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ABSTRACT 
This thesis presents methods to support companies in the operation and maintenance of product 

configuration systems and investigates the impact configurators can have on operational performance 

of project-based companies.  

Product configuration entails the action of combining individual components or modules to create a 

complete product specification. This process can be automated using product configuration systems, 

which are a class of IT systems made to support the configuration process by use of rules and constraints 

dictating what product variants are allowed to be specified.  

Much research have been conducted in relation to the development, implementation and impacts of 

product configurators. However, challenges still exist in relation to the operational phases of 

configurators, including their maintenance and impact on operational performance. Hence, this research 

is focused on the following areas: (1) actionable methods to structure, implement and maintain product 

configurators in non-object-oriented software; (2) identification of approaches and capabilities needed 

for product configurators to support operations in project-based companies (i.e., from sales, design, 

engineering and production); and (3) the impact of product configuration systems on operational 

performance dependent on how well product configurators are operated and maintained.  

This thesis provides research to address those challenges by determining improved methods to design 

and implement configuration systems to support the operations and maintenance of product 

configurators and by investigating how different operational and maintenance efforts can impact 

operational performance. This research project used case studies and design research.  

The results include suggestions for improved product configuration model representation structures; a 

theoretical framework for multistage configuration with empirical evidence of its feasibility; and a case 

study describing product configuration maintenance of knowledge bases, its potential impacts and its 

operational performance. 
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RESUMÉ 

Denne afhandling præsenterer metoder der kan understøtte virksomheders drift og vedligehold af 

produkt konfigureringssystemer og undersøger hvilken indvirkning konfigureringssystemer kan have på 

driften i projektbaserede virksomheder.  

Produkt konfigurering indebærer handlingen at kombinere enkelstående komponenter eller moduler 

der tilsammen udgør en komplet produkt specifikation. Denne proces kan automatiseres ved bruge af 

produktkonfigureringssystemer, som er en form for IT systemer, der understøtter 

konfigureringsprocessen, ved at benytte regler og begrænsninger der dikterer hvilke produkt varianter 

der er tilladt at specificere.  

Der er blevet forsket meget i udvikling, implementering og indvirkning fra produktkonfigurering. På 

trods af dette, er der stadigvæk udfordringer i forbindelse med de operationelle faser af 

konfigureringssystemer. Udfordringerne inkluderer vedligehold af produktkonfigureringssystemer og 

dets indflydelse på kvaliteten af en virksomheds drift. Denne forskning fokuserer på områderne: (1) 

praktiske metoder til at strukturere, implementere og vedligeholde produktkonfiguratorer i standard 

software; (2) identificering af metoder og systemkrav der muliggøre brug af produktkonfigurering til 

understøttelse af alle driftsfaser i projektbaserede virksomheder  (salg, design, detaljering og 

produktion) samt (3) den indvirkning konfigurationssystemer har på virksomheder afhængig af hvordan 

et konfigureringssystem bliver  driftet og vedligeholdt.  

Denne afhandling bidrager med forskning ved at præsentere metoder til at designe og implementere 

produktkonfigureringssystemer med fokus på understøttelse af drift og vedligehold af 

produktkonfigureringssystemer samt undersøgelser af hvordan forskellige indsatser i drift og 

vedligehold kan påvirke driften i en virksomhed. Forskningsprojektetet er gennemført ved brug af case 

studier og design research.  

Resultaterne inkluderer forslag til forbedret strukturering af produktkonfigureringsmodeller, et teoretisk 

framework til flertrins konfigurering samt empiri der demonstrer tilgangens gennemførlighed og et case 

studie der beskriver hvordan drift og vedligehold af konfigureringssystemers vidensbase, kan have 

indvirkning på driften i en projekt-baseret virksomhed.      
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1. INTRODUCTION 
This chapter describes the background and relevance of the research on the operation and maintenance 

of product configuration systems (PCSs). The relevance is investigated both from an academic and 

industrial viewpoint. 

1.1 Background and industrial challenges of product configurators 
Increasing customer demands put pressure on companies to deliver customized products at a price 

point comparable to mass production. At the same time, product development cycles have become 

shorter, quality demands have risen and legislation compliance has become more complicated, resulting 

in a need to respond quickly to market changes and emerging opportunities. Companies adopt 

strategies, such as mass customization (MC) (Pine, 1993), that aim at satisfying individual customer 

needs at costs that do not considerably differ from those of similar mass-produced products (Tseng, Jiao 

and Merchant, 1996). MC can be realized based on modular design principles that allows for product 

launches from modules that can be mixed and matched into new product variants (Meyer and Lehnerd, 

1997; Ericsson and Erixon, 1999; Andreasen, Mortensen and Harlou, 2004; Simpson et al., 2014). 

Companies increasingly use information technology (IT) support in the form of PCSs to handle modular 

product assortments.  

PCSs can be defined as expert systems that support design activities throughout the customization 

process where a set of pre-defined components are described by a set of properties (attributes) and 

their values, the connection of the components (parts) and constraints to prevent infeasible 

configurations (Mittal and Frayman, 1989; Felfernig, Friedrich and Jannach, 2000). PCSs are generally 

implemented in knowledge bases, which aim to represent feasible product configurations and exclude 

infeasible variants. Hence, the purpose is to limit the solution space of product configurations to the 

preferred and profitable variants. If a knowledge base is not representative of the product assortment, 

the PCS may allow product designs that are difficult to make, unprofitable or downright impossible to 

produce. Hence, products specified outside of the standard assortment could result in the need for 

validation, design changes and refinement activities that would not be necessary if the products were 

sold within the standard product assortment. 

Because the knowledge base defines what products the PCS is allowed to specify, design and produce, it 

is generally acknowledged that a PCS is only as good as the quality of the knowledge base. That is, if a 

configuration system contains a knowledge base with an incorrect representation of components and 

constraints, it may allow for specification of improper solutions. Thus, it is important that a PCS is well-

maintained to operate as intended. In that regard, it is important to consider how to design, operate 

and maintain a PCS to achieve the benefits reported in the literature, which includes improvements in 

performance measures such as time, cost and quality. 

Common challenges in operation and maintenance of PCSs include product modelling, knowledge 

management (Felfernig, Friedrich and Jannach, 2000; Forza and Salvador, 2002a; Ardissono et al., 2003; 

Haug and Hvam, 2007; Heiskala et al., 2007; Kristjansdottir et al., 2018b; Haug, Shafiee and Hvam, 

2019a) and organizational setup (Forza and Salvador, 2007; Hvam, Mortensen and Riis, 2008). This thesis 

deals specifically with the challenges of operation and maintenance of PCS and the resulting impact 

from different efforts and methods in relation to maintenance and operation.  
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According to the Oxford Advanced Learners Dictionary, operations is defined as “the activity or work 

done in an area of business or industry”. Additionally, maintenance (of something) is defined as “the act 

of keeping something in good condition by checking or repairing it regularly”. In this research context, 

operations and maintenance are only used in relation to PCSs. Thus, operations refers purely to the 

activity or work done in relation to PCSs, and maintenance refers specifically to the processes of keeping 

a PCS and its knowledge base in good condition. 

The claim in this thesis is that the quality of PCS maintenance and operations efforts can have an impact 

on companies’ operational performance. Operational performance refers to the measurable aspects of 

the outcomes of an organization’s processes, such as cost, quality, time, reliability, production cycle 

time or inventory turns, inventory holding costs, processing costs, conformance and order specification 

flexibility (Voss, Åhlström and Blackmon, 1997; Forza, Salvador and Trentin, 2008). Operational 

performance in turn affects business performance measures, such as market share, customer 

satisfaction and companies’ competitiveness. This research seeks to investigate how operations and 

maintenance of PCSs impact operational performance. 

1.2 Academic challenges 
Numerous challenges related to PCSs have been addressed in scientific research. The topic of this thesis 

is generally related to two academic terms: mass customization and product configuration. An overview 

of the current research challenges was investigated based on the scientific literature. To assess the 

academic challenges, various searches were conducted in Scopus-indexed papers and books using 

different search strings related to product configuration, mass customization and reviews. Relevant 

reviews and research directions related to the topic of this thesis can be seen in Table 1.  

The most comprehensive review on product configuration was provided by Zhang (2014), who 

presented a detailed classification of related research areas and challenges. This thesis builds on Zhang’s 

(2014) contributions to frame the presented findings in relation to categories already agreed upon in the 

configuration literature. Zhang (2014) systematically reviewed product configuration literature 

published in the period from 1998 to 2014 and identified 14 major issues in configuration research,1 

which were divided into two broad categories related to design and management implications. This 

research contributes to five of the 14 relevant research areas identified by Zhang (2014). In this 

research, the most relevant academic challenge areas were configuration knowledge representation, 

conceptual modelling, configuration system design and development, configuration impact and 

configuration management.  

In this research, configuration knowledge representation, conceptual modelling and configuration 

system design and development were grouped in a collective category based on their relation to the 

design and development of PCSs. These topics were grouped together because they are closely related 

and overlapping in this research, so a rigid distinction between them is not necessary. The topics of 

configuration impact and configuration management were likewise grouped collectively because of their 

relation to the management and impact of PCSs. This project seeks to investigate both design and 

development as well as managerial impact in relation to the maintenance and operations of PCSs. 

                                                           
1 The 14 categories identified by Zhang (2014) were (1) configuration ontology, (2) knowledge acquisition, (3) knowledge representation, (4) customer needs 

elicitation, (5) configuration recommendation, (6) configuration explanation, (7) configuration diagnosis, (8) conceptual modelling, (9) configuration solving, (10) 

system design and development, (11) configuration impacts, (12) configuration management, (13) reconfiguration and (14) configuration for disassembly. 
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Table 1: Relevant review papers and areas of future research  

Source Research focus Areas identified for future research 

Suzic et al. (2018) Review of 
implementation 
guidelines for MC  
(based on 101 references) 

 MC implementation instructions for specific 
contexts 

 Identification of MC resource needs for 
implementation 

 Obstacles to MC implementation 
 

Christensen and 
Brunoe (2018) 

Review of product 
configuration in the ETO 
and capital goods 
industry  
(based on 50 references) 

 Staged product specification approaches in 

product configuration 

 Management of complex engineering knowledge 
in product configuration 

 Solutions to handle products outside the defined 
solution space in ETO configurators 
 

Zhang (2014) Review of product 
configuration: state-of-
the-art and future 
research opportunities 
(based on 110 references) 

 Configuration knowledge representation  

 Conceptual modelling 

 System design and development 

 Configuration management 

 Configuration impact 
 
 

Fogliatto, da 
Silveira and 
Borenstein (2012) 

Review on MC literature 
(based on 177 references) 

 Empirical validation of the conceptual 
frameworks proposed in MC literature 

Note: ETO = engineer to order; MC = mass customization. 

1.2.1 Research areas related to the design and development of product configurators 
The following section is a brief description of the relevant research areas, the most important 

contributions to these areas and the challenges that still exist within each of these areas. A visual 

overview can be seen in the areas of relevance and contribution (ARC) diagram in Section 2.1. 

Knowledge representation 
Configuration knowledge representation entails the effective organization of configuration knowledge, 

such as components, sub-assemblies and assemblies and the relationships between them (Zhang, 2014). 

Knowledge representation is how components and their relationships are defined and how these 

relationships are organized and structured within a system. Multiple approaches to knowledge 

representation exist. Felfernig, Friedrich and Jannach (2000) suggested the use of a Unified Modelling 

Language (UML)/Object Constraint Language to facilitate knowledge transfer between knowledge 

representation and implementation. Hvam, Mortensen and Riis (2008) suggested using conceptual 

models in the form of product variant masterplans (PVMs) with class responsibility collaboration (CRC) 

cards, transferring the visual PVM to a UML model and implementing the UML model in a configuration 

system. A modified approach to a bill of materials (BOM), known as a generic BOM, has also been 

suggested (Olsen and Saetre, 1997; Tseng, Chang and Chang, 2005; Forza and Salvador, 2007). In most 

knowledge representation approaches found in the configuration literature, the researchers 

predominantly assume full support of object-oriented features in their implementation or do not go into 
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detail regarding implementation. Full object-oriented support is rarely the case in commercially 

available configuration software. Additionally, the knowledge representation described in the literature 

is usually aimed at a single product configurator supporting a single part of a specification process (i.e., 

sales, engineering or production). Zhang (2014) called for research on knowledge representation of 

integrated configurations with a single PCS support product, process and supply chain. 

Conceptual modelling 
Conceptual modelling for product configuration is an important part of knowledge representation 

because it presents configuration knowledge at a higher conceptual level. According to Zhang (2014), 

conceptual modelling is the step before configuration knowledge representation, and directs how 

configuration knowledge should be effectively represented in developing configurators. Most of the 

literature on conceptual modelling in relation to configuration is aimed at the configuration of large, 

complex artefacts, for which multiple approaches exist.  

McGuinness and Wright (1998) proposed an approach to conceptual modelling based on object-

oriented technology and description logic, which was successfully implemented by AT&T. Peltonen et al. 

