quantification of the benefits to be achieved from the architecture-based approach.
There are many reasons for this. One is that established accounting systems (e.g. in ERPsystems) focus on the direct product costs alone (e.g. standard unit cost). This is done with
only sparsely including indirect costs (often equally distributed on all variants) and also
without focusing on the performance of the processes delivering the product program.
Therefore, the experience of the authors is that a number of promising product architecture
concepts are never implemented, due to the lack of quantification in order to justify the
positive effects (or diminishing of negative effects) associated with the product architecture
concept throughout the product life cycle.
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The method
This paper proposes an operational approach for calculating complexity costs in order to
rationalize a product program. The complexity costs are calculated throughout the product life
cycle and are allocated to individual product variants. This is done in order to understand the
negative effects of the product variants within a product program and to obtain a better
measure of the profitability of individual product variants. The approach has two important
objectives:
Reactive



Reach an understanding of the product program complexity costs
Rationalize the product program

Proactive



Scoping of product architecture initiatives
Improve program (or portfolio) management

The approach has been tested in an action based research study providing not only a basis for
achieving short term gains in terms of rationalizing the product program (increased EBIT
margin), but also a basis for reconfiguring the supply chain to achieve a number of beneficial
effects.
The paper will continue by outlining the motivation for calculating complexity costs and put
the topic into an industry perspective. Subsequently, the research perspective is elaborated by
compactly treating the current state-of-the-art within this composed area. Finally the 5-step
approach is presented, reflected and concluded upon.

Why calculate the complexity costs of a product program?
Motivation
As mentioned in the previous section, there are two main reasons to calculate the complexity
costs of a product program:
Reactive use
In order to make room for new product introductions, it is often required to rationalize the
product program on a frequent basis by eliminating and/or substituting product variants.
Sometimes there is a 1:1 substitution of old product families with new product families, but
often the situation is much more distorted than that, making it difficult to choose which
variants to phase out. And since these discontinuation activities often rely on data readily
available, the product variants to eliminate are often based on revenue or unit sales alone.
This is without considering the total profitability of individual product variants, and without
an overview of the complexity costs associated with the product variants in the product
program. In other words, there is often a lack of cost transparency across the product program
resulting in portfolio decision-making made without knowledge about the profitability of
single product variants, thus also without knowledge about the burden with which individual
product variants impact the indirect costs.
Therefore, there is a need to understand the profitability of individual product variants and
include the calculation of complexity costs on a product program level, in order to:



Obtain a more “true” product variant performance measurement
Obtain an overview of the product life cycle complexity costs

This knowledge can enable the rationalization of a product program, by:
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Substituting unprofitable product variants with profitable ones where possible
Eliminating remaining unprofitable product variants

As most companies have introduced stage-gate models or equivalent to control the
introduction of new products, not much attention has been paid to professionalize the
discontinuation task in an equal manner. Reactive use of this approach can contribute to
professionalize this task.
Proactive use
Besides being a valuable input for reactive use, the knowledge about profitability of product
variants and their associated complexity costs should be used proactively to avoid the increase
of complexity costs to maintain a continuous increase in profitability.
As mentioned in the introduction, architecture-based development of product families are
centered on providing the right variance to the market place while at the same time
diminishing the negative effects experienced internally in the company’s operations. As such
initiatives cannot improve all processes at the same time; there is a strong need of scoping
such architecture initiatives in order to reach the desired effects. As these effects are often
found in a decrease of indirect costs, there is a need of identifying, allocating and analyzing
these costs to surpass the paradigm of one-sided focus on the direct variable costs and step
away from even distribution of indirect costs.
Therefore, in terms of scoping architecture initiatives, there is a need for utilizing the
knowledge of product variant profitability and the calculation of complexity costs of the
product program, in order to:




Identify the most profitable product variants and families (and learn from these)
Identify the least profitable product variants and families (and fix these)
Identify the largest complexity costs and their associated factors (in order to know
which ones to address)

This can be exemplified by:




Design-for-X focus: Which life phase or universal virtue has the largest potential for
complexity cost savings?
Order fulfillment strategy: Where to place the customer order decoupling point?
Guide market pricing: Which are the optimal price and cost points across the product
program?

Besides from improvement projects, the continuous tasks of program (or portfolio)
management can be improved by:


Performance measurement: Introduce product program complexity key performance
indicators to take complexity costs into account (and formulate new minimum profit
thresholds etc.)
 Product planning: Guide product launch and discontinuation strategies
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State of the art
A literature study was undertaken to screen the research landscape for recent contributions
within this field. The literature study was broadened to comprise recent studies from supply
chain engineering and management, and the most relevant ones are commented here. The
focus has been contributions utilizing calculation of complexity-related costs in order to
rationalize product programs.
Adjacent fields of research
Activity-based costing
Cooper and Kaplan [1] among others suggested Activity-based costing as a new method to
avoid the deficiencies of arbitrary allocation of overhead costs. Activity based costing
allocates indirect costs first to the activities performed by shared company resources, and
hereafter assigns these to individual orders, customer or even products. Thus, the method
takes its starting point in the resources used, links these to activities, and then to cost objects.
Anderson and Kaplan [2] proposes a more accurate and efficient cost modeling principle
called Time-Driven Activity Based Costing (TD-ABC) that assigns resources (e.g. all costs of
a customer service department) directly to cost objects (e.g. order handling). This is done to
achieve a simple cost rate measure based on time consumption.
Supply chain engineering and variant management
Lechner et al. [3] proposes the method Variety-driven Activity-based Costing (VD-ABC) to
quantify the impact from adding or removing product variants in automotive logistics, based
on the use of hypothetical zero-variant scenarios. This is an expansion of the TD-ABC
framework allowing for the calculation of incremental complexity costs associated with
variants in different logistical operations.
Mass customization
Zhang and Tseng [4] propose a modeling approach to analyze cost implication of product
variety in mass customization by bridging product variety with process variety. This is done
by identifying cost drivers within the product design, and the method is confined to include
manufacturing costs.
Product and product program complexity dimensions and indicators
Orfi et. al [5] proposes a set of product complexity dimensions (variety, functionality index,
structural index, design index, and production index), and along with these associated
indicators considering the cost impact of the product complexity dimensions. Nielsen and
Hvam [6] showed that product program complexity is not just harming order management,
procurement and inventory costs but also has a negative effect on delivery performance and
product quality.
Complexity costs definitions
It is out of scope of this short paper to review the different definitions of complexity costs.
Complexity Management
Sivadasan et al. [7] (among others) describe two types of complexity in the supply chain,
structural complexity (increasing with the no. of elements) and operational complexity
(increasing with uncertainty of information and element flows). Many methods within supply
chain research have suggested methods to eliminate and control this complexity from a supply
chain point of view. Wilson and Perumal [8] are among recent contributions offering several
top-down approaches to attack interrelated product-process-organizational complexity from a

180

managerial view point by diving complexity costs into value adding (good complexity) and
non-value adding (bad complexity).
Also, a number of product variant rationalization approaches focus solely on different “tailcutting” methods (often named SKU-rationalization), the most interesting ones showing that
there is no relation between the number of stock keeping units and market share [9].
Gap
Acknowledging the “complex” landscape of contributions within this field, one can mention
that much research is centered on the definition and calculation of one might call “internal”
product complexity (inside the product) and much research (especially from the supply chain
area) are centered on the control of complexity from a process point of view.
Product complexity methods
The deficiency with these methods most often overlook the fact that complexity is a relative
phenomenon arising between a product and a process, and thus cannot be assessed
meaningfully with regards to the product and its properties itself.
Process complexity methods
The deficiency with these approached are their exclusion of the product domain in order to
derive advanced numerical approaches to the calculation of process complexity costs. This
has its relevance for detailed optimization tasks, but is very difficult to use as input for
proactive avoidance of complexity costs.
Conclusion on gap
Considering complexity as a relational phenomenon between e.g. a product and a process
(within any life cycle phase), it is in principle impossible to derive universal metrics of
complexity before an actual investigation of the unique product/process setup had been
carried out, in order to assess the actual realized costs of complexity associated with the setup.
Not before understanding the realized costs of complexity, efficient means to reduce the
future costs of complexity can be defined. For example, having 10.000 variants might not be a
problem if software is configuring the variance.
It is the aim of this approach, to take a first step towards the bridging of the supply chain
based attempts to quantify complexity from a process point of view, with the architecturebased approach to product program design and the elimination of negative effects associated
with the handling of many product variants.

The method
Introduction
The method presented here takes its starting point in the calculation of complexity costs on a
product program level entailing a focus on product variants as the complexity cost allocation
objects.
Step1: Scoping of analysis
In order to determine the focus of the analysis, the scope within the product program must be
decided upon. It is advisable to select a confined number of product families to include
produced on a limited number of production sites and perhaps sold in a limited amount of
regions worldwide. It is possible to include product families from both high-end and low-end
market tiers, as long as there is adequate resemblance in the way the products are produced
and handled internally in order to analyze them concurrently.
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Considering the costs of complexity within the product program, it is recommendable to
choose product families experiencing a gap between projected profitability and realized
profitability (if known to the project group).
Step 2: ABC analysis of product profitability
The first evaluation of the gross profitability of the product variants are made by collecting
the realized revenues of all variants from all sales companies with a given time period. The
direct product costs are subtracted from this figure resulting in a measure of the gross
contribution margin. This can be plotted for all variants on the vertical axis leaving the
horizontal axis to display the net revenue per variant – as shown in Figure 1.

Figure 1 – ABC analysis of product profitability

A Pareto-distribution can be used to highlight the variants contributing only to the last 5 %
(C-variants) and 15% (B-variants) of the total contribution margin and net revenue.
Step 3: Life Cycle Complexity Factors (LCCFs)
Identification
With Step 2’s early indication of the least contributing variants, the aim of Step 3 is to
investigate which factors throughout the product life cycle that holds the largest complexity
costs and find out whether these complexity costs distort the picture shown in Figure 1. A
central aspect here is to look after LCCFs that could represent an asymmetric cost distribution
across the product variants. In other words, look for pools of resources that are consumed
differently among the product variants. An example of a LCCF includes cost of inventory (of
materials, components, sub-assemblies and/or finished goods).
As LCCFs vary greatly between industries and company types, this paper will not go into
details here (a future publication will expand the concept of Life Cycle Complexity Factors).
However, their identification requires iterating between a top-down and a bottom-up
approach:



Top down: Cost structure view
Looking at the overall cost structure of the business area, where do we see the largest
unallocated cost pools with a potential variant impact?
Bottom up: Hypotheses of cost asymmetry
Based on the experiences of key resources, where is it likely that product variants
contribute unevenly to the indirect costs?
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Analysis, quantification and allocation
The basic idea here is analyze the LCCFs and find quantification objects that allows for
approximations of the indirect costs in order to allocate them directly to product variants
where applicable. By dividing all costs with the net revenue recorded on each variant – all
costs are comparable as percentages. Often, it is necessary to settle with incomplete data
extracts, and be creative in applying unconventional quantification objects to bring forward
reliable approximations (inspiration can be found in [2] and [3]).