(1998) suggested a hierarchical product structure method divided into two sub-parts: structure and 

constraints based on a BOM with optional parts and parameters represented. Aldanondo, Rougé and 

Véron (2000) proposed a method based on a function breakdown structure that relies on object-

oriented modelling techniques. Felfernig, Friedrich and Jannach (2001) created a UML structure based 

on the functional architecture of a product. Hvam, Mortensen and Riis (2008) suggested the centre for 

product modelling (CPM) approach, which is grounded in the theory of technical systems (Hubka and 

Eder, 1988), product family modelling (Harlou, 2008) and object-oriented modelling (Booch, Rumbaugh 

and Jacobson, 1999).  

Most conceptual modelling techniques for configuration system implementations are proposed within 

the object-oriented paradigm. Commercially available PCSs are not necessarily object oriented, which 

can lead to challenges in implementation and conceptual modelling. Hence, there is a need to 

investigate how conceptual modelling should be implemented in non-object-oriented modelling 

systems. 

System design and development 
System design and development includes research about design solutions, development and 

maintenance of product configurators. Most of the research has been conducted in the context of single 

case application configurators of configurable complex products in the business-to-business domain.  

Hvam, Mortensen and Riis (2008) proposed the CPM approach using conceptual modelling, CRC cards 

and UML diagrams. The CPM approach was later updated by Shafiee, Hvam and Bonev (2014) 

specifically for engineer-to-order (ETO) companies. Hvam et al. (2005) and Haug (2010) suggested 

requirements and a solution to product documentation, and Shafiee et al. (2017) suggested an IT 

solution that allows for single source documentation by translating the knowledge representation of a 

configuration system to a conceptual model that can be understood by domain experts.  

The research has, for the most part, focused on development of single configurators with a single 

function (i.e., supporting either sales, engineering or production). The trend in configuration systems is 

moving towards integrated configuration, configuration lifecycle management (CLM) or, as termed in 

this thesis, multistage configuration. The knowledge about the design of these integrated configuration 

systems is still not comprehensive (Zhang, 2014). 
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1.2.2 Research areas related to management and impacts of product configuration 
The following section is a brief description of the relevant research areas related to the management 

and impact of configurators. 

Configuration impact 
Configuration impact is the understanding of how product configurators affect company performance 

and business activities. This impact can be divided into two broad categories: performance measures 

(e.g., time, cost and quality) and management issues in relation to the use of configurators (Zhang, 

2014). Most of the literature on configuration performance has measured impacts in the form of 

positive outcomes for companies (i.e., reduced resources expenditure and increased operational 

performance) (Hvam, 2006a; Orsvärn and Bennick, 2014; Myrodia, Kristjansdottir and Hvam, 2017). 

Recently, multiple studies have been conducted on the costs and benefits of configurators 

(Kristjansdottir et al., 2018a; Haug, Shafiee and Hvam, 2019b). From a theoretical point of view, 

understanding how a PCS is operated and maintained is important for configuration success (Barker et 

al., 1989); however, few studies exist on the relationship between operation, maintenance and 

companies’ operational performance.  

Configuration management  
Configuration management comprises the core of the management of design documents and 

specification of changes to a product throughout its lifecycle (Watts, 2015). Design specifications can be 

managed in many ways, and the most commonly used ones include manual specification updates, 

enterprise resource planning (ERP), product data management (PDM), electronic document and records 

management systems (EDRMSs) and product lifecycle management (PLM) systems. The need to change 

configurations throughout the lifecycle provides a unique research opportunity to PCS research, as the 

needs in the knowledge base may vary over time. As companies face rapid market changes, the 

lifecycles of products are shortened and, consequently, so are their designs and specification lifetimes. 

As products evolve, the configuration knowledge representation in product configurators must be 

changed as well to reflect new product offerings.  

In a survey of 10 companies in the Finnish industry, Tiihonen et al. (1996) identified problem areas and 

determined that long-term management of product knowledge and configurations is a source of 

company risk. They called for more research on the management of configurators to mitigate this risk. 

Zhang (2014) similarly concluded that the available studies do not touch on the necessary changes to 

product configurators and that efforts in the future should be directed to configurator maintenance 

such that the change of configuration knowledge will not lead to unwanted effects on configuration. 

1.2.3 Summary of academic and industrial challenges 
To summarize, multiple approaches exist for the development and implementation of PCSs, but the 

necessary steps after implementation (i.e., operation and maintenance) have not received detailed 

attention. This includes how to set up and maintain a configuration system in non-object-oriented 

standard software, how a PCS can be developed and used to support operations in multiple specification 

cycles and what impact maintenance efforts can have on operational performance and ultimately 

business outcomes. Based on industry challenges and literature gaps, two main areas of focus in the 

operation and maintenance of PCSs were identified within this research project: 
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 Design, development, maintenance and operations of PCSs: knowledge and methods of 

conceptual modelling, knowledge representations for standard configuration software and 

system design as well as development with respect to operations and maintenance of later 

stages of the PCS lifetime (the purpose of this research area is to support operation and 

maintenance of PCSs) and 

 

 Managerial impact of PCSs: understanding of management implications and impact from the 

use of PCSs relative to maintenance and operation efforts, system design and strategies (the 

purpose of this research area is to understand the impact of operation and maintenance 

efforts on PCSs). 

1.3 Background of the research 
The research results presented in this thesis are based on a three-year research project focused on 

supporting companies’ use of modular product strategies supported by IT systems and enabling these 

companies to adopt an MC strategy. This thesis is part of a research project being conducted by the 

Manufacturing Academy of Denmark (MADE), which is a Danish non-profit association that was 

launched to make Denmark the world’s leading manufacturing nation. According to MADE, this should 

be accomplished through strategic partnerships between research institutes and industries. MADE is 

funded by companies (48%), the Innovation Fund Denmark (38%), universities (8%) and private funds 

and associations (6%)  (MADE, n.d.). The industrial partners include more than 150 companies ranging 

from small and medium-sized enterprises (SMEs) to large multinational companies. With a goal of 

strengthening Danish manufacturing companies, the focus of MADE is defined by the needs of the 

Danish industry and global trends. This research was carried out in nine different work packages (WPs), 

each of which addressed a specific challenge. This research project is a part of WP1: “High speed 

product development”, the goal of which is to “develop processes for product development using 

modular principles in product design and the use of supportive IT tools in order to achieve rapid 

development and introduction of new products” (MADE, n.d.). 

The scope of this project is to determine how supportive IT tools (i.e., configuration systems) can be 

used to support product specification. For PCSs to be implemented, there must be a certain degree of 

modularity in the design (Hvam, Mortensen and Riis 2008). The development of modular product 

designs is not considered in this thesis but rather is seen as a precondition for this research and has 

been treated in detail in other WP1 research projects (Løkkegaard, 2017). 

As the majority of the funding for this project came from industrial interests, the outcome of this 

research is expected to add value to the Danish manufacturing industry and deliver tangible insights that 

can be disseminated throughout Danish companies. This particular research is focused on members of 

the MADE network and their challenges regarding project-based SMEs. SMEs in Denmark were 

responsible for 60% of all wealth creation and 64% of all employment in the non-financial sector in 2017 

(Muller et al., 2018). Twenty-three percent of Denmark’s SMEs were classified as industry, 

manufacturing, mining or construction SMEs, and in 2017 they were responsible for 68% of the turnover 

from Danish non-financial SMEs (Erhvervslivets sektorer - Danmarks Statistik, 2020). 

This research will be relevant to some of the SMEs in industry, manufacturing and construction. 

However, some results may also be applicable to companies outside of this scope.  
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1.4 Research aim and research questions 
This section introduces the research aim and research questions (RQs) of the project. 

1.4.1 Research aim 

 

The overall research aim is broken down into four RQs investigating specific areas. The motivation for 

the questions is that it is challenging to operate and maintain configuration knowledge, and therefore 

there is a need for implementation and maintenance guidelines (RQ1). Furthermore, project-based 

companies experience challenges with specification quality due to unique projects, and PCSs may be 

able to increase this quality (RQ2). Ultimately, PCSs are implemented to provide benefits; therefore, it 

would be valuable to study their impact for managers considering such implementations (RQ3 and RQ4). 

The RQs were answered through scientific papers written during the three-year project. The following 

section presents and explains the motivation for the selected RQs.  

1.4.2 Research questions 
This section introduces the RQs. Table 2 presents all of the questions and their relationships. 

RQ1: How can PCSs be structured, implemented and maintained in standard configuration software? 

Previous studies have dealt with methods for structuring, implementation and maintenance of PCSs. 

However, the methods predominantly assume object-oriented representations (Felfernig, Friedrich and 

Jannach, 2000; Hvam, Mortensen and Riis 2008), which are often not available in standard product 

configuration software. Furthermore, maintenance methods rely on time-consuming approaches of 

double documentation. This question was investigated in Paper D in an exploratory case study using 

design research methodology (DRM) to redesign and improve the structure, implementation and 

maintainability of a PCS using a three-step framework.  

RQ2: How can operations in project-based companies be supported by PCSs? 

Much like ETO companies, project-based companies must deal with the challenge of every project being 

unique and therefore containing unique product specifications. Hence, product configuration is a 

challenge since the repeatability of projects is low, even though the similarity can be high. This question 

was investigated in Paper E, where the research introduced a framework for multistage configuration 

and identified three necessary capabilities to extend a sales configurator to support order fulfilment in a 

project-based company. 

RQ3: How can PCS maintenance efforts impact operational performance? 

It is generally acknowledged in the research community that maintenance of PCSs is important for their 

operational performance and ultimately for the company. However, no studies have directly linked the 

maintenance efforts to operational performance. This question is answered in Papers B, C and D, which 

all compare a well-managed and well-maintained state with one that is less so.  

RQ4: How can PCSs impact operational performance? 

The aim of this research is to develop methods and tools to facilitate successful implementation, 

operation and maintenance of PCSs (in project-based SMEs) and to provide theoretical and 

empirical evidence of the impact PCSs can have on operational performance. 
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The impact of PCSs is a research area in its own respect (Zhang, 2014). Most of the impacts reported in 

the literature are positive or neutral; thus, it is generally acknowledged that configuration systems are 

challenging to design, implement and operate and in some cases may have negative impacts if projects 

and systems are not well-managed. All studies in this thesis were conducted in close collaboration with 

industry professionals and therefore also represent the (positive or negative) impact of using PCSs. 

Table 2: Research motivation and related RQs 

Motivation RQ 

Operation and maintenance of configuration 
models are a major challenge in companies, 
especially in SMEs. 

RQ1: How can PCSs be structured, implemented 
and maintained in standard configuration 
software? 
 

Project-based companies sell projects with a high 
level of abstraction. This results in a need to ensure 
specification quality as projects are detailed and 
executed. 
 

RQ2: How can operations in project-based 
companies be supported by PCSs? 

Maintenance of configurators is generally 
considered important, but it is unclear how 
maintenance efforts impact operations. 
 

RQ3: How can PCS maintenance efforts impact 
operational performance? 
 

PCSs are implemented to provide benefits; 
therefore, it is valuable to study their impact for 
managers considering such implementations. 

RQ4: How can PCSs impact operational 
performance? 
 

Note: RQ = research question; PCS = product configuration system; SME = small and medium-sized 

enterprises. 

1.5 Thesis structure 
This thesis is based on sub-theses in the form of scientific publications. The aim of this thesis is to 

connect these papers’ individual contributions into a coherent piece of research explaining the bigger 

picture. The thesis is structured in the following chapters.  

Chapter 1 provides an overall introduction to the topic of this thesis along with the background and 

premises for this research. Chapter 2 describes the research approach based on the DRM and 

establishes a link between the individual contributions and methods used to obtain the results. The 

theoretical background in Chapter 3 presents the basic assumptions and theories used as a basis for this 

research along with the theoretical framework used for validation of the results. Chapter 4 presents the 

results in the form of brief summaries of the published papers. Chapter 5 answers the RQs and evaluates 

the validity of the individual contributions. Chapter 6 suggests further research directions. Chapter 7 

concludes the research. Chapter 8 lists the references, and Chapter 9 contains the appended scientific 

papers generated throughout this research project. 
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2. RESEARCH APPROACH 
This chapter presents the research approach, scope and limitations along with the research and 

evaluation methods used in this thesis. The overall framework of this research project is the DRM. 

2.1 Research context 
The ARC diagram in Figure 1 represents the relevant research areas. The centre of the model represents 

the research topic of this thesis, and branching out from the main topic are the related research fields. 

The relevant research areas were identified within the research area of product configuration research 

based on a review paper presented by Zhang (2014) and named consistently to fit into the existing 

literature. The main contribution areas are divided into three clusters. The left cluster represents 

configuration knowledge representations, including configuration system design, development, 

knowledge representation and conceptual modelling. The top right cluster represents configuration 

management, including CLM, project management, data quality and IT systems (e.g., ERP, PDM, PLM 

and EDRMS). The bottom right cluster represents the configuration impact. 

 

 

Figure 1: ARC diagram, adapted from Blessing and Chakrabarti (2009). 

 

2.2 Research methodology 
DRM was used as a framework for this research project (Blessing and Chakrabarti, 2009). DRM is 

suitable for projects aimed at developing interventions to improve reality with design support tools and 

to evaluate design tools. DRM is widely acknowledged in the field of engineering design and is well-

suited for design research projects. Furthermore, this research is grounded in the problem-based and 

theory-based approaches described by Jørgensen (1992). 
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2.2.1 Problem-based and theory-based approaches 
The problem-based and theory-based approaches represent two different methods of conducting 

research (Figure 2). The industrial track uses an industrial challenge as the starting point and analyzes 

structures, causalities, empirical rules, etc. as a foundation to diagnose, synthesize and ultimately arrive 

at new scientific acknowledgements. The literature track represents studying state-of-the-art literature 

to synthesize, model and analyze existing knowledge to create new scientific acknowledgements. Both 

tracks can be adapted and implemented in the real world to obtain practical results grounded in 

research. They can be used individually as a basis for research dependent on the researchers’ goal; 

however, in design science, both tracks are often applied simultaneously to ensure the problem is 

relevant to both industry and academia. This project draws from both the problem-based and theory-

based approaches. 

 

Figure 2: Problem-based and theory-based approaches, reprinted from Jørgensen (1992). 
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2.2.2 Design research methodology 
DRM includes four stages: Research Clarification, Descriptive Study I, Prescriptive Study and Descriptive 

Study II (Figure 3). The thick arrows in the figure represent the main flow of DRM activities, and the thin 

arrows represent iterations between stages. The DRM approach is not linear and does not have to be 

performed chronologically, but rather it should be used as a guide to the stages of design projects. Every 

stage has associated basic means that are used to obtain the outcome of that stage. A brief description 

of the four stages are as follows: 

 Research Clarification helps explain the current understanding and the overall research aim, 

assists in developing a research plan and provides a focus for subsequent stages, including for 

desired future stages at a conceptual level. 

 Descriptive Study I aims at increasing the understanding of the design and the factors that 

influence its success, primarily through analysis of empirical data, to build further understanding 

of the research problem and clarification of the desired future state. At this point, an impact 

model is created and used to identify measurable success criteria for the research project. 

 Prescriptive Study focuses on introducing the developed support tool in a systematic way and 

with such a level of detail that an evaluation of its effect can be measured against measurable 

success criteria. 

 Descriptive Study II aims at increasing the understanding of the impact of the support tools and 

evaluation of whether the support tools contribute to the success factors and can be used for 

the task as intended. Further improvements can also be identified in this phase, and it is 

therefore not necessarily seen as an ending point because it can lead to further descriptive 

studies. 

 

Figure 3: DRM, reprinted from Blessing and Chakrabarti (2009). 
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2.3 Research design and activities 

2.3.1 Primary case company: a system delivery balcony manufacturer 
This empirical research was primarily done through case study research in collaboration with a 

construction company that retrofits balconies onto existing buildings. This SME is a project-based 

system delivery company within the construction industry that delivers complete systems and 

installations; it handles all processes from order to delivery, including sales, design, specifications, 

ordering and service. 

In 2019, this medium-sized company had about 150 employees and installed approximately 3000 

balconies a year in the Nordic market. The company operated in a market where customization was 

necessary in order to satisfy requirements from customers and local authorities. This means that all 

products had to meet customer-specific needs – such as dimensions, architectural appeal and structural 

strength – to fit to an existing building. The consequence was that all products delivered from the 

company were similar but at the same time unique and customized for each specific customer. An 

illustration of the product can be seen in Figure 4. 

    

Figure 4: Before (left) and after (right) picture of case company offerings. 

The company handles the process of designing and specifying the product, seeking approval from 

authorities, ordering balconies from a manufacturer and installing these balconies onsite. Some 

processes could be categorized as internal because the company is in control, while others are external 

processes because other factors – such as regulations and external suppliers – limit the possibilities. An 

overview of the specification process can be seen in Figure 5. 
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Figure 5: The order specification process. 

Since 2007, the company has adopted a modular approach to product development and delivery by 

limiting the solution space to a number of predefined modules. Since 2011, the modular product design 

has been supported by a product configurator during the sales phase. The product configurator was 

designed to take user inputs from salespeople – who specify the product design choices and work 

processes needed – and match different modules from the solution space to generate a cost summary 

depending on the supplier, a production time estimate and a detailed quotation letter. The fact that the 

company had used a modular production strategy supported by a product configurator since 2007 

indicates a relatively high maturity level related to a mass customizing strategy. Thus, this was a suitable 

case company to use for investigations regarding operations and management challenges and the 

impacts of product configurators. 

2.3.2 Research Clarification 
Research clarification is concerned with explanation of the goals and desired future state of the 

research. The outcome of this process is clarification of the topic of interest, current understanding and 

expectations as well as the selection of research methods and areas of relevance and contribution. 

Overall topic of interest 
Product configurators have existed since the 1980s in various forms but are still not widely used in 

project-based industries. It appears that there is a gap between the academic descriptions of PCSs and 

the ability of the industry to implement, maintain and operate configurators to obtain the benefits 

described in the literature.  
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Clarification of the current understanding and expectations  
An initial reference model was mapped in accordance with the DRM (Blessing and Chakrabarti, 2009). 

This reference model was later changed to an impact model (Figure 6) that describes causal 

relationships between a situation with and without design support. The mapping was done based on 

practical experience and supported by the literature.  

Selection of relevant research methods  
During the project, multiple areas of the DRM were used. Both review-based and practice-based 

methods were utilized to investigate the RQs. Practice-based methods are based on experience in 

design practice, while review-based methods are based on literature reviews. The reason for using both 

practice-based and review-based methods is related to the inherent industry focus of the project and an 

observed gap between academic literature and industrial practice. This is similar to the problem-based 

and theory-based approaches described in Section 2.2.1. 

Areas of relevance and contribution  
The areas of relevance and contribution (Blessing and Chakrabarti, 2009) were developed in the 

Research Clarification stage and adapted as the project emerged. Section 2.1 provides a description of 

the ARC diagram. 

2.3.3 Descriptive Study I 
The purpose of the first descriptive study is to refine the Research Clarification stage further with a clear 

understanding of the research aims. This was done using an in-depth literature search and practical 

investigations into the industry in accordance with the problem-based and theory-based approaches 

(see Section 2.2.1).  

From a theoretical-based perspective, the project relied on scientific literature searches conducted in 

Scopus-indexed papers using different search strings, discussions with academic colleagues and 

supervisors and participation in doctoral seminars on the topic (European Operations Management 

Association, Design Society, MADE seminars, etc.). The problem-based perspective was used for 

identification of industry needs in collaboration with industry partners. The research, industry and 

MADE goals were aligned. MADE has a high-level goal of strengthening Danish manufacturing 

companies, which is influenced by several high-level factors such as infrastructure, education level and 

available capital. The high-level factors were not possible to influence in this project, but lower level 

factors could be impacted.  

A reference model (Figure 6) was created to illustrate how the project was broken down into 

measurable success criteria in relation to the MADE goals. Furthermore, causal links were qualified by 

determining if the link relied on assumptions, experiences or published research and the direction of the 

causal link with increasing or decreasing attributes. Other factors, such as the quality of employees, 

market situation and other support systems, also influenced the operational performance. The lower-

level MADE goal of increased competitiveness of companies was also influenced by many factors. 

However, the key factors related to this project were most influenced by the line of argumentation for 

operation of maintenance of PCSs presented in Figure 6. Generally, the focus was to investigate the 

connections between operations and maintenance efforts in a PCS context on company performance 

and to introduce tools and methods to improve maintenance and operations and ultimately company 

performance. 
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Figure 6: Impact model. 
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2.3.4 Prescriptive Study 
During the Prescriptive Study stage, design supports for the identified problem were developed. In this 

research, the prescriptive study was limited to a single study (Paper D), wherein a method for 

implementation of product families to non-object-oriented product configuration software systems was 

developed. The method was conceptualized based on theory and practice and then tested and 

evaluated in a case company. Therefore, the method covers all phases of DRM – from clarification to 

prescription and evaluation – in a single study. 

The prescriptive study also included a more general consideration of the PCS as a design support system 

in itself. Studies A, B, C and E investigated the impact of PCS use as a support tool but did not go into 

detail about the implementation method or tools themselves. Thus, these papers primarily deal with the 

evaluation of PCSs as a tool.  

2.3.5 Descriptive Study II 
The focus of the second descriptive study is evaluation of the suggested tools and methods. In this 

research, the tools exist at two levels: those developed and used to implement and maintain the 

configuration (Paper D) and those developed for the evaluation of the PCS as an already established tool 

in specific situations (Papers A, B, C and E). 

Research verification and validation is a central element in all research activities, and this is also true for 

design research. Different research fields use different approaches for the verification and validation of 

results. Design research is considered to be different from other branches of research due to the fact 

that it deals with open problems, and solutions to these problems cannot be characterized as right or 

wrong but rather as both having scientific (i.e., objective) and artistic (i.e., subjective) components 

(Pedersen et al., 2000).  

Pedersen et al. (2000) suggested that design research (and research in general as long as it can be 

subjected to qualitative and quantitative evaluation) can be evaluated in a relative manner and that 

design methods should be validated according to their usefulness with respect to a purpose. These 

authors formulated six theorems to ensure both effectiveness (Theorems 1–3) and efficiency (Theorems 

4–6) of the design research. 

Effectiveness of the research 

1. Accepting the individual constructs constituting the method 

2. Accepting the internal consistency of the way the constructs are put together in the method 

3. Accepting the appropriateness of the example problems that will be used to verify the 

performance of the method 

Efficiency of the research 

4. Accepting that the outcome of the method is useful with respect to the initial purpose for some 

chosen example problem 

5. Accepting that the achieved usefulness is linked to applying the method 

6. Accepting that the usefulness of the method is not limited to and extends beyond the case 

studies 

In terms of the DRM approach, validation is provided through use of the impact model (Figure 6), 

establishment of causal connections between constructs and monitoring of happenings after 



28 
 

introduction of a design support. Since I was fortunate enough to work on cases with existing tools in 

place, evaluation of two different design tools (i.e., product configurators) was possible. The purpose of 

the second descriptive study is to build confidence that the suggested tools and methods have a causal 

connection with key factors identified in the impact model. In this particular research, the impact was 

evaluated by comparing operational performance between different setups and uses of product 

configurators. A summary of the evaluation in the different papers in this research project is presented 

below. 

 Paper A compares quotes based on a spreadsheet and PCS. 

 Papers B and C compare quotes generated using an outdated product model representation and 

a newly updated product representation. 

 Paper D compares two different product model structures implemented in a configuration 

system and evaluates their maintainability and ease of use.  

 Paper E qualitatively evaluates a multistage configuration system compared to a single-stage 

configurator using questionnaires and semi-structured interviews. 

The evaluation of the research was further detailed in relation to the validation squares presented in 

Section 5.3. 

2.3.6 Overview of the thesis from a design research methodology perspective 
Table 3 provides an overview of the publications and how they relate to the DRM phases and RQs.  

Table 3: DRM stages related to RQs and contributions 

RQ RC DS-I PS DS-II Paper 

RQ1: How can PCSs be structured, implemented and 
maintained in standard configuration software? 

X X X X D 

RQ2: How can operations in project based companies be 
supported by a PCS? 

   X E 

RQ3: How can maintenance efforts of PCSs impact 
operational performance? 

   X B, C, D 

RQ4: How can PCS impact operational performance    X A, B, C, D, E 

Note: RQ = research question; RC = Research Clarification; DS-I = Descriptive Study I; PS = Prescriptive Study; DS-II = 

Descriptive Study II; PCS = product configuration system. 
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2.4 Research methods 
The studies presented in this thesis are primarily based on case study research and literature reviews. 

Additional quantitative methods (e.g., data collection and analysis) and qualitative methods (e.g., 

interviews, workshops and experiments) were also used. These additional methods were utilized to 

enrich the studies through triangulation to heighten the quality and validity of the studies, as proposed 

by Karlsson (2016). The study presented in Paper D was a design research project. 

2.4.1 Case study research 
This thesis relies heavily on case study research. This is a well-established method within many fields of 

research, including design science and management studies. According to Yin (2003) case study research 

allows researchers to investigate a phenomenon in its natural setting. Case study research can be used 

for multiple research purposes, including exploration, theory building and testing, theory extension and 

refinement (Voss, 2008). The phenomenon investigated in this research project is contextual and 

required exploration, theory building and testing and theory refinement.  

The strength of single case study research is that it provides an opportunity for the researcher to 

develop more complicated theories. However, it is important to remember that the best theories are 

both robust and generalizable (Eisenhardt and Graebner, 2007). This research project is based primarily 

on single case studies, allowing for in-depth study to answer the questions of why, how and under what 

contextual conditions (Eisenhardt, 1991; Meredith, 1998). The result of a single case study will not 

necessarily match another similar study. Therefore, case studies in single companies – as presented in 

this thesis – usually cannot be generalized to other contexts without further research. 