Figure 2 – Adjusting contribution ratios for LCCF induced complexity costs

As seen in Figure 2 the costs allocated from the analysis and quantification of LCCFs can be
accumulated to give an overview of the complexity adjusted contribution ratios [%] (as well
as the complexity adjusted contribution margins [EUR]). The right side of Figure 2 is the best
possible estimation of the true profitability of the product variants.
Step 4: Short-term fixing
Based on the insights from step 2-3, it is now possible to calculate different scenarios of
“fixing” the product program by the means of the reactive measures mentioned earlier. Most
often, a thorough analysis reveals several low-hanging gains, and several percentage points of
increased EBIT are usually the results of this. It is important not to assume 0% substitutability
of discontinued variants (rare cases only). Assume a decent percentage in order to estimate the
true incremental revenue loss, which is always a lot less that the actual revenue recorded on
the variants.
Step 5: Complexity reduction program
As Step 4 is about cleaning up the product program reactively, Step 5 is about implementing
the findings from Step 2-4 proactively in a complexity reduction program. A central aspect
here is to identify the drivers causing the LCCFs to create complexity costs. We name these
the LCCDs (Life Cycle Complexity Drivers) and the aim is to work with these drivers to
decrease their negative impact on complexity. An example might be country specific
customization of product variants that could be solved differently. The cost transparency
achieved in Step 3 can serve to justify the cost of changing the country specific feature or
solution.
The complexity reduction program contains the initiatives of diminishing the negative effects
of the complexity cost factors (e.g. by postponing the customer order decoupling point) and
initiatives of actively working with the complexity cost driver to eliminate them or delimit
their negative effect on the factors.
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Experiences from application
Case
The approach was applied in an action research-based study in globally leading manufacturer
of mechanical consumer products. The approach was followed from Step 1 to Step 5. A
number of factors supported the success of the approach leading to a large potential EBIT
increase. Firstly, the company has a long history of mergers and acquisitions and is operating
through a global supply chain and a global sales organization creating long “distances” and
much room for cost distortion from revenue generation to cost allocation. Secondly, recent
SKU-rationalization initiatives were solely based on revenue leaving a lot of improvement
potential behind. Thirdly, many initiatives concerning the complexity drivers were put on
hold due to the lack of quantification to support a business case narrowly focusing on
standard unit cost. The application of the approach improved the cost transparency, refined
the SKU-rationalization and provided a basis for continuing and scoping the initiatives of
eliminating the negative effects of the complexity cost drivers.
Reflection and further work
The incorporation of hypothetical single-variant scenarios could be relevant in order to gain
input for the estimation of “variant cost sensitivities”. The performance of all operations
depend on the number of variants, and estimating this variant cost sensitivity across functions
or major fixed cost pools can be valuable input. Also, further operationalization of the
identification and allocation of complexity costs is relevant. Even though complexity costs do
not derive from products individually, refined allocation methods refined allocation methods
for assigning these costs on component/product/product family level can help to identify the
cost asymmetry of interest.

Conclusion
This paper proposes an operational method for rationalizing the product program based on the
calculation of complexity costs. This is done by obtaining a “true” measure of the product
cost through the identification of the largest and most asymmetric Life Cycle Complexity
Factors (LCCFs) to provide a comprehensive input for quantitatively assessing the benefits of
streamlining the product program. The nature and size of the LCCFs are a strong and nonnegligible input for prioritizing initiatives of a complexity reduction program. The method
was tested in an action-research based case study with promising results.
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Complexity management is an increasing challenge for industrial companies. To address this issue, this paper develops
a procedure to reduce the complexity of products and processes. This procedure includes five steps: (1) definition of the
scope of the products and processes to be included in the analysis, (2) grouping of products into A,B, and C categories,
(3) identification and quantification of the most important complexity cost factors, (4) identification of initiatives for the
possible reduction of complexity costs and the quantification of possible cost savings, and (5) evaluation and prioritisation of
initiatives. To test the usefulness of the suggested procedure, it was applied at a globally leading manufacturer of mechanical
consumer products. The case study demonstrated the usefulness of the proposed procedure in (1) supporting the allocation
of complexity costs in relation to individual product variants, (2) achieving a better understanding of the cost structure
of product assortment and business processes, and (3) providing a basis for generating and evaluating initiatives aimed at
reducing the complexity of products and processes. The case study also showed that the use of the procedure can produce
considerable financial benefits.
Keywords: complexity management; complexity costs; quantification of complexity costs; complexity reduction; product
architecture

1. Introduction
Complexity management involves identifying and reducing complexity within companies, which relates to products, business processes, and organisation, as well as the relationships between them (Wilson and Perumal 2009). Companies
increasingly experience complexity due to a number of factors, including more diverse markets and groups of customers,
product variants, subassemblies and components, production sites and sub-suppliers, distribution centres and customers,
organisational levels, and shifts in responsibility within the organisation (Jacobs and Swink 2011).
This paper focuses on the complexity of products and processes only in order to limit the scope of the topic. Different
definitions of product complexity can be found in the literature, and they relate to, among other areas, the number of
functions offered by the product, the number of different core technologies incorporated into it, and the interfaces between
its parts, functions, and technologies (Lakemond et al. 2013). In other words, product complexity increases the demand for
resources and skills of the ones managing these. Process complexity has been defined as ‘the degree to which a process is
difficult to understand or carry out’ (Muketha et al. 2010), which is also the definition used in this paper.
Increasing complexity is considered a major cause of the rising costs and deterioration of operational performance,
leading in particular to decreased quality, long delivery times, delayed deliveries, and low process flexibility (Mariotti
2008). Therefore, companies need to gain an awareness of their levels of complexity and determine how this affects
their competitiveness. However, many companies find it difficult to identify and quantify the most important costs of
complexity and to prioritise possible initiatives to reduce complexity. In this vein, this paper raises the following question: How can industrial companies reduce product and process complexity? To address this research question, this paper
proposes a procedure that aims to reduce product and process complexity. This is achieved by identifying product complexity costs, the basis on which product complexity can be reduced, as well as the processes used to handle this product
complexity.
*Corresponding author. Email: lahv@dtu.dk
© 2019 Informa UK Limited, trading as Taylor & Francis Group
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The costs of product and process variety can be reduced in various ways – for example, by increasing part commonality,
postponing the point of product differentiation (Olhager 2003; Forza, Salvador, and Trentin 2008; Trentin et al. 2011), and
lowering setup and changeover costs (Closs et al. 2008; Jacobs and Swink 2011). However, as the actual complexity costs
and the potential for reducing them vary from company to company, it can be difficult to provide general recommendations.
Therefore, in this paper, cost is applied as the universal metric to relate complexity cost factors and initiatives to each other.
The five-step approach presented in Hansen et al. (2012) is further developed in this article.
The remainder of this paper is structured as follows. Section 2 discusses the literature on complexity identification,
quantification, and reduction. Based on this discussion, Section 3 defines a procedure for product and process complexity
reduction. Section 4 describes the research method, and Section 5 presents the case study to which the procedure was
applied. Section 6 discusses the lessons learned from the application of the suggested procedure, and Section 7 presents the
conclusions.
2. Literature review
The purposes of this literature review are (1) to define the field towards which the paper’s contributions are aimed and (2)
to demonstrate that there is a relevant gap in the literature. Thus, this section focuses on the literature related to product and
process complexity, the quantification of complexity costs, and the strategies used for complexity reduction.
2.1. Product complexity
Product architecture is widely recognised as a crucial determinant of product complexity (ElMaraghy et al. 2013), and
product architecture management enables the efficient design of new products that are targeted at individual market requirements. Furthermore, product architecture is considered a means of controlling the structure of the product assortment and
the number of product variants, both of which affect the performance of sales, engineering, the production/supply chain,
distribution, after-sales service, and so on (Meyer and Lehnerd 1997; Thumm and Goehlich 2015; Olivares Aguila and
ElMaraghy 2018). Additionally, the literature on design for manufacturing discusses how to control product variety (e.g.
Ulrich and Eppinger 2008; Arashpour et al. 2015).
A major cause of the increasing complexity in manufacturing environments is product variety (Schaffer and Schleich
2008; MacDuffie 2013). In this context, Wildemann (2001) performed an empirical study in the manufacturing industry to
examine how the number of product variants affects unit costs. A comparison of a traditional manufacturing system with one
that had flexible automated plants showed that with double the number of product variants in the production programme,
the unit costs would increase by about 20–35% for industries with traditional manufacturing systems, while in systems with
segmented and flexible automated plants, the unit costs would increase by only 10–15%.
A number of approaches and techniques have been proposed to control product architecture. For example, Meyer and
Lehnerd (1997), Xie, Yang, and Tu (2008), Lindemann, Maurer, and Braun (2010), Mortensen et al. (2010), Haug, Hvam,
and Mortensen (2013) and Zheng, Liu, and Xiao (2018) have suggested approaches that deal with the implementation of
product architecture and the reduction of complexity in the product range.
Several techniques for modelling product assortments have also been outlined (e.g. Ericsson and Erixon 1999; Hvam
2001; Lu, Petersen, and Storch 2007; Yang et al. 2008; Haug 2010; Chiu, Chu, and Chen 2018). In this context, Haug (2013)
and Hvam et al. (2018) have investigated the effects of applying such modelling techniques. Such product models help in
managing the complexity induced by product variety and in many cases are implemented into product configurators (i.e.
expert systems aimed at supporting sales or engineering activities) so that the knowledge they contain can be exploited in
an automated way (Zhang 2014; Hvam et al. 2018; Kumar 2018).
2.2. Process complexity
ElMaraghy and Urbanic (2003) identified two factors that increase complexity: (1) the number and diversity of the features
to be manufactured, assembled, and tested and (2) the number, type, and effort of the tasks required to produce the features.
Samy and ElMaraghy (2012) defined complexity as ‘a measure of how product variety can complicate the production process’. Similarly, Sivadasan et al. (2002) described two types of complexity in the supply chain: structural complexity (which
increases with the number of elements) and operational complexity (which increases with the uncertainty of information
and element flows).
Complexity in business processes is closely related to the complexity of the product assortment. Therefore, product
architecture decisions can be used to control not only the complexity in product assortment but also the cost and performance of business processes (Lindemann, Maurer, and Braun 2010). Jacobs and Swink (2011) reviewed the existing
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research, based on which they defined a three-dimensional model that describes the nature of product portfolio complexity.
In addition, ElMaraghy et al. (2012) discussed the types of complexity involved in products, engineering, and manufacturing. Several researchers in the field of supply chain management have also suggested various methods of analysing
and controlling complexity from a supply chain viewpoint (Perona and Miragliotta 2004; Choi and Krause 2006; Wu,
Frizelle, and Efstathiou 2007; Bozarth et al. 2009). Also, the literature on lean manufacturing (e.g. Shah and Ward 2007)
discusses how to apply it to improve production efficiency, but there is little focus on how product complexity would impact
production.
Blecker et al. (2004) described how to apply mass customisation to eliminate the process complexity caused by the
increasing variation in the product architecture, inventory, and order-taking process, and they discussed the relationships
between mass customisation and complexity. On the one hand, when applied as a pure customisation strategy, mass customisation increases product variety, which results in high planning and scheduling complexity; on the other hand, as
the customer-order decoupling point moves towards the front end, mass customisation reduces product configuration and
inventory complexity (Blecker et al. 2004). The degree of product customisation impact complexity in several ways since it
deeply impacts the organisational design for mass customisation (Sandrin, Trentin, and Forza 2014). However, a company
in choosing its degree of product customisation is influenced by several factors and in particular the demand dynamism
(Sandrin 2016).
2.3. The quantification of complexity costs
Activity-based costing (ABC) suggests the allocation of overhead costs to individual activities. Cooper and Kaplan (1988),
among other researchers, proposed ABC as a method to avoid the deficiencies of the arbitrary allocation of overhead costs.
ABC first allocates indirect costs to the activities performed using shared company resources and thereafter assigns these to
individual orders, customers, or even products.
Anderson and Kaplan (2007) proposed an efficient cost-modelling principle called time-driven ABC (TD-ABC) that
assigns resources (e.g. the costs of a customer service department) directly to cost objects (e.g. order handling) and connects these to the unit times for performing transactional activities in order to achieve a simple cost rate measure that is
based on time consumption. Park and Simpson (2008) described a method of applying ABC in the early stages of product
development, which focuses on product families.
Lechner, Klingebiel, and Wagenitz (2011) proposed the use of variety-driven ABC (VD-ABC) to quantify the impact
of adding or removing product variants in automotive logistics, based on the use of hypothetical zero-variant initiatives.
This method is an expansion of the TD-ABC framework, which enables the calculation of incremental complexity costs
associated with variants in different logistical operations. Jacobs (2013) discussed possible metrics for measuring complexity. Zhang and Thomson (2018) described how to apply knowledge-based measures of product complexity. Muketha et al.
(2010) identified the metrics that are applied to measure process complexity.
The aforementioned methods of cost allocation distribute overhead costs to specific activities, but they do not focus
solely on the most important costs; this means that a vast amount of data is needed and that undertaking the calculations
requires considerable work. Rogozhin et al. (2010) thus suggested a method of adjusting the allocation of indirect costs
in the automotive industry to obtain a more accurate estimate of the costs of adding new technology. Zhang and Tseng
(2007) proposed a modelling approach to analyse the cost implications of product variety in mass customisation by bridging
product variety and process variety; this was done by identifying cost drivers within the product design and including the
manufacturing costs. Orfi, Terpenny, and Sahin-Sariisik (2011) proposed a set of product complexity dimensions (variety,
functionality index, structural index, design index, and production index) and, along with these a set of associated indicators
that consider the cost impact of the product complexity dimensions. Wan, Evers, and Dresner (2012) outlined the impact of
product variety on operations and sales performance, using unit fill rate as the measure.
2.4. Strategies for reducing complexity costs
The calculation of complexity costs is an area that is of particular interest in this research because the aim is to rationalise a
product programme with a view to allocating the true complexity costs to the product variants (Hansen et al. 2012). Several
researchers that discuss the frameworks for assessing product profitability and cost behaviour have been identified in this
field (Sivadasan et al. 2002; Zhang and Tseng 2007; Mariotti 2008; Wilson and Perumal 2009; Wang et al. 2011; Wan, Evers,
and Dresner 2012; ElMaraghy et al. 2013). For example, Wilson and Perumal (2009) offered several top-down approaches
to address interrelated product–process organisational complexity from a managerial perspective by dividing complexity
costs into those that are value adding (good complexity) and those that are non-value adding (bad complexity), and Closs
et al. (2008) and Jacobs and Swink (2011) provided a list of possible strategies for reducing complexity. Additionally, a
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Table 1. Summary of literature.