Case research can involve both quantitative and qualitative research methods. In this research, a mixed 

methods approach was utilized to investigate both the qualitative effects experienced by company 

representatives (using questionnaires, interviews, workshops and informal meetings) as well as 

quantitative evaluations of related measures. In addition to the case studies, the research methods 

presented in this thesis include literature reviews, quantitative methods based on data collection and 

analysis and qualitative evaluations based on questionnaires, interviews, workshops and experiments. 

2.4.2 Supplementary research methods 
In this thesis, numerous research methods were embedded within the overall framework of the case 

study research. An overview can be seen in Table 4. 

Literature reviews are essential to any kind of research and are the only way to investigate if the 

knowledge generated is new. Research projects must build upon existing knowledge. The literature 

reviews were used to both identify relevant research areas and to support argumentation and 

evaluation, especially for papers where quantitative evaluation was difficult or impossible within the 

timeframe.  

Quantitative evaluations were used in the form of data collection and analysis. In Papers A, B and C, the 

impacts of configurators were evaluated quantitatively by comparing data generated by different 

configuration systems with different knowledge bases. This was done to gain an objective measurement 

of the impact of different tools. In Paper E, costs were assessed based on data collection and calculation. 

Qualitative evaluations were performed in the form of questionnaires, interviews, workshops and 

experiments. The interviews were used to evaluate the impact of support tools when objective 

measures were not available or additional nuance was needed. A semi-structured interview strategy was 
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used due to the unclear terminology used in companies when it comes to operation and maintenance of 

PCSs. Additionally, in order to gain consistent results, it was important to be able to steer the discussion 

in the right direction according to the interviewees’ understanding of the terminology. This allowed to 

gather details about operation and maintenance of PCSs and to identify areas that were not otherwise 

visible. In Paper D, a workshop was used to evaluate a new structure that was based on a proposed 

framework for product structuring. It was tested with a select group of relevant stakeholders. This 

mimicked an experimental design in which two different states are compared to gain insight into the 

differences between the two groups. In Paper E, questionnaires were developed to assess the difference 

between two different configuration setups. 

Table 4: Research methods relative to RQs 

Paper RQs Main method Supplementary methods 

A 4 
Case study research 

 
Literature review, quantitative data 

analysis, interviews 

B 3, 4 
Case study research 

 
Literature review, quantitative data 

analysis, interviews 

C 3, 4 
Case study research 

 
Literature review, quantitative data 

analysis, interviews 

D 1, 4 
Design research, case study 

research 
Literature review, interviews, workshop 

E 2, 4 Case study research 
Literature review, qualitative and 

quantitative data analysis, questionnaire, 
interviews 

Note: RQ = research question. 
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2.5 Other research activities 
This research project also included activities related to the dissemination of knowledge, such as 

presentations within courses, conference and workshop participation as well as discussions with 

industry professionals and colleagues.  

2.5.1 Dissemination of knowledge 
 Presentation at MADE PhD conference; Aarhus University; 2019 

 Presentation of PhD project at 5th International Spring School of Systems Engineering; UT 

Netherlands; 2017 

 Presentation of PhD project at 19th Summer School on Engineering Design Research; Technical 

University of Ilmenau & Technical University of Denmark; Summer 2017 

 Presentations of research status at steering group meetings MADE WP1; 2016, 2017, 2018 and 

2019 

 Mass customization business strategy lecture in course 42451 Mass Customization; Technical 

University of Denmark; Fall 2018 and 2019 

 Presentation of conference article at MCP-CE 8th International Conference on Mass 

Customization and Personalization 2018; University of Novi Sad, Serbia; Fall 2018 

 Presentation of conference article at Configuration Workshop; IESEG, School of Management; 

Paris, France; Fall 2017 

 Participation in ICED17: the 21st International Conference on Engineering Design; Vancouver, 

Canada; Fall 2017 

 Lecture on applied PCSs in course 42451 Mass Customization; Technical University of Denmark; 

Fall 2017 

 Presentation at MADE PhD Conference; University of Southern Denmark; 2017 

 Presentation at Tekniske talenter for high school teachers; Sorø; 2017 

2.5.2 Courses 
 How to write a scientific paper (5 ects) 

o Held at Technical University of Denmark, focus on improving skills in scientific writing 

and publishing 

 EDEN Doctorate Seminar on Research Methodologies (4 ects) 

o Held at the European Institute for Advanced Studies in Management in Brussels, focus 

on research methodologies, including overall research paradigms, case research, survey 

research, action research and simulation-based research 

 Quantitative Research Methods (7 ects) 

o Held at Copenhagen Business School, focus on design, execution, reporting and critical 

review of quantitative research in social sciences and management 

 International Spring School of Systems Engineering (IS3E) 2017 (3 ects) 

o Held in UT Netherlands, focus on state-of-the-art systems engineering 

 Summer School of Engineering Design (5 ects) 

o Held in Germany and Denmark, focused on DRM and its application for PhD projects 

 Platform and Product Family Design: From Strategy to Implementation (6 ects) 

o Held at Massachusetts Institute of Technology, focus on state-of-the-art product 

platform development, methods and terminology 
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3. THEORETICAL BACKGROUND 
This chapter describes the theoretical background for this research and positions the study in relation to 
existing product configuration development frameworks and related research on their operations, 
management and impact. The intention of the chapter is to provide enough information for the reader 
to position this project within the existing field of study. 

3.1 Configuration systems and how they work 
PCSs emerged as a concept in the 1980s and cover a class of IT systems that support specific problem-

solving tasks, such as the design and specification of products (Felfernig et al., 2014). Multiple 

definitions of PCSs exist (Oddsson and Ladeby, 2014). For this thesis, the definition provided by Haug, 

Hvam and Mortensen (2010) is used: A product configurator can be defined as a product-oriented 

expert system (or knowledge-based system) that allows users to specify products by selecting 

components and properties under the restriction of valid combinations. 

Software-based expert systems have evolved from expensive, customized artificial intelligence 

environments to mainstream industrial-strength environments that represent a weak form of artificial 

intelligence since they cannot imitate the full range of human cognitive abilities (Hotz et al., 2014). This 

thesis focuses on mainstream industrial-strength configurators which, unlike traditional IT systems 

based on algorithms, are based on an inference engine and a visual model representation of product 

parts, port connections, rules and constraints (Soininen et al., 1998).  

Based on specific rules and constraints, the inference engine generates the legal combinations of a 

product within the specific boundaries. An expert system with no rules would in effect mean all product 

solutions are legal and everything can be made. Every time a constraint or rule is added, the solution 

space of possible designs is reduced until a unique solution is found. In Figure 7, this process is 

illustrated as a funnel, demonstrating a reduction in product solutions. It is conceptually important to 

understand how an expert system works since it is necessary to define the complete solution space and 

specify what solutions are not allowed instead of specifying how/what to add to find a legal solution. 

Therefore, the complete solution space of a product assortment must be specified, and as more and 

more selections are chosen in the configuration, the solution space is minimized. The consequence is 

that the solution space must be completely specified in order to work, and solutions that are not 

specified are not possible or legal to configure.  

 

Figure 7: Constraint-based system, adapted from Configit Model M1 course material. 

Industrial-strength product configurators can handle rules and constraints using a product model. 

Multiple definitions for product models in relation to product configuration exist (Oddsson and Ladeby, 

2014). A practical definition is the following:  
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The product model is a logic structure that formally represents the type of product offered in 

terms of characteristics (commercial and technical) and constraints between characteristics. At 

the same time, the product model is a set of rules to map commercial and technical 

characteristics into product documents (bills of materials, but also routings, diagrams, etc.). In 

other words, the product model sets the rules for dynamically building the product variant 

documentation starting from the specific needs of the customer. (Forza and Salvador, 2002a) 

Modern configuration environments are model based (Hotz et al., 2014), allowing for a clear separation 

between domain knowledge (product related) and problem-solving knowledge (inference engine). The 

work with knowledge bases and inference engines in this thesis is primarily based on research using the 

commercially available configuration system Configit Model® (Configit A/S, Copenhagen, Denmark). This 

knowledge base is manageable because it provides a modelling environment with a user-friendly 

interface of parts, relations and rules. From the knowledge base, a user interface can be generated for 

configuration users such as salespeople and other non-technical users. Through the user interface, the 

program can validate product selections in real time and generate output data in the form of product 

specifications. An example of a commercial product configurator can be seen in Figure 8.  

 

Figure 8: Model-based representation of a bike and its corresponding user interface (Configit Model, 

http://demo.configit.com/BikeShop2/Default.aspx). 

http://demo.configit.com/BikeShop2/Default.aspx
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3.2 Design and development of configurators 
Designing and developing configurators requires the study of methods and tools to assist in their 

implementation. In this thesis, the theoretical foundation of design and development is the research 

framework developed by Duffy and Andreasen (1995) and the CPM approach by Hvam, Mortensen and 

Riis (2008). 

3.2.1 Product modelling and knowledge representations  
Simply put, a PCS is a computer representation of a product assortment and its possible combinations. 

In configuration projects, structuring of product models and knowledge representations are considered 

necessary for success (Forza and Salvador, 2002a; Felfernig et al., 2004; Hvam, Mortensen and Riis 2008; 

Shafiee et al., 2017; Haug, Shafiee and Hvam, 2019a). Duffy and Andreasen (1995) developed a research 

framework for computer support tools (Figure 9). The framework is characterized by three models: a 

phenomena model, an information model and a computer model. These three models are different 

representations of the real world. The purpose is to ensure that the unstructured information available 

in the real world can be represented in a form accessible to all persons involved in the design, 

development, implementation and operation of PCSs.  

First, the real world represents the company’s knowledge and is often unstructured and informally 

represented. Second, the phenomena model describes a product’s structure, properties and how parts 

are permitted to be combined in a way that can be communicated to domain experts. Third, the 

information model is formalized into an IT representation, usually by UML notation (Felfernig, Friedrich 

and Jannach, 2000; Hvam, Mortensen and Riis 2008), that is understandable to a programmer. Fourth, 

the actual computer model is either programmed directly in programming languages or implemented 

using standard software to represent the real world product. 

 

Figure 9: Research framework for development of computer support tools, adapted from Duffy and Andreasen (1995). 

The interplay between these four model representations will be ever present in maintenance and 

operations as product knowledge changes. When knowledge changes, it must again be gathered from 

experts (real world unstructured information), conceptual models reconsidered (phenomenon model), 

IT documentation updated (information model) and changes implemented to the actual IT system 

(computer model). 
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3.2.2 Centre for product modelling procedure for design, implementation and operation of 

product configurators 
The basic concept of PCSs and their use is described in the introduction of this thesis. This section 

focuses on introducing the seven-step CPM procedure for creating, implementing and operating 

configuration systems as well as positioning this research within this framework. The CPM procedure 

was first proposed by Hvam (2001) and later further extended by Hvam, Riis and Hansen (2003) and 

Haug, Hvam and Mortensen (2010). The procedure is a step-by-step guide covering planning, 

development, implementation and maintenance of PCSs. The foundation of the method is modelling of 

mechanical products in technical systems (Hubka and Eder, 1988) in the form of a PVM (Harlou, 2008). 

The PVM is then transformed into a conceptual object-oriented model representation (Booch, 

Rumbaugh and Jacobson, 1999; Felfernig, Friedrich and Jannach, 2000) supported by CRC cards (Hvam, 

Riis and Hansen, 2003) followed by actual implementation and maintenance. The procedure builds on 

theories and methods from different technical areas. An overview of the theories and methods in the 

CPM procedure is presented in Table 5.  

The approach described in the CPM procedure is heavily grounded in theory and the phases of 

conceptual modelling, design and implementation. However, the operational phase of maintenance and 

further development is to a lesser extent based on theory and relies more on suggestions and 

experiences from practice than literature. The framework suggests maintaining PCSs by updating both 

in-system and out-of-system PCSs in the form of CRC cards as external documentation. Hvam, 

Mortensen and Riis (2008) offered the most comprehensive version of the procedure and laid the 

foundation for the work in this thesis. Based on the CPM procedure, Shafiee et al. (2017) suggested 

automatic generation of documentation. 