Product complexity

Process complexity

Quantification of complexity
costs
Strategies for reducing
complexity

Contributions

Gaps

Product architecture as a means of controlling
product variety
Examples of impact of increased product
variety on production costs
Examples of how product variety impacts
the costs of production processes and of
how, e.g. mass customisation strategies can
improve the ability to handle increased
product variety in these processes
Examples of allocating overhead costs to
products and production processes

How to identify the most critical drivers of complexity
cost between product variety and process complexity

Approaches to the top-down management
of product-process and organisational
complexity; bottom-up approaches to
reducing product variety

Methods of identifying the most important product
variety factors that impact process complexity

Focus on only the most important complexity cost
drivers in order to reduce the amount of data and
number of resources needed for the analysis
Identify potential areas for improvement based on the
quantification of the most important complexity costs

number of product variant rationalisation approaches focus on different ‘tail-cutting’ methods (often called stock-keeping
unit [SKU] rationalisation), some of which show that no relationship exists between the number of SKUs and the market
share (Mahler and Bahulkar 2009). Table 1 summarises the literature.
From the literature review, it emerges that a number of approaches have been proposed for modelling and controlling
complexity in product architecture and for analysing complexity in business processes. In relation to the quantification of
complexity costs, ABC provides methods of allocating overhead costs to specific activities, and several approaches are used
to assess the cost of product complexity. However, to the authors’ knowledge, the existing literature fails to provide simple
and operational methods of identifying the most significant complexity costs of products and processes and of quantifying
this complexity using limited data and resources. Furthermore, the literature that discusses possible strategies for complexity
reduction does not link this discussion to specific and simple methods of identifying and quantifying complexity costs or
identifying the most relevant initiatives for reducing complexity costs in products and operations.
3. A procedure for reducing product and process complexity
The following five steps for reducing product and process complexity were developed based on the literature review:
(1)
(2)
(3)
(4)
(5)

Define the scope of the products and processes to be included in the analysis.
Conduct ABCC (A, B and C categorisation) analysis of products.
Identify and quantify the most significant complexity cost factors.
Identify and quantify possible initiatives for the reduction of complexity costs.
Evaluate and prioritise initiatives to establish a complexity cost reduction programme.

These five steps are described in the following subsections.
3.1. Step 1: defining the scope of products and processes to be included in the analysis
The first step involves delimiting the analysis by determining which products to include in it and establishing whether it
should focus on the finished-goods level only or should also include module levels in the product assortment (George and
Wilson 2004). Furthermore, the scope is defined in terms of which parts of the process flow to include in the analysis –
for example, sales, production, sub-suppliers, sales distribution, and after-sales service. When the scope is determined, the
products are described using posters that show the features that are relevant to understanding the differences between the
product variants – for example, capacity, power supply, dimensions, and colours (Hvam, Mortensen, and Riis 2008; Yang
et al. 2008).
To restrict the amount of data and time necessary for the analysis, it is advisable to select a limited number of product
families for inclusion, and they should be produced at a limited number of production sites and perhaps sold in a limited
number of regions worldwide. It is possible to include product families from high- and low-end market tiers, providing
there is adequate similarity in the ways in which the products are manufactured and handled internally to enable them to be
analysed concurrently.
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3.2. Step 2: conducting an ABCC analysis of products
The second step, ABCC analysis of products, split the products into A, B, and C categories. The purpose of applying this
type of analysis is to identify (and, later, possibly eliminate) product variants that contribute only minimally to revenue
but imply significant additional complexity. As a rule of thumb, the Pareto distribution can be used to separate the product
variants into the three categories (Koch 2008). In practice, the statistical analysis of the revenue data could give rise to
more advantageous distributions. However, if it is assumed that the Pareto distribution makes sense in a particular setting
(if not, then the percentages should be adjusted), the products in category A are the variants that contribute to 80% of the
contribution margin (i.e. product price minus all associated variable costs), the B products are the variants contributing
the next 15% of the contribution margin, and the C products are those accounting for the remaining 5%. The contribution
margins are calculated as ‘contribution margin 1’, which is defined as sales price minus direct production costs. When
undertaking the double Pareto analysis, some products fall outside the three categories. These products are listed separately
and are put into one of the three groups, based on an assessment of where they would have the strongest clustering.
A similar analysis can be undertaken for the customers of the product range to determine which ones are the most
profitable. Therefore, for each customer (or group of customers), the contribution margin and the revenues are plotted in a
diagram in the same way as described for products (George and Wilson 2004; Wilson and Perumal 2009).
The revenues of the included product variants are determined by collecting the realised revenues of all the variants from
all the sales of the companies within a given period (e.g. 6, 12, or 18 months). For this, the revenues reported might have
to be adjusted for deviations arising from customs, currencies, and discounts. The direct production costs (including those
related to materials and wages) should be reported directly from the factories. Based on this, a contribution margin (named
contribution margin 1) for each product variant is calculated by subtracting the cost per item from the revenue per item.
The revenue, cost, and contribution margin 1 are added to the poster described in step 1, and the contribution margin 1 and
revenue for each product variant are plotted in a diagram with revenue on the horizontal axis and the contribution margin
on the vertical axis (Wilson and Perumal 2009). Both axes use a logarithmic scale.

3.3. Step 3: identifying and quantifying the most significant complexity cost factors
The purpose of step 3 is to identify and quantify the most significant complexity cost factors (i.e. fixed costs in the cost
distributions, each of which accounts for more than, for example, 1% of the total cost) with an uneven distribution of
costs between the product variants (Park and Simpson 2008; Wilson and Perumal 2009). This step is important because it
directs focus towards the analysis, avoids wasting resources on analysing superfluous data, and identifies the most significant
complexity drivers that should be addressed when identifying initiatives for reducing complexity.
The starting point is to brainstorm on possible complexity cost areas that have uneven cost distributions. Examples of
cost areas with asymmetric cost distributions are inventories (C items may be in stock longer than A items), setup costs
(C items may be produced in smaller batches than A items, leading to relatively higher setup costs for C items than for A
items), or administrative costs for sales order handling (C items may be sold in smaller batches than A items, leading to
relatively higher costs for the sales order handling of C items than A items).

3.3.1. Identifying the most significant complexity cost factors
The most significant cost factors can be identified through the cost distributions for the product families and the lists of
possible complexity cost factors in the analysis. In this context, a list of possible cost factors to be used as the basis for a
brainstorming process can be found in the literature (e.g. Closs et al. 2008; Jacobs and Swink 2011; Myrodia and Hvam
2015). The list includes the cost factors incurred in sales, the production/supply chain, product development, and distribution. Examples of these cost factors are costs of sales order administration, warranty costs, costs of setting up production,
costs of inventories, and handling costs in distribution centres.