Most research within product configuration has been conducted in Phases 1–5. However, detailed 

empirical research on programming, implementation and in particular maintenance and further 

development has not been very detailed until now. In other words, much focus has been put into the 

development of PCSs, but little has been conducted in the operational phase of PCSs and the challenges 

emerging over time.  
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Table 5: Seven-step CPM procedure for product customization  

Step Purpose of step Theoretical basis 
1. Development of specification 

processes  
Identifying and characterizing the most 
important specification processes and 
designing new, improved specification 
processes supported by a PCS 
 

Process modelling techniques 
(Harvey, 2005; Holt, 2009) 
Scenario creation 
Gap analysis  

2. Analysis of product range Defining product range to be 
implemented into the PCS, including 
rules, relations and constraints 
 

Product platform development 
(Meyer and Lehnerd, 1997; 
Ericsson and Erixon, 1999; Harlou, 
2008)Framework for structuring 
product models (Hvam, Mortensen 
and Riis 2008 

  

3. Object-oriented modelling Developing a representation of product 
assortment based on object-oriented 
analysis with the goal of implementation 
into the PCS 
 

Object-oriented analysis (Booch, 
1991; Booch, Rumbaugh and 
Jacobson, 1999; Felfernig, Friedrich 
and Jannach, 2000) 
CRC cards (Hvam, Riis and Hansen, 
2003) 

4. Object-oriented design Selecting software and adapting object-
oriented analysis to fit the software as 
well as elaboration on user interface 
specification, programming dynamics 
and integration into other systems 
 

Selecting configuration software  
User interface design (Rogoll and 
Piller, 2011)  

5. Programming Testing and programming of the PCS 
 

No theoretical basis presented by 
Hvam, Mortensen and Riis (2008) 

6. Implementation Putting the system to use in a company 
and making sure it is well-adopted by 
employees 
 

Change management 

7. Maintenance and further 
development 

Planning for organization of system 
maintenance and continual further 
development of PCS in its operational 
phase 

No theoretical basis presented by 
Hvam, Mortensen and Riis (2008), 
Suggests external documentation 
of the in-system state by use of 
CRC cards 
Product model management 
software proposed by (Haug 2010) 
Automatic generation of 
documentation (Shafiee et al., 
2017) 

Note: PCS = product configuration system; CRC = class, responsibilities and collaboration. Source: Hvam, 

Mortensen and Riis (2008). 
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3.3 Configuration impact  
Configuration impact is the topic of studying the impact of using product configurators on company 

performance and understand how those configurators affect business activities. Impact can be divided 

into two broad categories: performance measures (time, cost and quality) and management issues in 

relation to the use of configurators (Zhang, 2014). 

3.3.1 Configuration impact on performance measures 
The impact and benefits associated with configuration systems have been widely studied and classified 

into benefit categories (Heiskala et al., 2007; Hvam et al., 2013; Kristjánsdóttir, 2017; Kristjansdottir et 

al., 2018a). Some of the benefits reported in the literature can be seen in Table 6. 

Table 6: Benefits reported in configuration literature 

Benefit Study 

Improved cost calculation accuracy Rasmussen, Hvam and Mortensen (2017); Yu and Skovgaard 
(1998); Myrodia, Kristjansdottir and Hvam (2017) 

Improved product specification 
quality 

Forza and Salvador (2002b); Forza, Trentin and Salvador 
(2006); Haug, Hvam and Mortensen (2011); Heiskala, 
Paloheimo and Tiihonen (2005); Heatley, Agarwal and Tanniru 
(1995); Sviokla (1990); Trentin, Perin and Forza (2012); Hvam 
et al. (2004; 2008, 2013); Yu and Skovgaard (1998) 

Improved manufacturing 
specification quality 

Haug, Hvam and Mortensen (2011) 

Increased product standardization 
and measurement 

Huang, Simpson and Pine (2005); Meyer and Lehnerd (1997); 
Hvam et al. (2013) 

Reduced man hours in the 
specification process 

Aldanondo, Rougé and Véron (2000); Petersen (2007); 
Tiihonen et al. (1996); Ardissono et al. (2003); Forza and 
Salvador (2002b); Forza, Trentin and Salvador (2006); Haug, 
Hvam and Mortensen (2011); Heiskala, Paloheimo and 
Tiihonen (2005); Heiskala et al. (2007); Heatley, Agarwal and 
Tanniru (1995); Hvam (2006a); Hvam et al. (2004; 2013); 
Sviokla (1990); Barker et al. (1989) 

Increased profitability of customer 
orders 

Myrodia, Kristjansdottir and Hvam (2017); Kristjansdottir et al. 
(2018a); Haug, Shafiee and Hvam (2019b) 

Increased product quality Yu and Skovgaard (1998) 
 

Empirical case studies have been conducted to identify examples of the positive effects of configurators 

on performance measures. A report by Forza and Salvador (2002b) demonstrated how a small 

company’s manufacturing mould process reduced delivery time and improved coordination between 

the sales and technical departments. Forza, Trentin and Salvador (2006) reported on MarelliMotori, a 

company producing electric motors, which experienced a more efficient sales process in terms of 

communication, speed of offers and BOM generation. Hvam (2006a) discussed how American Power 

Conversion experienced considerably lower costs for specification, reduced product costs, increased 

product quality, increased serviceability and reduced delivery times (from multiple weeks to a single 
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day). Hvam (2006b) also reported on a process plant supplier that experienced improved sales 

negotiation, better quality of specifications and better compliance with company product standards by 

selecting previously produced parts. 

Surveys have also been used to investigate configuration impact. Haug, Hvam and Mortensen (2011) 

surveyed 14 companies and reported significant lead time improvements and reduced expenditure of 

man hours in the quotation process. Trentin, Perin and Forza (2012) surveyed 238 companies from 

various industries using product configurators and demonstrated that the quality in an MC environment 

can be improved by use of product configurators. However, they stated that a clear understanding of 

the target market is necessary to maximize the benefits. 

Recent research in configuration impact includes a study by Myrodia, Kristjansdottir and Hvam (2017), 

who compared how offers made in spreadsheets to a configuration system resulted in more accurate 

cost estimations and increased profitability. Myrodia et al. (2016) reported significant savings for 

engineering companies by increased use of standardized parts.  

Recent research on configuration impact has moved towards a cost–benefit approach aimed at 

providing information on both the investments and benefits experienced from configurators. Haug, 

Shafiee and Hvam (2019b) introduced a framework for cost–benefit assessment, which included cost 

categories to consider when performing cost–benefit analyses on configuration systems. Kristjansdottir 

et al. (2018a) investigated a pump manufacturer’s return on investment from PCS projects and reported 

significant savings in man hours over a five-year period along with reduced lead times. Shafiee et al. 

(2018a) performed a cost–benefit analysis in relation to configurator complexity and found that complex 

and commonly used configurators had a better return on investment than simple and rarely used 

configurators. 

3.3.2 Configuration impact on management issues  
Although the literature has reported numerous benefits of configuration systems, these potential 

benefits are not always realized. In fact, some PCS projects fail before they are even implemented due 

to managerial issues (Haug, Shafiee and Hvam, 2019a). Reasons for project failures in the operations and 

maintenance phase of PCSs include a lack of user support; lack of flexibility to make changes to 

configuration systems; and lack of documentation of the knowledge base, resulting in knowledge bases 

being extremely difficult to update (Haug, Shafiee and Hvam, 2019a). Hence, the impacts of using PCSs 

in engineering companies are associated with a wide range of managerial challenges.  

Kristjansdottir et al. (2018b) categorized the main challenges in manufacturing companies in relation to 

use of PCSs. Through a survey of 22 companies, they identified organizational issues as the most 

frequently encountered challenge (in 68% of the companies). Tiihonen et al. (1996) studied product 

configuration problems in 10 Finnish companies and identified long-term management of product data 

as a considerable problem. Forza and Salvador (2002b) presented a case study on the implementation of 

a configuration system in a small manufacturing enterprise that was experiencing challenges 

implementing complex products in configurators. After launch, the company experienced challenges 

documenting and maintaining the configuration model, which ended up being dependent on a single 

person who implemented the product knowledge. surveyed 61 companies to investigate the 

implications of the use of product configurators. One of the most common challenges was the need to 

ensure continuous product evolution and avoid a fixed product assortment resulting from challenges 

regarding updates to the PCS knowledge base. Managerial challenges to product configurators have 
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been widely documented, but empirical studies concerning the consequences of these challenges and 

practical solutions to efficient management of PCS operations have yet to be conducted. 

3.4 Operations and maintenance of configurators  
In this thesis, operations was defined as the activity or work done in relation to product configurators. 

Maintenance (of something) was defined as the processes of keeping a PCS and its knowledge base in 

good condition. PCSs support operations by automatically generating product specifications according to 

a pre-defined knowledge base. Therefore, the quality of the PCS knowledge base representation is 

related to the quality of the output. Thus, operations of configuration systems and maintenance of 

configuration systems are interrelated topics.  

3.4.1 Operation of product configuration systems 
It is widely acknowledged that the implementation of configuration systems has an impact on company 

operations and can lead to a series of new tasks being created in an organization and other tasks 

disappearing (Hvam, Mortensen and Riis 2008). In other words, configuration system users rely on 

configurators for specification and quotation generation, which thus eliminates numerous processes. 

However, new processes need to be established to ensure the configuration system’s validity through 

continuous testing and adjustments.  

Forza and Salvador (2007) stated that implementation of PCSs has operational implications for 

organizations and that configurators can be seen as a socio-technical system characterized by a 

technical component as well as people, procedures and processes. They described configuration 

systems as an enabler for inter-firm coordination between the front office (sales) and back office 

(technical staff) by decoupling mutual dependencies. However, this decoupling is dependent on correct 

competencies to support and update the model. 

Heiskala et al. (2007) performed a systematic literature review on how MC configurators affect 

companies’ operations and business and reported that the impact of operational change increases the 

need for information management in companies. Furthermore, functional silos (i.e., different 

departments) not working sufficiently together for the customization of products was found to be a 

challenge in some organizations.  

Research has also been conducted into how employee reluctance to adopt the new tool challenges the 

implementation of a configuration system (Hvam, Mortensen and Riis 2008). This is not considered in 

this thesis as it is representative of the transition between implementation and operation and not 

operations per se. Hence, the challenges to the operations of product configurators as identified in the 

literature are mainly related to the increased need for information management and updates to the 

configurator’s knowledge base.  

3.4.2 Maintenance of configurators 
Research into the maintenance of configurators has been approached from both computer science and 

management science perspectives. Programming maintenance (i.e., software support to identify 

infeasibility) has been studied extensively by researchers in computer science (Haag and Riemann, 2011; 

Nasir et al., 2015). However, Felfernig and Zanker (2000) recognized that computational problems are 

not the main issue in the operation of product configurators but rather knowledge acquisition and 

maintenance are. This thesis is limited to focusing on the maintenance of product configurators in 

relation to knowledge representation, maintenance procedures and configuration management. 
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Maintenance of product configurators has been recognized as a challenge to their operation (Haug, 

Shafiee and Hvam, 2019a), leading to project failures due to a lack of maintenance procedures and/or a 

structural design that makes them difficult to update and maintain. Maintenance of PCSs includes 

updating and maintaining the system’s knowledge base in the form of product features at multiple 

levels (Shafiee, Hvam and Bonev, 2014). The main PCS maintenance challenges identified in the 

literature are related to product complexity, frequency of product changes as well as the accessibility 

and knowledge sharing of information needed to perform maintenance tasks (Kristjansdottir et al., 

2018b). 

Various approaches to improve maintenance tasks have been suggested in the literature. Hvam et al. 

(2005) identified documentation as a critical task for product configuration maintenance and suggested 

requirements for this. These requirements were utilized by Haug (2010), who developed an IT solution, 

but this was never adopted by the industry.  

Shafiee et al. (2016; 2018b) acknowledged the CPM procedure as a way to scope and implement 

configuration projects but proposed that PCS models should only be updated after implementation. 

They did so by developing a solution where product model documentation was derived directly from the 

configuration system (Shafiee et al., 2017). 

Barco et al. (2017) suggested dividing configurators into sub-configurators and feeding the next step 

with input from the prior one. The system architecture thus promoted maintenance, and they tested it 

in a case study of thermal building renovations. 

Schierholt (2001) reported on a case of rolling plants from an aluminum manufacturer using a rule-

based planning approach built on an expert system shell designed in the mid-1990s, which production 

planners had found difficult to operate and maintain. They developed a so-called skeleton editor that 

was a graphical representation of rules retrieved and generated directly from an ERP database. 

Production planners reported easier maintenance as a result. 

Challenges have also been investigated empirically in the literature. Two case studies by Heiskala, 

Paloheimo and Tiihonen (2005) identified challenges to knowledge testing and maintenance that 

resulted in a high dependency on configuration experts. In a review, Heiskala et al. (2007) identified 

long-term management of configuration knowledge as one of the most significant challenges in relation 

to the use of configurators in an MC context. 

Haug and Hvam (2007) reported that in some cases, PCS documentation was not sufficiently maintained 

as the system entered the operational phase due to the time-consuming process of documentation. This 

can result in companies not being able to maintain and further develop the configuration system as 

product changes occur. 

Forza and Salvador (2002a) described a case study in a small manufacturing enterprise using 

configuration systems. The project ultimately failed due to challenges maintaining and documenting 

product knowledge, which was overly dependent on a single expert who implemented the product 

knowledge in the configurator. 

Zhang and Helo (2015) conducted a survey in six different companies (in the computer, 

telecommunication systems and industrial machinery industries) regarding the difficulties experienced 

using configurators. They found that the evolution of products necessitates continuous maintenance 

and updates, which is difficult for some companies to perform.  
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Shafiee, Hvam and Haug (2019) investigated four different configurators and concluded that the 

benefits obtained from configurators increased with time if the system was well-maintained but 

decreased if it was not well-maintained. Similarly, Myrodia, Kristjansdottir and Hvam (2017) found that 

the precision of PCSs increased over time due to fine tuning of the knowledge base. 

Kristjansdottir et al. (2018a) investigated the return on investment in a case of PCS implementation in a 

global pump manufacturer and included maintenance costs as a parameter. The case stated that a 

complex configurator required approximately 92 hours of maintenance for the rule base and 34 hours 

for product data per week. As these tasks need to be performed continuously throughout the lifetime of 

the configuration system, the costs of maintenance surpass the costs of design and implementation. 

Even though researchers agree that maintenance is important and can be a cause for configuration 

project failures, few studies have focused on the direct impact of maintenance efforts relative to 

operational outcomes. 

3.5 Configuration systems and configuration management 
Configuration management is the management of design documents and specification of changes to a 

product throughout its lifecycle, including sales, design, engineering, manufacturing and fields services 

(Watts, 2015). Design specifications can be managed in multiple ways, and commonly used techniques 

include manual specification updates to various documents or support from IT systems such as ERP, 

PDM, EDRMS and PLM systems. Unlike these systems, PCSs can generate product specifications based 

on rules and constraints and can thereby support configuration management by ensuring correct 

product data.  

The strength of product configurators is that they support feasible solutions by use of an inference 

engine (Felfernig, Jannach and Zanker, 2000). Hence, the potential of configurators as a tool to support 

configuration management has been well-recognized (Zhang, 2014). Multiple studies have identified the 

need for an up-to-date knowledge base at all times in the product specification life-cycle (Friedrich et al., 

2011; Falkner and Schreiner, 2014) and for consistency checks of configuration models after changes 

(Krebs, 2007). 

Frameworks have been proposed to support configuration management with configuration systems. 

Choi and Bae (2001) proposed an architecture that supported configuration management by using rules 

extracted from configuration management standards. The proposed system was tested in a prototype. 

Jiang, Mair and Newman (2006) developed a framework for product configuration management for use 

in the automotive and aerospace industries by presenting an integrated modelling methodology that 

used UML as a business process modelling language and demonstrated the proposed method in a case 

study. Zhang, Vareilles and Aldanondo (2013) proposed a generic bill of functions, materials, and 

operations for SAP2 configuration with a conceptual demonstration of light passenger aircrafts that 

bound together sales and manufacturing.  

CLM was introduced in response to the needs for configuration management supported by PCSs. CLM 

generally stresses the need for alignment of various IT systems, such as PLM, customer relationship 

management and ERP with configuration systems at the core. CLM differs from PLM by not just storing 

product knowledge but generating valid products based on rules and constraints. CLM is specific to 

configuration management in the sense that a PCS is used to represent knowledge bases in a way that 

can support multiple areas of a business (i.e., sales, design, engineering and production). (Myrodia, 

Randrup and Hvam, 2019). The aim of configuration management is to focus on product configuration 
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for the entire value chain, securing internal and external integration of systems, processes and data 

(Myrodia, Randrup and Hvam, 2019).  

Empirical cases and solutions on how to handle configuration management with PCSs are limited, and 

most cases do not provide detailed solutions. Myrodia, Randrup and Hvam (2018) reported that the CLM 

approach provides a wide range of benefits depending on maturity level, with higher maturity levels 

yielding greater benefits. Shafiee (2018) did not research configuration management specifically but did 

report on a case in which merging sales and technical configurators improved return on investment. 

Hence, the empirical studies on configuration management with use of PCSs is not very comprehensive.  
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4. RESULTS 
This chapter presents a summary of the research results from the appended papers and establishes a 

connection between the individual RQs and research papers. For each paper, the research method and 

reflections on the theoretical and practical contributions are included. 

This thesis presents five appended papers submitted or published to engineering conferences and 

journals. The papers represent sub-theses that make up the collective research contribution. The 

contributions are divided into two areas related to the design, development, maintenance and 

operation of PCSs (i.e., improvement of methods and tools for using PCSs) and the managerial impacts 

of PCS use.  

Studying the design, development, maintenance and operations of PCSs can improve knowledge and 

methods for conceptual modelling, knowledge representations for configuration in standard software 

and system design as well as development with respect to operations and maintenance of later stages of 

the PCS. The purpose of this research area, which can be found in Papers D and E, is to support the 

operation and maintenance of PCSs. 

Researching the managerial impact of PCSs can improve the understanding of management implications 

and the impact of PCS use relative to maintenance and operation efforts and system design. The 

purpose of this research area, which can be found in Papers A, B and C, is to understand the impact of 

operation and maintenance efforts on PCSs. 

4.1 Publications and submissions within this research 
Paper A: Rasmussen, J.B., Hvam, L. and Mortensen, N.H., 2017. Increased accuracy of cost-estimation 

using product configuration systems. In: Zhang, L. and Haag, A. 19th International Configuration 

Workshop, IESEG School of Management, September 14 – 15, La Defense, France. 

Paper B: Rasmussen, J.B., Myrodia, A. Hvam, L. and Mortensen, N.H., 2018a. A study of cost implications 

from not maintaining a PCS. In: Zoran, A. and Forza, C. 8th International Conference on Mass 

Customization and Personalization. Novi Sad, Serbia. 

Paper C: Rasmussen, J.B., Myrodia, A. Hvam, L. and Mortensen, N.H., 2018b. Cost of not maintaining a 
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4.2 Paper A 

4.2.1 Title 
The title of this paper is “Increased accuracy of cost-estimation using product configuration systems”. 

4.2.2 Publication/presentation 

This paper was presented at the 19th International Configuration Workshop, Paris, France in 2017. 

4.2.3 Associated research questions 
RQ4: How can PCS maintenance efforts impact operational performance? 

4.2.4 Research method 
This paper was based on a longitudinal case study investigating a project-based construction company 

that, over a few years, transitioned from a cost estimation approach based on spreadsheets to a cost 

estimation approach based on a PCS. The accuracy of the two different systems was evaluated and 

compared quantitatively by presenting differences in the calculation accuracy of pre- and post-

calculations. The results were qualitatively investigated through semi-structured interviews with key 

personnel to validate and explore the reasons behind the changes. 

4.2.5 Research contribution 
The core contribution of this paper is a case study describing a configuration design setup and its 

configuration impact on a project-based company. The paper describes how a PCS can be organized to 

handle project-based costs and generate time estimates, cost estimates and cost summaries to compare 

with actual performance and quotation letters in a single system. The configuration setup allowed for 

fast and efficient top-down specification of products by general users and, at the same time, accurate 

bottom-up specifications by an expert user for automatic selection of details related to high-level 

choices. 

Furthermore, the study investigated the impact of this system compared to a spreadsheet-based 

calculation system for individual cost elements. The result was increased costing accuracy, and the 

company moved from a tendency to underestimate quotations to being closer to the target. A 

visualization of the differences in costing accuracy with the spreadsheet-based calculation system (2009) 

and new PCS (2014) can be seen in Figure 10. The graph on the left depicts the deviations experienced 

by use of spreadsheet-based calculations of different cost elements in 2009. The graph on the right 

depicts the accuracy experienced with the PCS in 2014. The blue line represents salaries, orange 

represents materials and green represents subcontractors. Percentage deviations of individual cost 

elements can be found in Table 7.  

Semi-structured interviews were conducted with company experts to explore the reasons for and 

impact of these differences. The reasons identified included (1) increased visibility and documentation 

of cost elements in cost estimates by means of cost summaries, (2) version control of cost agreements 

maintained in a single system, (3) increased level of detail in cost elements and (4) dynamic allocation of 

variable costs. 
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Figure 10: Deviations between the use of a spreadsheet (left) compared to the PCS (right).2 

Table 7: Comparison of deviations (in percent) from 2009 and 2014 

 Salary costs Material costs Subcontractor 

costs 

 2009 2014 2009 2014 2009 2014 

Under-

estimate 
-15.8% -0.4% -4.8% -3.1% -26.4% -16.3% 

Over-

estimate 
1.9% 27.4% 0.4% 4.6% 0.6% 4.6% 

 

In summation, the most important contributions in relation to this research project were:  

 Demonstrated that a well-designed and managed PCS can increase costing accuracy and 

transparency of where cost elements deviate to correct the issues and 

 Showed how product configuration can be used as a cost estimation practice to enable top-

down efficiency and bottom-up accuracy in product specifications. 

4.2.6 Practical contribution 
This investigation can serve as a basis for understanding the impact of a well-managed product 

configurator and illustrates the factors that are considered important by expert users to obtain the full 

effects of PCS implementation. The areas identified by experts should be prioritized in order to gain the 

benefits of product configurators. 

4.2.7 Reflections 
The configuration design proposed in Paper A addressed the challenge of making detailed cost estimates 

in a project-based company. It did so by combining top-down and bottom-up cost estimation methods 

in a single system, combining the time efficiency of top-down estimation methods with the accuracy of 

bottom-up methods and using a knowledge base to increase the detail level. The method was 

                                                           
2 The three spikes on the cost elements 2014 graph are not actual deviations but reflect the fact that the company 
experienced a shortage of work and had to outsource a project from the salary category to the subcontractor 
category. If subtracted from each other, the spikes even out. 
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demonstrated to have a configuration impact on costing accuracy and serve as a demonstration of the 

possible setup and impact of a configuration environment in a project-based company. This study shows 

that a well-managed and well-maintained PCS can have a major impact on costing accuracy and 

operational performance. 

4.3 Paper B  

4.3.1 Title 
The title of this paper is “A study of cost implications from not maintaining a PCS”. 

4.3.2 Publication/presentation 

This paper was presented at the 8th International Conference on Mass Customization and 

Personalization, Novi Sad, Serbia in 2018. 

4.3.3 Associated research questions 
RQ3: How can PCS maintenance efforts impact operational performance? 

RQ4: How can PCSs impact operational performance? 

4.3.4 Research method 
This paper is based on a case study of a company that experienced a rapid market change that was not 

reflected in the PCS’s knowledge base. The effect was that the products being sold were based on 

outdated product designs and costing structures. The company decided to update the PCS to reflect 

current product offerings and align it with the changed product. All projects in the PCS were recalculated 

with the updated knowledge base. The recalculations were then compared to the original calculations in 

81 projects to investigate the link between knowledge representation quality in PCS operations and 

potential financial outcome. The evaluation of the different system outputs was done both 

quantitatively by presenting numerical differences in the cost estimation outputs as well as through 

qualitative semi-structured interviews explaining reasons for deviations. A timeline of the events can be 

seen in Figure 11. 

 

Figure 11: Timeline of events in the case company. 

4.3.5 Research contribution 
The core contribution of this research is related to configuration management and configuration impact. 

The study investigated a case company that experienced rapid product changes and described the 
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configuration impact of a partially outdated knowledge base. The study compared the cost calculations 

from the outdated knowledge base with the newly designed knowledge base (Table 8 and Figure 12). 

This case study reported miscalculations of 4.2 million €, corresponding to 20% off of the cost price and 

indicating a major potential financial loss from the lack of a correct knowledge base. Reasons for the 

variations included external market situations, which created a turbulent and unpredictable cost that 

was not configurable for a period, as well as a lack of updates to known costs as soon as changes were 

evident. The potential financial loss reported in this study is valuable to the study of configuration 

management and provides empirical evidence for the importance of maintaining configuration 

knowledge bases and the need for flexible models that can be updated on short notice. 

Table 8: Difference between the old knowledge base and the new knowledge base (in 1000 €) 

 
Salary costs Material costs Supplier costs Shared costs Total costs 

New calculation 6.597 13.766 1.658 3.857 25.879 

Old calculation 5.458 12.087 1.156 2.907 21.609 

Difference 1.138 1.679 502 950 4.270 

Increased cost 

(percent) 
21% 14% 43% 33% 20% 

 

 

Figure 12: Visual comparison of cost estimation based on different knowledge bases. In summation, the 

most important contributions in relation to this research project were: 

 Demonstrated the need and importance of continuous configuration management of PCSs using 

empirical evidence, 

 Established a link between maintenance efforts and costing accuracy in PCSs, 

 Described a case of negative configuration impact, which is uncommon in the literature, and 

 Showed that maintenance efforts are critical to acquire the benefits of PCSs reported in the 

literature. 
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4.3.6 Practical contribution 
This study stresses the need for sufficient focus on PCS operation and maintenance at all times in 

companies relying on PCSs. Also, in cases of turbulent times when apparently bigger obstacles arise, it is 

still critical to focus on the configuration system and ensuring that the knowledge bases are up to date. 

The faster the knowledge base is updated, the faster it is possible for the company to once more be on 

target with the cost calculations by means of a PCS. 

4.3.7 Reflections 
Product configurators are supposed to improve operational performance and provide a positive impact 

on companies. However, in this case, it was not found to have a positive effect on costing accuracy in 81 

projects. This was both due to external influences (e.g., change in market situation) and internal reasons 

(e.g., misaligned knowledge representation).  