3.3.2. Carrying out analysis, quantification, and allocation
Having identified possible significant complexity cost factors, the next step involves analysing the complexity cost factors
and finding quantification objects that allow for approximations of the indirect costs to allocate them directly to product
variants, where applicable. By dividing all costs by the net revenue recorded for each variant, all costs are comparable as
percentages. It is often necessary to settle for incomplete data extracts and be creative in applying unconventional quantification objects to develop reliable approximations (inspiration can be found in Anderson and Kaplan [2007] and Lechner,
Klingebiel, and Wagenitz [2011]).
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If it is possible to find data to support the quantification of the identified complexity cost factors and if the analysis shows
an unambiguous uneven distribution of the costs, the complexity cost factors are used to adjust the contribution margins
and contribution ratios for each product variant. The costs allocated from the analysis and quantification of the complexity
cost factors can be accumulated to provide an overview of the complexity-adjusted contribution ratios (%) (as well as the
complexity-adjusted contribution margins [EUR]).

3.4. Step 4: identifying and quantifying possible initiatives for reducing complexity costs
Based on the insights from steps 2–3 and on Jacobs and Swink (2011) and Mortensen et al. (2010), it is possible to generate
different initiatives for reducing complexity costs by changing the product range (e.g. reducing the number of product variants, adjusting prices, adjusting the product variants offered to each market, redesigning modules, and changing the product
architecture) or by making changes in the business processes (e.g. reducing setup times, changing the order-decoupling
point and points of stock, and changing delivery times).
The suggested initiatives are grouped into short-term, mid-term, and long-term initiatives (Wilson and Perumal 2009).
Short-term initiatives include adjusting the product assortment using the contribution ratios, as described in step 3. Often, a
thorough analysis reveals several low-hanging gains and increased earnings before interest and tax (EBIT). In this context, it
is important not to assume 0% substitutability of discontinued variants (rare cases only) but to apply a more realistic number
to estimate the true incremental revenue loss. Other examples of short-term initiatives include minor process adjustments
(e.g. reducing setup times and adjusting settings in the ERP system for planning and stock management). Examples of midterm and long-term initiatives are redesigning products to improve variant creation or making changes to production flow
or stock points. For each initiative, the quantification of possible savings is carried out based on the identified complexity
cost factors and an estimate of the project costs for implementing the suggested initiative.

3.5. Step 5: evaluating and prioritising initiatives for reducing complexity costs
Step 5 involves evaluating the initiatives and making a plan for their implementation. The initiatives selected for implementation are divided into short-term, mid-term, and long-term initiatives. The insights obtained from the complexity
analysis are reflected upon, and consideration is given to how they may be used, for example, in product planning, product
development, and the ongoing development of business processes.
Therefore, step 5 aims to implement the findings from steps 2–4 in a complexity reduction programme. The central
aspect is identifying the drivers of the complexity cost factors to create complexity costs. The aim is to work with these
drivers to reduce their negative impact on complexity. An example might be the country-specific customisation of product
variants that could be solved differently. The cost transparency achieved in step 3 can serve to justify the cost of changing
the country-specific feature or solution.
The complexity reduction programme contains the initiatives aimed at diminishing the negative effects of the complexity
cost factors (e.g. by postponing the point of product differentiation) and initiatives for working actively with the complexity
cost drivers to eliminate them or reduce their negative effects.

3.6. Application of the procedure
The proposed steps of the procedure could be adapted to a specific company with regard to the level of product analysis
(at the finished-goods level only or including modules and component levels in the product assortment), the product life
cycle processes of the products to be included in the analysis (e.g. product development, sales, production, assembly, and
distribution), the level of detail of the ABCC analysis (i.e. single products or groups of products), the inclusion of customers
in the ABCC analysis, and the use of metrics other than costs to quantify the impact of complexity (e.g. flow in production,
on-time delivery, lead time, and quality of products). Finally, given the need for affordable support, the proposed procedure
has to employ data that are reasonably accessible and executable within a limited period and with limited use of resources.

4. Research method
To investigate the usefulness of the proposed procedure, a case study of a company using it was carried out. The study
aimed to establish whether the procedure helps to identify significant areas of complexity, whether the data required for the
detailed analysis and quantification are accessible, whether the analysis can be executed with a limited number of resources,
and whether the results of the analysis provide an empirical basis for the generation of complexity-reduction initiatives.
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The single case study can be described as having a holistic, representative design with a single unit of analysis (the case
company) (Yin 2009). The case is representative because the company is typical of many major manufacturers that have had
problems managing product and process complexity, which is also the main sampling criterion. As this type of case study
methodology pertains to a single case, it is possible to generate only an analytical generalisation, as opposed to a statistical
one (Yin 2009).
A project team was formed in an industrial company involving a controller and a product developer from the company
(who spent 50% of their time working on the project), as well as two consultants. Managers from all relevant departments
also participated in three workshops during the course of the project, which lasted for four months. The role of the consultants was to provide the methods for analysing and quantifying complexity costs, arrange workshops, extract and analyse
data, and contribute to discussions of future initiatives to reduce complexity costs.
The entire project was followed by one researcher. The research method consisted of document studies, observations,
and semi-structured interviews. These methodological steps were carried out throughout the study, as opposed to in different stages. The interviews were conducted with the managers of four departments and the participants from the product
team. This method was chosen because the investigated data are relatively unstructured and their analysis involves explicit
interpretation (Silverman 2005). Using semi-structured interview protocols gave the interviewer the flexibility to focus on
what the company believed were the most important problems. Notes about events were taken over the course of the entire
project, and the obtained information was cross-checked with the participants in the project. To minimise bias as the greatest
extent possible, triangulation, in the form of a combination of interviews, direct observation, documentation, and participant
observation, was carried out (Yin 2009).
5. Case study
The procedure was applied at a leading global manufacturer of mechanical consumer products with 5200 employees worldwide and an annual turnover of approximately EUR 900 million. The products are manufactured to stock and distributed
via regional distribution centres. The scope and data used in the study are further described in the following sections.
At the time of the study, the company was undergoing an increase in the number of product variants. The management
considered this increase to have a negative effect on company performance and, thus, focused its attention on reducing
the number of product variants. However, the company did not know the specific costs of having the increased number of
product variants, and it lacked a means for identifying the products that should be removed from the product assortment to
reduce the complexity costs of its operations.
The company’s large scale combined with the lack of systems to assess the cost implications of the complexity induced
by the product variety made it a particularly interesting setting for testing the procedure. On the one hand, the managers
were extremely interested in using the procedure, as the potential contribution was exactly what they were looking for. On
the other hand, the scale of the company would make it difficult to find information that had not previously been stored in a
structured form, such as the cost of the complexity.
5.1. Step 1: defining the scope of the analysis
The analysis focused on one of the product groups covering consumer goods sold in more than 40 countries worldwide. The
group of products was chosen because it had a low total profitability and a long tail of low-selling products. To adjust for
seasonal variations, the analysis was based on the sales data for the latest 12-month period. Furthermore, products with no
sales and those that had been released but not sold in the period were excluded from the analysis. The final scope included
approximately 350 item numbers with an annual turnover of around EUR 40 million.
The scope was decided in cooperation with the product managers, who provided insight into the product’s technical features and the market/customer base. The products in the scope were manufactured in two different factories and distributed
via three regional distribution centres. To distinguish between the 350 product variants, a list of descriptive characteristics
(i.e. name, product family, and part number) and a list of product characteristics (i.e. capacity, type of nozzle, type of filter,
cable, and voltage) were added to each item number. These characteristics were added by the R&D department and assessed
by the product managers. Furthermore, data on the release date, the factory in which the item was produced, and the region
in which it was sold were added to the list.
5.2. Step 2: conducting the ABCC analysis of product profitability
To calculate the contribution margin of the product variants, the realised revenues of all 350 product variants from sales
companies within the 12-month period were collected. The analysis included sales numbers from the top 30 sales companies,
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Figure 1. ABCC analysis of product profitability.

which cover approximately 98% of the sales; the remaining 12 sales companies account for less than 2% of the sales in this
product group and were not included in the analysis. The sales revenues from the individual sales companies were adjusted
for local bonuses, customs, and deviations in currencies. The direct production costs (including materials, wages, and other
factory costs) for each of the 350 item numbers were subtracted from the sales revenue, resulting in a measure of the
contribution margin. Based on this, an ABCC analysis was undertaken, as shown in Figure 1. The net revenue for each
product variant is plotted on the horizontal axis and the contribution margins on the vertical axis, as explained in Section 4.
The ABCC analysis showed that 120 variants (34%) were C products, 110 were B products (31%), and 120 were A
products (34%). Products that fell outside of the three categories were listed and attached to the B and C groups of products.
In the analysis, the products were divided into four main categories, and each group was marked with different patterns in
the diagram (see Figure 1). The ABCC analysis showed that some of the product groups had significantly lower contribution
margins than the others (Figure 1). Figure 2 shows the contribution ratios (contribution margin relative to sales revenue) for
the 350 items.
As can be seen in Figure 2, the contribution ratios for the 350 products in the study vary from close to 0% to more than
80% for the different items, which indicates significant potential to improve the contribution margin of the product portfolio.

5.3. Step 3: identifying and quantifying the most significant complexity cost factors
Based on the early indication of the product variants making the least contribution in step 2, the aim of step 3 was to identify
and quantify the most significant complexity cost factors throughout the product life cycle and adjust the contribution
margins for each item. The analysis started with a cost breakdown (top down) and a brainstorm (bottom up) of possible
factors with asymmetric costs for the different product groups. The complexity cost factors were identified in cooperation
with the product managers, as well as the sales, production, and distribution managers. The following possible complexityrelated cost factors were identified:
•
•
•
•
•

White-collar costs in factories
Setup costs in factories
Stocks of materials in factories
Warranty costs
Order-handling and administrative costs in distribution centres
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Figure 2. Contribution ratios for the products included in the analysis.

•
•
•
•
•

Handling in distribution centres
Inventory costs – finished goods
Freight costs (inbound and outbound to distribution centres)
Administrative costs in sales
Advertising costs

To quantify these possible complexity-related cost factors, the necessary data were requested (e.g. the setup time and order
quantities in production for different item numbers to calculate the setup costs for each item). The analysis showed a significantly asymmetric cost distribution for the following factors: ‘inventory of materials in factories’, ‘handling in distribution
centres’, ‘order-handling and administrative costs in distribution centres’, ‘finished goods inventories’, ‘inbound freight to
distribution centres (from the factories)’, ‘outbound freight from distribution centres (to the customers)’, and ‘administrative costs in sales’. The other factors listed proved to be either insignificant (less than 0.5% of the turnover) or to have no
asymmetric distributions of costs. Regarding quality costs, it was not possible to obtain complete data to analyse the costs
of quality for each item number; however, the data available from three sales companies indicate an asymmetric distribution
in the quality costs, which account for approximately 2% of the turnover. Based on this analysis, the company decided to
implement more detailed reporting of quality costs from the sales companies.
Figure 3 shows an example of the adjustment needed because of the freight costs for the 350 products in the study.
The freight costs were calculated based on an estimate of 5.2% (1.6% inbound, 3.6% outbound) of the product’s sale price
revenue for all 350 products handled in the distribution centres. The freight cost per item was calculated based on unit sales
and actual figures for shipping quantities per container and pallet per item.
As seen in Figure 3, the freight costs vary between 1% and 9% for each item number. This variation is a result of the
different filling of the pallets and containers, which is due, in part, to the volume of the boxes and partly to the order size
shipped; large orders are shipped on full pallets and containers, and small orders are shipped on partly filled containers and
pallets. C items tend to have higher freight costs than A items.
Another example is sales order handling, for which a time study showed that the average cost per order line is EUR 3.5.
Based on this, the costs of sales order handling per product is calculated as follows:
Sales order handling cost per product =

No. of orders per product variant
* Sales order handling cost per order line

The data needed for the quantification of sales order-handling costs are as follows: number of orders per product variant and
average sales order-handling costs per order line.
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Figure 3. Contribution of freight costs.
Table 2. Example of order-handling costs.
Order frequency

[min]

Unit sale per year

5
7
12

> 5000 units
1500–5000 units
< 1500 units

High
Medium
Low

Another example is the order-handling costs in the warehouse. In this case, a study analysed the time used relative to
the frequency of handling the product variant in the warehouse, as shown in Table 2.
The time per order is calculated as follows:
Time per product =

n


(time per order + (order size − 1) ∗ 10 seconds)

1

In the calculation above, n is the number of orders in a year, and order size is the number of pallets in the order.
The data needed for calculating the time used per product in the distribution centre is the following: list of order lines in
a one-year period, number of pallets per order and time used per order for the first pallet, and time used for the subsequent
pallets (in this case, 10 s per pallet).
Based on the analysis of the complexity cost factors, the contribution margins and ratios calculated were adjusted using
the exact cost of each complexity cost factor, which gives a more accurate value for the costs and contribution margins for
each item number. Figure 4 shows the contribution margins and contribution ratios adjusted using the calculated complexity
cost factors. Each line in Figure 4 represents a product variant. The first seven columns contain information on volume sold,
revenue, production costs, and contribution margin and contribution ratio for each product. The next eight columns show the
allocated complexity costs for each complexity cost factor, the sum of the complexity costs, and the allocated complexity
costs relative to the revenue for each product. The last two columns show the adjusted contribution margin and the adjusted
contribution ratio for each product after the allocation of the complexity costs.
As Figure 4 shows, the complexity cost factors change the contribution margins and cost ratios significantly, thus providing a more accurate calculation of the contribution margins and ratios for each item in the analysis. A further analysis of
the true costs and margins of different product groups was undertaken.
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Figure 4. Contribution margins and ratios adjusted using complexity cost factors.

Based on the adjusted contribution ratios, the profitability of the 16 product families was analysed. The analysis showed
that an old product family, which the company had wanted to withdraw from the market for years, had a turnover of
approximately EUR 5 million and an adjusted contribution ratio of 60%. Another newly launched product family, for which
the company had high expectations, had a turnover of EUR 500,000 and an adjusted contribution ratio of only 8%. Based
on this new information, the company considered relaunching the old product family and redesigning the newly launched
product family.
5.4. Step 4: identifying and quantifying initiatives for complexity reduction
Based on the analysis of complexity cost factors, in this step, initiatives for reducing the complexity of the products and
processes were developed, and the potential savings were quantified. The following are possible initiatives for reducing
complexity:
• Adjust the product line based on an analysis of product variants, price points, and contribution margins per country.
• Optimise variance creation (products and accessories are packed in distribution centres rather than in factories).
• Reduce the number of components kept in stock in factories.
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• Introduce direct shipments from the factory to the customers for low-selling products.
• Adjust bonus agreements per country/customer/product group.
The following ideas were also identified for further analysis:
•
•
•
•
•

Conduct complexity analysis of spare parts and accessories across product categories.
Analyse the cost of certificates and the possible relationships to product platforms and OEM customers.
Conduct OEM analysis (improving profitability for OEM customers).
Investigate optimising the R&D process to include freight costs to a greater extent.
Implement a phasing-out strategy – alignment of product management, product development, and production when
phasing out products to avoid producing obsolete components and products.
• Analyse the trade-off between lower stock cost vs. high purchase order-handling cost and changeover cost.
The potential savings from each initiative were calculated based on the quantified complexity cost factors. An example
of this is the first initiative in which the product line is adjusted based on an analysis of the variants, price points, and
contribution margins per country. For this, eight initiatives for each brand in the product group were evaluated, which cover
high or low levels of product pruning, full or no product substitution, and high or low levels of positive price adjustment.
Recognising the different challenges faced by each brand, decisions were made for each brand separately with regard to the
following issues: which items to exclude, which ones could be substituted with others, and the extent to which the prices
were to be adjusted. The initiatives yielded new overall net revenues, contribution ratios, and contribution margins for each
brand. The quantified scenarios indicate an increase of between 2% and 4% in portfolio profitability (increased contribution
margin), corresponding to an increased EBIT of between EUR 800,000 and EUR 1.6 million. Where applicable, the costs
that were dependent on the number of variants were subtracted in the scenarios (e.g. freight costs, component inventory in
factories, and finished goods inventory in the distribution centres). The cost of undertaking the analysis and implementing
the revised product assortment was estimated to be EUR 100,000. Similar quantifications of possible savings and project
costs were made for each initiative.

5.5. Step 5: evaluating the initiatives and the insights gained from the procedure
In step 5, the suggested initiatives were evaluated and prioritised based on the quantification derived from the complexity
analysis. This included an assessment of the strategic impact of the suggested initiatives. Based on the complexity analysis,
the company decided to implement the following three projects to reduce complexity:
• Adjust the product line, as described in the previous section
• Reduce complexity costs in the factory/supply chain
• Change the order-decoupling point by shipping accessories to the distribution centres and undertaking the final
configuration of products and accessories in the distribution centres rather than at the factory.
The third project led to a significant reduction in finished goods inventories in the distribution centres. A number of minor
changes, such as adjusting settings in the ERP systems to manage inventory levels and procedures for handling orders in the
distribution centres, were also made.
The application of the procedure had implications for several functions and directors of functions. More specifically, the
analyses were utilised in the following areas:
• For the product managers, the project provided detailed insight into the profitability of each finished goods item.
This insight was used to trim the product portfolio in the first implementation project mentioned and is currently
used in negotiations between the product manager and the sales representatives in each country to decide which
variants to promote in the portfolio for each country and price setting.
• For R&D, the project provided new and more detailed insight into the cost structure of product variants and the
costs of sales, production, and distribution. This insight is of significant value when R&D department develops
new products and makes decisions about which product variants to include in the new product portfolio and which
modules to include in the product architecture.
• For the managers of sales, production, and distribution, the complexity analysis provided insights into how costs
are allocated for different groups of processes in business areas. This information has led to an increased focus on
complexity costs and to the initiation of projects, leading to lower costs of handling complexity in sales, production,
and distribution.
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Furthermore, to ensure that the findings would be implemented in the daily business, the company decided that the ABCC
analysis should be conducted every six months and submitted to the product manager. The ABCC analysis should be
adjusted using the complexity cost factors found in the first analysis.
5.6. Use of the procedure after the test period
The project was implemented within four months, using approximately 700 man-hours, excluding consultant time. Since the
completion of the project, the company has initiated and completed three other projects on complexity analysis, using the
procedure on other groups of products. These projects have been carried out by internal employees using the competences
they gained from the first project, but with some supervision from the researchers. Based on the experiences gained from
these projects, the employees can undertake the data extraction and the calculations, but they still need support to identify
the complexity cost factors, interpret the data and findings, and determine possible initiatives for reducing complexity. The
employees also need support when checking and validating the data and findings – that is, when asking critical questions
regarding the accuracy of data, calculations, and findings, as well as double-checking all data and findings.
6. Discussion
The aim of the proposed procedure was to identify the most significant complexity costs in the system of products and
processes, quantify these costs, and allocate them to individual products and process steps. On this basis, it is possible to conclude whether the potential for complexity reduction lies in the product domain or in the supply/production/process/delivery
domain or whether a coordinated redesign of the two domains is needed.
Table 3 lists the major difficulties that the case company encountered and its requests for assistance during the project,
as well as solutions that were found to work and can, thus, be recommended for future application of the procedure.
Table 3. Major difficulties/requests and recommended solutions.
Difficulties encountered and specific requests

Solutions

The accuracy of the data and findings were
questioned by employees at all levels of
the company.

It is crucial to have trustworthy data and findings. Thus, experienced
employees should be involved in undertaking a critical assessment
of data and calculations. Furthermore, it should be ensured that data
and calculations are transparent and easy to understand; and all
data and calculations for possible errors should be checked (possibly
double-checked) and validated.

Obtaining data to quantify complexity cost
factors was a challenge with regard to
certain factors.

Project managers should identify sources of data with production,
distribution, and sales managers. If a complexity cost factor cannot be
quantified due to a lack of data, begin temporary registration of these
data, and if the results are interesting, implement permanent registration
of these data.

Finding potential initiatives to reduce
complexity was crucial to ensuring
business impact from the analysis.

Workshops generate fruitful discussions and numerous ideas from area
managers and others. It is important to use experiences from other
companies to enable the consideration of as many possible solutions as
possible.

The company requested to use the findings in
ongoing projects and in its daily business.

There was significant interest in the findings from managers at all levels.
The analysis needs to be updated constantly to include findings from the
current product-planning process. The company has decided to update
the ABCC analysis every six months for the product managers and for
use in R&D and ongoing process improvement projects.

The company demanded that it should be
able to apply the procedure after the
project period.

The researchers supervised the working team during the procedure.
The team members were then able to undertake data extraction and
calculations. Future projects will benefit from having a person on the team
who has been trained in the procedure and has experience with similar
projects in other companies.

The company required that the analysis
be completed within the scheduled
four-month period and without exceeding
the resources that were assigned for the
project.