It is important to keep in mind that the alternative to using product configurators, for instance 

spreadsheet-based calculations, might have resulted in the same challenges due to the difficulty of 

centrally updating such sheets and version control as reported in Paper A. In other words, the deviation 

could have been the same, better or worse with other methods used. Hence, a key takeaway from this 

case is that no matter what method is chosen to design, specify and create cost calculations, the 

strategy needs to stick, and clear procedures and responsibilities must be established to make sure that 

the cost estimations and designs are based on the present reality at the point of time when a sale is 

performed.  

4.4 Paper C 

4.4.1 Title 
The title of this paper is “Cost of not maintaining a product configuration system”. 

4.4.2 Publication/presentation 

This paper was published in volume 9, issue 4 of International Journal of Industrial Engineering and 

Management. 

4.4.3 Associated research questions 
RQ3: How can PCS maintenance efforts impact operational performance? 

RQ4: How can PCSs impact operational performance? 

4.4.4 Research method 
This paper was a continuation and improvement of the case presented in Paper B. The research method 

was the same as that described in Paper B, which compared an outdated knowledge base with an 

updated knowledge base in a PCS. Additionally, the cost of ownership was investigated and added to 

this paper. Financial costs of ownership and maintenance of the PCS were investigated to provide a 

sense of scale between efforts needed to maintain the system vs. the potential financial loss 

experienced from an outdated knowledge base.  

4.4.5 Research contribution 
The core contribution of this research is related to configuration management and configuration impact. 

The study investigated a case company that experienced rapid product changes and described the 

configuration impact of using a configurator with a partially outdated knowledge base. The study 

compared the cost calculations and outputs of the outdated knowledge base with a newly designed 
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knowledge base. The cost of ownership was estimated by summation of development costs (e.g., 

internal and external time expenditure) and maintenance costs (e.g., estimated employee time 

expenditure, consultant costs and software license fees). A timeline of development and maintenance 

costs can be seen in Figure 13, and a comparison between the total cost of ownership compared to 

potential financial loss from 81 projects is presented in Figure 14. 

 

Figure 13: Development costs of the PCS (bars) and estimated costs of maintenance (dotted line).  

 

Figure 14: Accumulated PCS costs in a nine-year period (dark grey bar) compared to potential financial loss in 2016 (light grey 

bar). 

In summation, the most important contributions of this research project were: 

 Clarified importance of maintenance efforts to reduce costs of PCS ownership and improve 

costing accuracy and 

 Provided an indication of the importance of maintenance (and costs) relative to potential 

financial loss in times of crisis. 

4.4.6 Practical contribution 
This research stressed the need for sufficient focus on PCS operation and maintenance at all times in 

companies relying on PCSs. It further demonstrated the costs and importance of maintenance of a PCS 

relative to the potential financial loss that was experienced in the company. This study shed light on the 
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“dark side” of configuration and stressed the need for management attention and a long-term strategy. 

Thus, it serves as a warning for managers to manage configurators well no matter what challenges the 

company is experiencing. 

4.4.7 Reflections 
The case presented in Paper C demonstrates that while maintaining a PCS is costly, it is still very low 

compared to the potential financial loss inflicted from an outdated knowledge base. In this case, there 

was a crucial need for PCS updates. The major updates in 2016 represented in Figure 13 were part of a 

bigger project to increase the usability, flexibility and coverage of the PCS and therefore might include 

costs that were not strictly related to creating an updated knowledge base. Hence, the updates could 

probably have been less costly if the only purpose had been to update the knowledge base. However, it 

is fair to say that if a company wishes to use PCSs for product specifications and quotes, the company 

should acknowledge that it is necessary to appoint responsibilities for maintenance and operations and 

make ongoing investments to ensure the configurator reflects the current state. On a side note, this 

problem might not be strictly related to PCSs per se, as the problem in theory could occur in any 

workflow related to design specification and cost estimations if left unattended in a time of crisis.  

4.5 Paper D 

4.5.1 Title 
The title of this paper is “Guidelines for structuring object oriented product configuration models in 

standard configuration software”. 

4.5.2 Publication/presentation 

This paper is in press for publication in a Configuration Workshop-based special issue of Journal of 

Universal Computer Science. 

4.5.3 Associated research questions 
RQ1: How can PCSs be structured, implemented and maintained in standard configuration software?  

RQ4: How can PCSs impact operational performance? 

4.5.4 Research method 
Paper D is a case study based on the DRM. This means that the boundaries between the researcher and 

company were not as rigid as in positivistic research. In this case, the researcher participated in the 

company to solve a specific problem. The aim of the study was to develop a framework for 

implementation of PCSs based on theory and practice in a non-object-oriented system. The paper 

presents a framework developed based on the literature on software design, and the method was 

implemented and tested in a single case study. The benefits from the developed framework were tested 

and quantified in a workshop with PCS users, in interviews with configuration engineers and in 

performance tests comparing the old implementation with the new implementation. 

4.5.5 Research contribution 
This research contributes to this thesis by representing a detailed case study of challenges encountered 

in the ongoing maintenance of configuration knowledge. The paper suggests a framework for modelling, 

structuring, implementation and maintenance principles for PCSs in non-object-oriented standard 

software. The framework consists of three steps: scoping, structuring with design patterns and 

documentation of maintenance guidelines. This paper can be classified as refinement of existing 
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frameworks for PCS design, development and implementation, in particular for the CPM procedure since 

it is based on the PVM framework of product modelling (see Section 3.3). 

The core contribution in this paper is the suggestion that software design patterns, in this case the 

bridge pattern, should be used instead of relying on object-oriented features that do not necessarily 

exist in standard software. By using design patterns, an object-oriented pattern can be imitated and 

created manually. Another important contribution is the suggestion to move away from detailed 

documentation to documentation of design rationale (i.e., how the system is designed and how it is 

supposed to be updated instead of creating an external copy of the system that consist of details that 

could be looked up in-system). 

The framework was tested in a case study of the challenges experienced when working with, updating 

and maintaining a poorly structured PCS. The PCS used in the case study was originally designed by use 

of the CPC approach, but as time passed, the model became more and more poorly structured.  

In summation, the most important contributions for this research project were: 

 Proposed design patterns to imitate object-oriented features in non-object-oriented systems 

and demonstrated their use, 

 Recommended that emphasis be placed on documentation of the design rationale behind the 

product model structure over system details and 

 Established a link between user friendliness and maintainability of a PCS relative to the product 

model structure by describing a detailed case and testing effects in a workshop and interviews. 

4.5.6 Practical contribution 
This research provided an actionable methodology to design and update knowledge representations in 

standard configuration systems which is important for the successful implementation and maintenance 

of PCSs. Additionally it demonstrated that the design of a system impacts it usability and resource 

consumption for maintenance. 

4.5.7 Reflections 
A methodology to design and update knowledge representations in actual configuration systems is 

important for the successful implementation of a PCS. One critical proposal in this paper was that focus 

should be placed on document design rationale over details. This means that the focus should be its 

structure and how that structure will support future product changes in the modelling activities. This 

approach might be a step towards enabling configuration engineers to communicate the ideas behind 

the structure and to move away from the dependence on a configuration guru and towards a system 

where knowledge can be transferred efficiently to new configuration engineers or domain experts.  
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4.6 Paper E 

4.6.1 Title 
The title of this paper is “The costs and benefits of multistage configuration: a framework and a case 

study”. 

4.6.2 Publication/presentation 

This paper has been submitted for publication in journal 

4.6.3 Associated research questions 
RQ2: How can operations in project-based companies be supported by PCSs? 

RQ4: How can PCSs impact operational performance? 

4.6.4 Research method 
This paper is based on a case study of a project-based company that decided to use a sales configuration 

system to support multiple stages of order fulfilment for projects. The research was performed as an 

exploratory single case study deign. The research was conducted over a two-year period in close 

collaboration with the company. The timespan allowed for deep collaboration with the company and 

exploration of costs and benefits associated with multistage configuration. The company provided 

access to key employees for qualitative evaluation of the approach, which allowed for comparison of the 

benefits of the multistage configuration approach vs. the single-stage configurator. The evaluation was 

conducted through questionnaires and semi-structured interviews.  

4.6.5 Research contribution 
This paper provided clarification of the concept of multistage configuration and empirical evidence that 

supports the feasibility of multistage product configuration. The concept of multistage configuration was 

introduced as a theoretical framework in which a distinction was made between common application 

and individualized application (Figure 15). Common application is a strategy in which the same 

interfaces and knowledge model are utilized by different user groups, and individualized application is a 

strategy in which different user groups use different interfaces and knowledge models. 

 

Figure 15: Overview of configuration stage strategies. 

Two archetypical multistage configurators were identified. In the individualized application strategy, 

different user groups associated with different disciplines (e.g., sales, initial design and detailed design) 

were presented with different user interfaces, which focused on different parts of the PCS knowledge 

base (albeit with overlaps) (Figure 16). In the common application strategy, different user groups were 
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presented with the same interface; thus, some fields were present that were not supposed be filled out 

during the first stages. 

 

Figure 16: Multistage configuration strategies. 

The empirical evidence of the feasibility of a multistage configurator was investigated in a case study 

using the multistage common application approach. This was done by extending a standalone sales 

configurator and expanding its use to support multiple stages of the order fulfilment process. 

This case study reports on the costs and benefits associated with extension of a single-stage 

configurator to a multistage configurator based on the cost–benefit classification presented by Haug, 

Shafiee and Hvam (2019b). The costs associated with the standalone configuration launch were much 

higher than the additional costs of extending the functionalities to support multiple stages (Table 9). The 

increased operational costs of the multistage configurator were modest and almost entirely related to 

the hours needed to extend the knowledge model and programming of capabilities needed for 

multistage support.  

The impact of using the multistage configurator was assessed qualitatively through questionnaires and 

semi-structured interviews with four employees from the management team. The rating was conducted 

using a 5-point Likert-scale to compare the impact from a multi-stage configuration strategy to the 

single-stage strategy. Overall, the case company reported increased benefits from the multistage 

configuration strategy compared to the single-stage configurator. 

 

 

 

 

 



54 
 

Table 9: Costs of developing a multistage PCS 

  Sales configurator 
project (18 months) 

Additional costs of 
including initial 

design (3 months) 

Additional costs of 
including detailed 
design (3 months) 

Additional costs of 
including installation 

(3 months) 

Pre-launch 

Hardware and 
software investments 

300,000 € 5600 € (+ 1.9%) 

Developer time for 
development of PCS 

42,750 € 

(950 h) 

6660 € 

(148 h, + 16%) 

3105 € 

(69 h, + 7%) 

3555 € 

(79 h, + 8%) 

Domain expert time 
for development of 
PCS  

8325 € 

(185 h) 

2655 € 

(59 h, + 32%) 

1710 € 

(38 h, + 21.0%) 

2160 € 

(48 h, + 26%) 

PCS training 2035 € 

(55 h) 
Almost no additional training required 

Annual 
operation 

Licenses for PCS 
software 

3300 € No additional operational costs 

Service agreement for 
external PCS support 

5900 € No additional operational costs 

Maintenance of 
product model 

6660 € 

(148 h) 

315 € 

(7 h, + 5%) 

315 € 

(7 h, + 5%) 

675 € 

(15 h, + 10%) 

Training of salespeople 

 

3256 € 

(88 h) 
Almost no additional training required 

Total costs 

Prelaunch (incl. training) 353,110 € 11,182 € 6682 € 7582 € 

Annual operation 19,116 € 315 € 315 € 675 € 

Table 10: Evaluation of impact of multistage vs. single-stage configuration strategy 

 
Evaluation of benefits from moving from single- to multistage PCS 

Company  
director 

Financial  
director 

Sales 
director 

Production 
director 

Mean-
value 

1 Accuracy of cost calculations have increased 5 4 5 NA* 4.66 

2 Accuracy of the BOMs have increased 5 NA* 5 4 4.66 

3 Accuracy of the salary calculations have increased 5 4 5 5 4.75 

4 Accuracy of project time-estimation have increased  5 NA* 5 4 4.66 

5 More products are specified and ordered within standard measures NA* 4 5 4 4.33 

6 Time spend to identify project information has decreased NA* NA* 5 4 4.5 

7 More projects can be handled by the same or fewer employees 5 4 5 4 4.5 

8 Projects have become more profitable NA** 4 5 NA* 4.5 

9 Quality of the finished products has improved 5 NA* NA* 4 4.5 

10 Multistage product configuration provides competitive advantage 5 4 3 5 4.25 

* Not answered, because the question was out of their expertise area 
** Not answered, because the interviewees neither agreed nor disagreed with the statement 
Likert scale: Strongly disagree (1), disagree (2), undecided (3), agree (4), strongly agree (5). 
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Additionally, the key capabilities needed to adopt a common application multistage strategy were 

identified as: (1) a well-structured, comprehensive PCS model covering product specification needs in all 

phases; (2) the ability to handle off-standard specifications; and (3) revision control and traceability of 

changes to the project as it moves through specification phases. In summation, the most important 

contributions of this research project were: 

 Theoretically clarified the concept of multistage configuration, 

 Calculated costs associated with the common application of a multistage strategy, 

 Investigated the benefits from a multistage configuration approach compared to a single-stage 

approach and 

 Provided empirical evidence that supports the feasibility of multistage product configuration. 