These requirements were met. It is crucial to have a realistic scope for the
analysis and to constantly limit data gathering and calculations to ensure
that only what is needed is included. Experienced employees should be
involved in discussing the scope and focus of the analysis.
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The case study revealed a series of difficulties and further requirements related to the suggested procedure, which led to
a list of recommendations for applying the procedure to future projects (Table 3). Further applications will lead to additional
insights that may give rise to improvements in the procedure and may generate a more detailed description of how to adapt
it to individual company settings. An important aspect of learning from the project is that it is crucial to use significant
resources to check and validate all data and calculations, thereby ensuring that the data are correct and unquestionable.
Furthermore, it is essential for the interpretation of the results to be focused on the analysis of the most significant areas and
for the findings to be presented and discussed with the managers of the company.
The results of the complexity analysis were presented and discussed with the group of production, distribution, R&D,
and sales managers. During the first three phases of the project, the project team identified possible initiatives for reducing complexity when interviewing and discussing the findings with individuals in the organisation. These initiatives were
discussed and further elaborated with the managers during workshops in which the complexity analysis and the findings were discussed. The knowledge and experience of the company’s managers and employees were used to focus the
analysis of complexity costs on the most significant cost elements and on the identification of initiatives to reduce complexity. This approach enabled the delimitation of not only the data but also the resources needed for the data analysis and
calculation.
A vital aspect of the procedure is the identification and quantification of the company’s most significant complexity cost
factors. In that respect this procedure contributes to the Suzić, Forza, et al. (2018; Suzić, Sandrin, et al. 2018) call for as-is
analysis tools to help practitioners to implement mass customisation. Such insights contribute to the literature on process
complexity (Jacobs and Swink 2011; ElMaraghy et al. 2012) by providing empirical evidence (albeit limited to one case)
identifying the product and process correlations that contribute to the most significant complexity cost factors. The use of
these complexity cost factors enriches the literature in that it delimits the data and resources needed to calculate these costs.
Determining initiatives based on the identified complexity cost factors contributes to the literature on strategies for
reducing complexity (Closs et al. 2008; Jacobs and Swink 2011), in that these factors help focus on the most significant
complexity cost drivers. Thus, the paper provides a basis for identifying initiatives that have significant potential to reduce
complexity in the company. Furthermore, involving experienced managers and employees in determining the project scope,
as well as in the analysis and synthesis, makes it possible to use the company’s internal knowledge and experience in the
analysis and identification of the most relevant initiatives, thus contributing to defining strategies for reducing complexity
in individual companies (Closs et al. 2008; Jacobs and Swink 2011).
7. Conclusion
Based on a literature review, this paper proposed a five-step procedure that provides a structured method of identifying
and quantifying the most significant complexity cost factors to then enable the identification and quantification of possible
initiatives to reduce these complexity costs. The five steps are as follows: (1) define the scope of the products and processes
to be included in the analysis, (2) conduct ABCC analysis of the products, (3) identify and quantify the most significant
complexity cost factors, (4) identify and quantify possible initiatives for the reduction of complexity costs, and (5) evaluate
and prioritise initiatives to establish a complexity cost reduction programme. To test the usefulness and efficiency of the
procedure, a case study was carried out.
The case study showed that the procedure is applicable to projects of a relatively short duration, and that it demands
relative limited resources to apply. The study also showed that the use of the procedure in a project made it possible to
obtain the necessary data, identify and quantify significant complexity cost factors, and identify and quantify initiatives to
reduce the complexity. Furthermore, the analysis provided the case company with new and more detailed insight into the
costs of complexity for each variant in the product portfolio.
Because the study pertains to a single case, it is possible to make only analytical generalisations concerning justification
based on similarities to other cases. In this context, it should be considered that the challenges in the investigated company, as
well as the ways in which the products and processes were managed, are largely typical in manufacturing companies. Thus,
it seems that the procedure would also be applicable to many other companies. More specifically, the suggested procedure
should be applicable to other companies that manufacture consumer products, where the number of finished items could
be considered for reduction, the costs of having numerous variants in the product portfolio could be investigated, and
possibilities for reducing complexity costs in the business processes could be examined. However, detailed cost registration
is required for the application of the procedure. If the cost information is too limited, the procedure could encounter too
many difficulties, thereby preventing its application. In such cases, a more qualitative approach is advisable. Finally, it
should be mentioned that subsequent applications of the proposed procedure have been made by the case company. The
experiences from these subsequent projects have demonstrated that while company employees are capable of carrying out
the data analysis and calculations, they need support in regard to checking and validating the data and findings, identifying
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potential complexity cost factors and initiatives, and interpreting the results. In other words, it has been shown that the
procedure can be applied without facilitation by consultants and researchers – that is, support for the validity of the findings.
The proposed procedure contributes to the literature on product complexity (Yang et al. 2008; ElMaraghy et al. 2013) by
suggesting an operational method of grouping products into A, B, and C categories and characterising them using features
that are identified by the company’s R&D employees. Furthermore, the adjusted contribution margin for each product variant
contributes to the literature on product architecture (Meyer and Lehnerd 1997) by suggesting the use of adjusted contribution
margins based on the quantified complexity cost factors. The proposed procedure also supplements the literature on process
complexity (Sivadasan et al. 2002; ElMaraghy et al. 2012) by suggesting complexity cost factors as a means of analysing
the most significant correlated complexity between product variants and processes and by using experienced practitioners
in the company to identify the most significant complexity cost factors. The proposed procedure contributes to the literature
on the quantification of complexity costs (Zhang and Tseng 2007; Orfi, Terpenny, and Sahin-Sariisik 2011) by describing
the most significant complexity cost factors based on an analysis of the cost distribution of the products identified and
providing a list of possible complexity cost factors. The use of these insights reduces the data and calculations needed to
quantify the complexity costs and to calculate the expected impact of the initiatives identified to reduce complexity. Finally,
this procedure contributes to the theory on strategies for reducing complexity (Wilson and Perumal 2009; Jacobs and Swink
2011) by making use of the company employees’ knowledge and experience to identify the most relevant initiatives for
reducing complexity and by using the complexity cost factors to quantify the expected benefits from each initiative.
Scheiter, Scheel, and Klink (2007) claimed that reducing complexity could improve EBIT by 3–5%; however, according
to Wilson and Perumal (2009), Mariotti (2008), and Jacobs and Swink (2011), many companies are unaware of this potential
and lack operational and easy-to-use procedures for analysing and reducing complexity. The proposed procedure assists
with the analysis and quantification of the most significant complexity cost factors in companies with limited resources
and data. This is important to enable awareness and insight into the potential gains from reducing complexity in products
and operations. Furthermore, the proposed procedure suggests how to develop initiatives to reduce complexity based on
the analysis. Ultimately, as shown by the first applications, the use of the procedure may lead to a significant reduction in
complexity costs and improved EBIT for the company.
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Abstract
This article presents a method for calculating cost savings of shared architectures in industrial companies called
Architecture Mapping and Evaluation. The main contribution is an operational method to evaluate the cost potential and
evaluate the number of product architectures in an industrial company. Experiences from the case company show it is
possible to reduce the number of architectures with 60% which leads to significant reduction in direct material and labor
costs. This can be achieved without compromising the market offerings of products. Experiences from the case study
indicate cost reductions between 0.5% and 2% of turnover. The main implication is that the method provides a quantitative basis for the discussion on whether or not to implement shared product architectures. This means a more factbased approach is introduced.
Keywords
product architecture, manufacturing architecture, modularization, concurrent engineering

Introduction
Many industrial companies (developing, producing,
and selling physical products) have developed the product portfolio sequentially product by product over a
number of years. There can be many good reasons to
continue doing so, for example, ability to develop specific products for specific markets and targeting specific
low-cost needs and high-end needs. The consequences
are, however, often that there exist a large portfolio of
products, where there is very limited sharing between
the product families, leading to increased complexity
cost, several ‘‘inventing the wheel’’ projects and thereby
increased time to market and profit for new products
(Andreasen, 1980; Hansen, 2015; Harlou, 2006;
Levandowsky et al., 2014). A warning signal is often
that costs are increasing faster than turnover.
Companies typically have challenges such as the
need to reduce cost, increase quality, reduce delivery
time, and launch more new innovative products faster.
One of the means to address this challenge that is often
discussed in both academia and industry is application
of modular architectures (Ericsson and Erixon, 1999;
Gu+laugsson et al., 2014; Herrmann et al., 2004). The
basic idea of modular product architectures is to build
up product lines based on a limited well-defined module
having well-defined performance steps with clear

definition of interfaces (Ericsson and Erixon, 1999).
This should lead to the reduction in the number of
components, cost reduction in general, and more
focused effort on key modules leading to more costeffective products. The rationalization benefits may be
utilized to develop more new innovative products.
In principle, everyone, from board of directors,
board of management, and down in an industrial organization, agree on this. But, in practice, there are many
uncertainties and many opinions. In our research, we
have often come across viewpoints such as ‘‘we have
exactly the products that we need,’’ ‘‘all products are
profitable and needed for our customers and markets,’’
‘‘we are already modular,’’ and ‘‘if we increase the level
of modularity, we will compromise key customer
1
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requirements and increase cost.’’ All the above viewpoints can often not be proved right or wrong.
Organizational wise, this is a very sensitive topic.
Asking the question ‘‘could we do better with modular
architectures.’’ From research and development
(R&D), the reaction is often that they are accused of
not having done the perfect job. From sales, the viewpoint will often be that due to the competitive situation
and so on, all products are required. In manufacturing,
the reaction is very positive—but often more shortterm initiatives are in focus such as day-to-day process
improvements.
The basic question asked in this article is as follows:
how to find out what the financial potential is of shared
modular architectures? The target audience is board of
management. The intention has been to identify a quantitative method in such a way that discussions are based
on facts and not opinions of individuals.
Concerning the link between the number of architectures and concurrent engineering (CE), it is the assumption that when the number of architectures in product
and manufacturing is reduced, it will lead to increased
efficiency and increased possibilities of achieving concurrent development of product and manufacturing.
The structure of the article is as follows: in section
‘‘Research approach,’’ the research method is
explained, and section ‘‘What is a product architecture
and which evaluation parameters to include?’’ will go
through the benefit dimensions and the reasons for
including them. Section ‘‘State of the art’’ describes
state-of-the-art literature. In section ‘‘AME method,’’
the method for calculation of the benefits of shared
architectures is presented and section ‘‘Application of
the AME method’’ contains experience from application of the method in a large-scale organization.
Section ‘‘Discussion’’ contains the conclusion.

Research approach
The suggested method for assessing the potential of
shared product architectures has been developed by
taking from both the existing literature and some
experiences of practitioners. More specifically, the
method is based on classical systems’ thinking
(Andreasen, 1980; Skyttner, 2005), theory of technical
systems (Hubka, 1973), and Product Family Master
Plan (PFMP) (Harlou, 2006). The work is carried out
by three MSc projects and two PhD projects (Bruun,
2015; Hansen, 2015) at the Technical University of
Denmark, Department of Mechanical Engineering,
Section of Engineering Design and Product
Development. The basic assumption is that the competitiveness of a product program cannot be evaluated in

itself—only when mapped relative to the market and
the internal functions of the company, conclusions can
be made. In this study, three aspects are considered:
market, product, and manufacturing. The links
between these three aspects are the foundations for
evaluating the potential of shared architectures. Most
approaches in the literature on shared product architectures are concerned with the product aspects in terms
of, for example, shared parts. Even though this can be
of relevance, it is not sufficient.
A method named Architecture Mapping and
Evaluation (AME) method is proposed. The method
has been tested in a global company that has approximately 75,000 commercial variants in the market. The
company has divided the product portfolio into six
product lines. The AME has been tested on all six
product lines. This means that in total, six global data
sets have been collected and evaluations have been carried out. The main aim of this case study is to test the
suggested operational method and receive feedback
from the managers in the company.
With regard to internal validity, the research team
has full access to detailed data from the company. In
order to gather accurate qualitative data, un- and semistructured interviews are performed with the ‘‘key’’
informants. The research group had semi-structured
interviews with the managers, involved in this project,
in order to assess the results and receive feedback. The
received feedback is valuable for the verification of the
results from the analysis and for assessing the proposed
method. The studies have been carried out over a time
span of 2 years from 2012 to 2014. The next section
will discuss the meaning of product architecture and
what evaluation parameters to include.

What is a product architecture and which
evaluation parameters to include?
Like most phenomena in engineering design, there does
not exist a common and agreed way of defining architecture. In this article, a distinction between product
structure and product architecture is made (Hansen
et al., 2012). Product structure means the way a single
product is built up from systems and components.
Product architecture means the way a product family
or portfolio of products is built up. Traditionally, companies have good control of product structure in, for
example, computer-aided design (CAD), enterprise
resource planning (ERP), and product data management (PDM) systems. Product architecture is normally
very weakly taken care of. Traditionally, responsibility
for product structure is well defined, but responsibility
of product architecture is ill defined. It is the main
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assumption in this article that the number of product
architectures is a very important fundamental aspect,
and that top management and other key persons should
consider very carefully. Having too many architectures
will lead to high complexity cost and long time to market for product development. The implication of too
few architectures can be too high cost for product in,
for example, the lower performance areas of the portfolio or simply that the company cannot serve the variety
of needs among customers.
In this work, product architecture has the following
characteristics:




Shared core interfaces.
Core modules/systems exist in balanced performance steps.
The architecture is explicitly prepared for derivative
products and related properties in terms of cost and
performances are known.
The above phenomena will briefly be explained.

Shared core interfaces
Only a small fraction of interfaces play an important
role, but a few are extremely important for, for example, quality and time to market. An example of a core
interface of a truck might be the interface between the
cab and the rest of the chassis. If this interface is stable,
the cab can be developed without changing the rest of
the chassis. The whole product family can be upgraded
in one step with one development project.

Core modules exist in well-balanced performance
steps
An example of a core module could be the wash-group
of a washing machine; some of the performance steps
could be 6, 8, 10, and 12 kg. Balanced means that there
the number of modules is consciously determined
according to market needs and internal complexity
within the company, for example, production, service,
stock level and development capability. One ‘‘ideal’’
way of balanced performance thinking is ‘‘one need—
one solution.’’

In this article, a product architecture is considered
shared when more than 90% of the core interfaces are
shared. Then one can ask what a core interface is. This
is pragmatic defined among senior market, product,
and manufacturing persons. For a car, an example of a
core interface is between engine and transmission. For
a drilling tool, a core interface will exist between battery and chassis. The basic assumption is that the number of architectures is driving complexity cost; it is
driving CAPital Expenditures (CAPEX) in manufacturing and it is often constraining the ability to launch
new products and product variants. Then why put the
requirement on 90% sharing of core interfaces? This is
a pragmatic decision, but due to the size of the test
company, the criteria had to be explicitly defined in
such a way that each division of the case company
could not have individual perceptions.
Having clarified the meaning of architecture, the
next question is what evaluation parameters to
include. There is in principle an infinite number of
evaluation parameters that could be studied. In the literature, roughly two types of evaluations parameters
are reported in the literature (Fixson, 2005; Hultink et
al., 1997; Krause et al., 2013; Ulrich, 1995) from
application of shared architectures. They can be
divided into growth parameters and rationalization
parameters. Examples of growth parameters could be
time to market and ability to make new innovative
products. Examples of rationalization parameters
could be direct material cost and labor cost. In this
article, it has been decided not to include growth parameters, not because it is irrelevant, but because it is
difficult to obtain quantifiable data. There are often
many opinions but very few facts. On the rationalization side, it has been decided to include data that are
available in modern companies with modern information and technology (IT) systems, mainly ERP systems. Again, there are many possibilities, but included
are four parameters: direct material cost, direct labor
cost in manufacturing and CAPEX on tooling, and
number of architectures. The basic assumption is that
if benefits can be justified in these dimensions, the rest
such as the growth parameters will be additional
benefits.

Architecture is prepared for future launches

State of the art

An example could be boggies of a truck. There might
exist 21 and 30 ton, but modules are prepared for a 26ton variant with adding only a few new parts. Another
consequence of this is that interfaces have to be stable
over time. This is one of the weak parts of architecture
work in most companies that we have studied (Bruun
et al., 2014; Hvam et al., 2008).

The review of the state-of-the-art includes a review of
five different groups of supporting methods for the
identification of shared architecture benefits for a product program including product lines. The five groups
identified are function-based models, matrix-based
models, CE, design for manufacture (DFM), and mathematical models.
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Function-based models

CE

Methods describing the development of modular product architectures often choose to start with the conscious mapping of functional structures into physical
modules (Levandowsky et al., 2014). Functions can be
represented in function-based models, for example,
functions-and-means trees (Andreasen, 1980), or by
schematics of the product including physical elements
to a meaningful extent (Stone et al., 2000).
The understanding product functions can be used in
different ways to identify possible modules. To improve
the identification of modules and make sure that the
modular architecture will serve its objectives (Fixson,
2005), define a set of module drivers. The module drivers can support the reasoning behind the module identification by elaborating the justification of the modules’
existence, for example, ‘‘planned product changes’’
module, ‘‘process’’ module, ‘‘different specification’’
module, and ‘‘technology evolution’’ module. The module drivers are a part of a comprehensive framework
called modular function deployment (MFD), which in
analog to the quality function deployment (QFD)
method provides support for the linking of relationship
between the module drivers and technical solutions.

From the associated area of CE, one can also find
research into the concurrent development of product
and production architectures, with phrasings such as
‘‘methods supporting the development of product platforms.’’ Nevertheless, interesting contributions are submitted within this area. Otto and Wood (1998)
introduced a three-dimensional (3D) methodology
superimposing the traditional domains of CE, by suggesting the linking of technology, architecture, and
focus relations in the process, product, and supply
chain domains. Olesen (1992) proposed an important
step of operationalization of this 3D-CE approach by
developing a multi-dimensional framework that enables
comprehensive assessment of alternative product
architectures.
The concept of architecture for product family
(APF) is introduced as a conceptual structure, proposing logics for the generation of product families
(Hultink et al., 1997). The generic product structure
(GPS) is then proposed as the platform for tailoring
products to individual customer needs. In Andreasen
and Olesen (1990), another systematic method for concurrent development of product families is presented,
by combining QFD-based methods with quantified
DSM techniques and morphology analysis to visualize
concepts.

Matrix-based models
Another approach to identify modules is the application of design structure matrices (DSMs). This
approach takes its point of departure in the decomposition of a product into parts and/or subsystems while
identifying the relations (and possible future interfaces)
among these (Gonzalez-Zugasti et al., 2000; Otto and
Wood, 1998). By applying different algorithms and
clustering techniques, it is possible to encapsulate functional ‘‘chunks’’ that have the potential of becoming
physical modules, due to their functional interrelations.
DSM techniques are the subject of many research
initiatives and serve as the basis for an array of derived
methodologies. An example of this is the multidomain-matrix (Ulrich, 1995). Alternatively, other
design tools focus more on the specific task of examining different functional flows with the aim of identifying modules (Otto and Wood, 1998; Pimmler and
Eppinger, 1994). These methods are heuristically based.
Other more general methods focus on the identification of common features in the existing product program in order to point out the basis of the product
architecture. By formulating the design task as a quantitative problem, which can be subject to optimization,
this method is balancing inputs from requirements and
product variants design with data models of performance and costs. By iteration, the optimal product variants are designed and evaluated through quantitative
performance metrics.

DFM
Original contributions from Olesen (1992) proposed a
framework for the concurrent development of manufacturing supported by the theory of dispositions
(Andreasen and Olesen, 1990). This is done by proposing a set of models aligning the product design and the
product life system phase of manufacturing to create a
fit. However, for the case with Design for Assembly
(DFA) and DFM methodologies, the main focus is single product development. Herrmann et al. (2004) comment that an extension of the DFM tools to comprise
multi-product development will hold the key to
achievement of competitiveness.

Mathematical models
Some researchers have undergone the task of developing methods based on mathematical models. Some
methods are based on measures of modularity, which
act as subjects of optimization using different techniques (Hultink et al., 1997). Others seek to integrate
product platform, manufacturing process, and supply
chain decisions through the application of mathematical models, thus extending the concept of the generic
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bills of materials (GBOM) by quantifying relations
between decisions from the different domains.

Conclusion
It is evident that the contributions mentioned above
can play a role in the identification of program architectures. Situated in this cross-functional research field,
it is clear how research centered within either the product or production domain tends to leave out important
aspects of the adjacent fields, and considering the identification of program architecture this is a deficiency
considering the contributions listed above. Extensive
research is also found within the reengineering of business processes and different means of optimization of
operations, but these areas exclude necessary details
within the field of architectures. They are simply not
concrete enough, or deal with sub-optimization of operations and processes leaving out the product domain.
The methods do not explain how the modeling and evaluation is carried out for very large product programs
with, for example, 70,000 commercial products and
300,000 parts. There is very little support for supporting the very fundamental question: ‘‘how many product
architectures are right for our company?’’

AME method
This section presents a seven-step method to evaluate
the benefits of shared modular architectures. These
seven steps are as follows:

Step 1: map the market globally and main required
properties;
Step 2: map cost/performance for core module areas;
Step 3: map each as-is product architectures;
Step 4: map each as-is manufacturing architectures;
Step 5: identify to-be product architectures and manufacturing architectures;
Step 6: map cycle plan;
Step 7: calculate financial impact.
In the following, each step will be explained.

Step 1: map the market globally and main required
properties
In this step, the market and required properties are
mapped according to Fixson (2005), Levandowsky et
al. (2014), and Meyer and Lehnerd (1997). It means
that the market for a product line is grouped into
approximately 4–12 categories. There are normally two
axes in the mapping (segment and performance levels
such as high end and basic), see Figure 1.
For a pump manufacturer, it might segment wise be
geographical area (e.g. North America, Europe, Asia
pacific) and performance wise, media pressure (up to
2 bar and above). For each group, key properties, for
example, energy efficiency and lifting height, are identified. The product line properties are then mapped and
competitor product (best in class) is mapped. The result
is a number of ‘‘spider charts’’ as shown in Figure 1.
Finally trend indicators are identified. It means in

Figure 1. Mapping of market segments and required properties.
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factor 3 in direct cost differences between module areas
that have similar performance. So there are significant
direct material cost reduction possibilities by consequently utilizing the most cost-effective modules.

Step 3: map each as-is product architecture

Figure 2. Description of cost/performance for a key module is
mapped. Each vertical line represents a module area. The lower
dot is the cost and the upper dot is a certain performance of a
property.

which directions do the company expect that requirements will change. Concerning the energy efficiency, it
is very likely to be reduced in next generation of pumps.
Trend indicators are utilized in Step 5. It is very important that the architectures are prepared to deliver the
right properties. One CEO explained, ‘‘It is important
to be prepared for the next war and not the previous
one.’’

Step 2: map cost/performance for core module areas
In this step, the products in a product line are pragmatically divided into a number of module areas that are
the carrier of key properties for a product. For a pump,
it might be motor, hydraulics, controls, and so on.
Then a few key module areas are identified, which are
the carrier of major cost and major properties (Huang
et al., 2005; Otto and Wood, 1998). The purpose of this
step is to map key module areas in a direct material cost
and a relevant performance dimension. For a pump
manufacturer, it could be the motor and the controls.
Often, a few module areas cover the majority of the
cost and performance in a product. Then each module
area variant is mapped in a cost performance diagram
as shown in Figure 2.
This overview is quite important in the method (Guo
and Gershenson, 2007). Often, there will be different
module areas with very different cost levels but is delivering same performance. In other cases, there will be
module areas that have low performance and high cost.
In other words, the module area is expensive and can
do very little. What should be the immediate reaction
to such a module area ‘‘is there any good reason for
having this module area in the product line.’’ What has
been observed in the case project is that there is up to a

In this step, the number of architectures within a certain product line is identified (Olesen, 1992). The process is that key interfaces are identified. This number
has in this research project been 10 or below. Examples
on key interfaces in a pump might be between housing
and impeller. The interfaces play a crucial role in development for an industrial company. If and only if interfaces are shared, the modules can be shared. Figure 3
shows an example of how the number of architectures
is identified. There is a very important link between
Step 1 and Step 3. Reasoning from Step 1 to Step 3
should bring forward the question: how many architectures are right for our company in order to deliver
good products in the different segments? In the case
company, there has been a clear tendency that the companies have more product architectures than can be justified from a market point of view.

Step 4: map each as-is manufacturing architecture
The main purpose of this step is to identify differences
in manufacturing properties, that is, labor cost
(Andreasen and Olesen, 1990; Stone et al., 2000).
Figure 4 shows an example where a product with different architectures is manufactured in different factories in Europe, United States, and China. What is
compared are the differences in labor assembly time on
subassembly lines and main assembly lines. In the case
projects there has been a factor 2 deviation in labor
time between the best and worst performing product
architecture. This means that the product architecture
plays a major role for efficiency in production. In principle, the productivity in the studied factories can be
improved with a factor 2 by conscious selection of the
best product architectures.

Step 5: identify to-be product architectures and
manufacturing architectures
In this step, experienced persons from sales, product
development, and manufacturing are taking a top–
down look from a market point of view and identify
how many architectures and module variants are
needed in order to serve the market (Lindemann et al.,
2009; Meyer and Lehnerd, 1997). This is really an
expert judgment, where the most senior people in the
organization have to be involved. In the case project,
the reduction possibilities in terms of product
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Figure 3. Mapping of current architectures.

Figure 4. Manufacturing architectures.
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architectures, manufacturing architectures, and module
variants have been between 5% and 50%. In other
words, the company is much more complex than
needed.

Step 6: map cycle plan
The starting point in this step is a 5- or 10-year cycle
plan, showing when products and product line are
expected to be upgraded or relaunched (Krause et al.,
2013; Pimmler and Eppinger, 1994). Next, phase out
and phase in of architectures are added. It is further
assumed that the best modules are consequently utilized
across the product lines. Based on the reduction in
product and manufacturing architectures, utilizing the
most cost-effective module areas, it is possible to estimate direct material savings and direct labor savings.

Step 7: calculate financial impact
In this step, the benefits in terms of direct material cost,
direct labor cost, and CAPEX avoidance are summed
up (Du et al., 2001; Kester et al., 2013; MacDuffie,
2013). The results are three numbers explaining the
financial potential of shared architectures. In the case
company, this has been a very important step in order
to put shared architectures on the top management
agenda. One of the main advantages is that now such
an initiative can be compared to other big initiatives
such as automation, low-cost country sourcing, and
manufacturing footprint location.

Application of the AME method
The method has been tested in a global business to consumer company. The case company has sales companies in 100 + countries and 35 factories in Europe,
Asia, North America, and South America. There are
six R&D centers that develop six product lines. The
company has approximately 75,000 commercial product variants in the market and around 400,000 part
numbers. The company has over a longer period been
part of several mergers and acquisitions.
For several years, there had been a discussion in the
board of management concerning the complexity of the
product lines. It has among certain members been the
assumption that it should be possible to serve the markets with fewer architectures and parts, but no definitive conclusions could be made. Therefore, the
company wanted to test the AME method.
A team of three full-time persons (called the core
team) for each product line was appointed. The core
team consisted of a researcher, a senior R&D person,
and a financial controller. This core team has ad hoc
access to senior experts in sales/marketing, R&D,

manufacturing, purchase, and financial control. In
total, approximately 30 persons for each product line
have been active in the work.
The AME work has been carried out during
20 weeks for each product line. The assessment work
has been divided into three phases.

Phase 1
This included Steps 1, 2, 3, and 4. The main way of
working has been interviews with key persons, site visits to key factories, and data extract from the ERP
systems.

Phase 2
In Steps 5 and 6, three workshops with senior market,
product, and manufacturing experts were carried out.
The work was fundamentally anchored around the
number of architectures. The main question asked was
as follows: how many architectures do the company
need in future? It is an illusion that there will be consensus concerning this. What happened in the workshops is that there were structured discussions and
viewpoints were delivered from the experts. After the
workshop, the core team made a conclusion concerning
the needed number of product architectures, manufacturing architectures, and module area performance
steps. This is a very crucial step—and much further
detailed work has to be carried out later on in implementation. Table 1 shows a possible reduction in product architectures from 60 to 25. Perhaps, detailed
studies will later show that, for example, 30 or 15 product architectures are better. This will, however, not
change the main conclusion—that significant cost
reductions are possible.

Phase 3
This is calculating (Step 7) the benefits in terms of direct
material, direct labor, and CAPEX avoidance

Table 1. List of as-is architectures, to-be architectures, and
financial impact.
Product
line

As-is product
architectures

To-be product
architectures

Financial impact
(% of turnover)

1
2
3
4
5
6
Total

8
9
12
5
10
16
60

4
4
6
3
4
4
25

2.0
0.5
1.2
0.9
2.1
1.0
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concerning tooling. The main inputs are the cycle plan,
number of new architectures, and number of key module areas with ‘‘best of breed’’ cost/performance levels
obtained in Step 3. This means that impact calculations
are very conservative, that is, it is based on solutions
and principles that are already available in the company
today. The main results are summarized in Table 1. The
work has lead to significant conclusions and discussions
in the board of management.
Reduction in the number of product architectures. It is possible to reduce the number of product architectures significantly from 60 to 25 without comprising the number
of commercial variants in the market. No one can for
sure know whether this is completely true, but it seems
that a significant reduction is possible. It has become
clear to the board of management that the number of
product architectures is strategic decision in the company that has to be anchored on senior vice president
level. One vice president explained, ‘‘One architecture is
very wrong—there will be bad cost/performance compromises. On the other hand 20 architectures is also
wrong—this will lead to high complexity on and unfocused R&D effort.’’
Additional benefits of fewer architectures. It is the assumption that the benefits in Table 1 are only the top of the
iceberg. There are additional savings in terms of
reduced ware house cost, due to fewer module areas
and part number. The efficiency in factories should
increase due to fewer change-overs on the assembly
lines. It should also be possible to introduce later customer order decoupling points, which should reduce
delivery time. Furthermore, it should be possible to
increase utilization level in factories, due to fewer parts,
modules, and architectures. Furthermore, additional
savings can be expected in purchase due to higher purchasing volume.
From an R&D perspective, fewer architectures
means that the R&D effort on each architecture could
be increased. This should again lead to increased quality, higher level of innovation, and reduction in time to
market for new variants.
Product line design principles. During the work, it has been
clear that some product lines are fundamentally
wrongly designed. The engineering design approach
has been wrong. It means that high-end products have
been designed first and then the approach has been to
‘‘strip’’ them to reach mid- and low-end markets. The
results have been that the costs for mid- and low-end
products are too high. One R&D manager explained,
‘‘Stripping a Rolls Royce will not lead to a cost effective Polo car.’’ The conclusion is that every module

area design should in the future be based on scale up
thinking rather than scale down thinking and part of
one or more well-defined architectures.
Implementation. Two fundamental implementation
alternatives are being considered. The traditional organization could drive implementation according to the
approved cycle plans. The implementation time would
then be approximately 7 years for all product lines.
Another alternative is to establish a separate product
and manufacturing architecture organization that has
the full responsibility for all product lines and manufacturing. This would reduce implementation time but
increase CAPEX. So far, no conclusions have been
made. Another concern is the coordination between
shared product architectures and increased automation
in assembly. These two initiatives naturally have to be
coordinated. It would be waste of resources to automate product architectures that will be phased out.
Implementing shared architectures and then afterward
increased atomization might take too long time.

Discussion
In the state-of-art literature on platforms and engineering design in general, it is often the assumption that
concepts for the future product program have to be
developed in order to evaluate cost reduction potentials. For practical reasons, this will not be possible in
large global companies, so another approach is necessary to evaluate financial impact of shared architectures. The main contribution in this article is a top–
down reasoning approach. This means reasoning from
what is required in the market and relating this to the
number of as-is product architectures. Hereby, the mismatch between market requirement and the current
number of product architectures should be recognized
and the ideal future number of architectures is identified. Compared to a real conceptualization project, the
AME method will not provide financial benefits with
the same level of confidence, but still good enough to
evaluate whether it is relevant to continue working
toward shared and fewer product architectures.
The AME method is very dependent on senior people in an organization, the top–down reasoning from
the current state to future state is often difficult and
there might be conflicting opinions. The viewpoint of
the authors is that even though the ‘‘ideal’’ number of
architectures is slightly higher or lower, it will not
change the main conclusions. This means that a significant reduction in the number of product architectures
is possible without compromising the market coverage.
Concerning application to the AME, the ideal company is mass producing with a history of mergers and
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acquisitions, distributed R&D, and manufacturing.
Due to mergers and acquisitions, there will often be
product lines with overlapping products. Due to distributed R&D and manufacturing, there will often be misalignment, that is, reinventing the ‘‘wheel’’ examples.

Conclusion
The article has presented a relatively simple method for
calculating the benefits of shared architectures, the socalled AME method. There are three major contributions. The first one is an operational way to describe
and count the number of product architectures.
Second, the cost performance mapping shows in simple
way how the performance steps of modules are realized. Number 3 contribution is top–down reasoning
concerning the number of product and production
architectures. From a practical point of view, the main
contribution is the increased ability to have strategic
discussion on the right number of architectures in a
company based on facts.
There are many improvement areas in the AME
method. One of them is finding out how to reason from
requirements in the market, to the number of product
architectures, and to the number of manufactured
architectures. There must be sound principles for
obtaining the right balance between the product and
manufacturing architectures. Second, it should also be
possible to include other quantifiable benefit dimensions such as time to market, R&D efficiency, and
complexity reduction in manufacturing.
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