4.6.6 Practical contribution 
The practical contributions of this study are threefold. First, other companies may use the proposed 

framework to support decision making when evaluating different strategies in relation to a multistage 

configuration approach. Second, the case study may provide a basis to assess the costs, risks and 

benefits of a common application multistage approach. Third, the list of capabilities to support a 

common application multistage approach can serve as a starting point for other companies developing 

similar solutions. 

4.6.7 Reflections 
The case presented in Paper E demonstrated the usefulness of a multistage approach to product 

configuration in a project-based company. The benefits identified in the study were based on qualitative 

statements only due to time constraints, but over time, the multistage approach may be able to provide 

quantifiable evidence of the benefits in terms of increased specification quality, reduced resource 

consumption, etc. However, the impact may have also been related to non-measurable outputs, such as 

increased awareness of product standards and impact from the specification process. These non-

measurable outputs may result in prioritization of maintenance of the configuration system and thereby 

improve the company’s ability to sustain control of its specification processes long term. 

Another potential benefit from the common application multistage configuration approach is that the 

sales phase may benefit from the increased detail needed in later stages. The added detail can, in some 

cases, be included in the quotation right away due to the expert system. The multistage approach 

thereby works as a facilitator for a more comprehensive and accurate model. Furthermore, the 

increased accuracy of specifications can enable the configurator to be used as an ordering tool in the 

later phases and to eventually order products directly.  

Lastly, the multistage approach may solidify PCS priorities in the company since everybody will be able 

to connect with the system. Thus, somewhere in the specification process, mistakes in the knowledge 

base will hopefully be identified and corrected. 
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5. CONCLUSION 
In this chapter, the RQs are addressed and the contribution of the research project is discussed and 

evaluated in relation to the research impact. This is done both in relation to its industrial and academic 

impacts.  

5.1 Answering the research questions 
This thesis presented four RQs. The related contributions in the form of the appended research papers 

were summarized and related to the individual questions in Chapter 4. The following section answers 

the RQs more broadly in relation to the entire research project by including all results related to the 

operations, maintenance and impact of configuration systems. 

RQ1: How can PCSs be structured, implemented and maintained in standard configuration software? 

RQ1 was answered in Paper D. This research suggests a three-step framework for modular structuring of 

configuration models in standard software as a solution to the RQ. The three steps are: 

(1) Analyze PCS requirements, 

(2) Structure the PCS with design patterns and 

(3) Document maintenance guidelines. 

Step 1 can be considered as a scoping phase. The questions that should be asked include: How much 

should be included in a single product configuration model? and Which parts of the product are stable, 

and which parts of the model will change over time? The purpose of these questions is to gain a sense of 

the general characteristics (abstractions) of the PCS compared to the changing characteristics 

(implementations). The characteristics of the product behaviour can later be implemented in the use of 

object-oriented design patterns in Step 2 as an abstract generic architecture that serves as a reference 

for implementations. This concept is very close to the PVM concept in that it contains a generic 

architecture (sub-part structure) and family-specific sub-types (specialization). The difference is that it is 

not a real object-oriented representation wherein different sub-classes can have different sub-

structures beneath. In this case, it has to be created manually. Step 3 is documentation of maintenance 

guidelines with a focus on the design rationale over details to make the maintenance of the system 

manageable. The purpose is to make sure the documentation is relevant for the designer by 

communicating the overall structure and design ideas instead of details. A key question to ask for 

documentation of the PCS is: What would you want to know if you joined the team tomorrow? 

RQ2: How can operations in project-based companies be supported by PCSs? 

RQ2 was addressed in Paper E, which proposed a multistage configuration framework. Various 

strategies were proposed to differentiate between single-stage configurators and multistage 

configurators, which were further divided into two archetypical types: common application and 

individualized application approaches. These approaches represent different development strategies to 

support operations using a PCS.  

The common application approach was demonstrated to provide operational support to a project-based 

company with modest additional expenses compared to a single-stage configurator. The key capabilities 

needed to adopt a common application multistage strategy were identified as (1) a well-structured 

comprehensive PCS model covering product specification needs in all phases, (2) the ability to handle 
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off-standard specifications and (3) revision control and traceability of changes to the project as it moves 

through specification phases.  

RQ3: How can PCS maintenance efforts impact operational performance? 

Papers B, C and D addressed RQ3. In these papers, the operational performance of a company was 

investigated from different viewpoints, both quantitatively and objectively using performance metrics 

and qualitatively in interviews. Papers B and C investigated the potential financial impact of under-

management of a PCS knowledge base. Paper D investigated the impact of configuration knowledge 

structure representation on the efficiency of the maintenance and operation of the PCS as well as the 

operational performance of the users by providing a system with less errors and more flexible options 

for changing product configurations. The collective contribution of the papers is the understanding that 

the efforts put into PCS knowledge base operation and maintenance can have major impacts on the 

operational and financial performance of a company. A well-managed PCS knowledge base can provide 

improvements in costing accuracy and allow for fast and efficient quotation generation as generally 

reported in the literature. A less well-managed PCS can result in financial losses due to miscalculations, 

ultimately related to incorrect knowledge representation in a PCS. Paper D illustrated that the structure 

of the PCS knowledge base can impact how much time is needed to maintain the knowledge base; a 

well-structured PCS knowledge base can improve the rule base to allow for faster changes to a 

configuration. 

RQ4: How can PCSs impact operational performance? 

All of the papers presented in this research project answered RQ4 from different angles. Paper A 

presented a case in which the use of a PCS improved costing accuracy of offers – both at a high level and 

at the level of different cost elements – providing a better overview of costing structure along with an 

increased level of detail without spending more time on details. Papers B and C presented a case of an 

undermanaged PCS that had a negative potential financial impact due to a lack of updates to the 

knowledge base, which resulted in project offers being calculated too low. Paper D presented a case of 

restructuring of a PCS, which allowed for faster and more efficient operations of the PCS itself and 

enabled salespeople to make more flexible and faster offers due to fewer bugs and better structure. 

Paper E presented an empirical case of extended use of a PCS to support the order fulfilment process in 

multiple stages. It was qualitatively demonstrated that the multistage configuration approach provided 

operational benefits such as increased product specification quality, reduced resource expenditure and 

better product quality. 

The collective contribution of this thesis on how PCSs can impact operational performance can be 

observed from different angles, including efficient operations of the PCS knowledge base itself, efficient 

use of the PCS and the potential high-level financial impact from the use of the PCS. The impact depends 

on how well-managed and operated a PCS is. A well-managed PCS can have a positive impact as 

reported in the literature (Papers A and E), but an undermanaged PCS can have a negative impact 

(Papers B, C and D). This research quantifies and stresses the importance of a well-managed and 

regularly updated knowledge base when using product configurators. 

5.2 Main contributions 
The main contributions of this research project are related to the design, development, maintenance 

and operations of PCSs and the managerial impact from the use of PCSs, as identified in Section 1. The 

primary aim of this research was to support implementations and operations in practice and to increase 
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knowledge and understanding of the operational impact that operations and maintenance efforts can 

have on PCSs. The contributions are summarized below within the two main areas of focus. 

5.2.1 Design, development, maintenance and operations of product configuration systems 
This research area focuses on the knowledge and methods for conceptual modelling, knowledge 

representations for standard configuration software and system design and development with respect 

to operations and maintenance of later stages of PCS use. The purpose of this research area is to 

support operation and maintenance of PCSs. This study contributed to this research area in the 

following ways: 

o Development and testing of a framework for structuring, design, implementation and 

maintenance in a non-object-oriented commercially available PCS; 

o Identification of capabilities needed for project-based companies to extend the use of a 

sales configurator to support end-to-end operations in a project-based company; and 

o Creation of a cost estimation model based on configuration. 

5.2.2 Managerial impact of product configuration systems 
This research area focuses on the understanding of management implications and impact of the use of 

PCSs relative to maintenance and operation efforts, system design and strategies. The purpose of this 

research area is to understand the impact of operation and maintenance efforts on PCSs. This study 

contributed to this research area in the following ways: 

o Quantitative comparison of time expenditure for maintenance of a well-structured PCS 

compared to a poorly structured PCS, 

o A case study on how a well-managed PCS can improve cost estimation accuracy and enable 

bottom-up level costing accuracy from a top-down costing accuracy approach, 

o A case study describing how PCS maintenance efforts can have potential negative financial 

effects from inaccurate product representations in the knowledge base and 

o A case study describing how a multistage configuration system can benefit a project-based 

company. 

The contributions are further described in Section 5.4.1 in relation to the academic impact of the 

identified contribution areas.  

5.3 Evaluation of the research 
This section evaluates the research work. The papers presented in this research represent two different 

research designs: descriptive case studies performed in companies with the purpose of evaluating the 

impact of different setups related to configuration systems and prescriptive design research wherein the 

researcher actively participated in the development of methods and tools. Both types of studies used 

quantitative and qualitative methods and thus fit the criteria to be evaluated by the validation square 

presented in Section 2.3 

5.3.1 Paper A 

Effectiveness 

Accepting the individual constructs 

The individual constructs for a cost estimation model based on configuration were built on existing 

literature on cost estimation in the construction industry (Carr, 1989; Akintoye and Fitzgerald, 2000; 
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Brook, 2008). The presented results are deviations between the actual costs of a project compared to 

the estimated costs using a PCS. The comparison between two different systems represents an 

experimental approach. The comparison of quantitative measures is generally considered a recognized 

approach. 

Accepting internal consistency 

The conclusions presented in this paper were based on an analysis comparing cost estimation methods 

before implementation of a PCS and after implementation of a PCS. 

Accepting the appropriateness of the example problems 

The method for cost estimation based on product configuration developed for the construction industry 

was applied in a case of a company with 130 employees running approximately 290 projects in the 

construction industry yearly. The company experienced challenges related to consistency in their cost 

estimation methods, and therefore the case is considered an appropriate example.  

Efficiency 

Accepting the usefulness of the outcome 

The key conclusion of the study was that the company could increase the costing accuracy and control 

of the cost estimation process by use of a product configurator.  

Accepting the achieved usefulness is linked to the applied method 

Studies indicate that sales processes, including costing accuracy, can be improved by use of PCSs. In 

semi-structured interviews, company employees provided further links between the results and PCS 

implementation. 

Accepting the usefulness extends beyond the case studies 

The basis for the suggested principles have already been proven in other industries, and therefore it is 

considered useful across many industries. 

5.3.2 Papers B and C 

Effectiveness 

Accepting the individual constructs 

The conceptual constructs were based on literature indicating that poor data quality has a negative 

impact on an organization’s economic performance (Wang and Strong, 1996; Ballou, 2003). It is 

acknowledged that dispositions made during product design affect later stages of a product’s lifecycle 

(Andreasen, Hansen and Cash, 2015). Since PCSs represent product designs in the form of a knowledge 

base, it seems very likely that the quality of the data in a product configurator affects the output quality 

of specifications.  

Accepting internal consistency 

The conclusions presented in this paper were drawn from an analysis comparing cost estimation based 

on a knowledge base with poor data quality compared to implementation of a PCS with higher data 

quality. The internal consistency is therefore considered satisfactory. 

Accepting the appropriateness of the example problems 

The comparison between knowledge base representations was performed in a case company through 

calculation costs of 81 identical projects with two different configuration systems: one containing an 
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outdated knowledge base vs. an updated version. The study was done in a real company experiencing 

real challenges and is thereby considered to reflect reality.  

Efficiency 

Accepting the usefulness of the outcome 

The findings from the case study indicated that maintenance of product configurator data is of high 

importance and that an outdated knowledge base risks potential financial loss. The usefulness is tied to 

the illustration of the causal link between maintenance of product configurators, knowledge 

representation quality and specification quality. 

Accepting the achieved usefulness is linked to the applied method 

The main variable that was investigated was the potential financial impact of an outdated product 

representation in a configuration system. Thus, the differences observed are believed to reflect the 

effects on this parameter.  

Accepting the usefulness extends beyond the case studies 

By accepting the individual constructs and that poor data quality in configuration systems affect the 

quality of the specifications, the findings are believed to be generalizable as a phenomenon. However, 

the exact numbers and quantitative impact are dependent on context. 

5.3.3 Paper D 

Effectiveness 

Accepting the individual constructs 

The constructs of the framework for structuring object-oriented product configurators in standard 

configuration software were drawn primarily from the literature. This includes the widely used methods 

for conceptual modelling of products (Harlou, 2008), object-oriented modelling for configuration 

(Felfernig, Friedrich and Jannach, 2000; Hvam, Mortensen and Riis 2008), best practices from software 

design (Coplien, Hoffman and Weiss, 1998; Martin and Micah, 2006) and identified challenges in 

industry collaboration. The individual constructs were combined to introduce a new framework to 

structure product models. 

Accepting internal consistency 

The method was based on a sequential step-based approach and was grounded in design science theory 

as described in Chapter 3. The method combined existing theories. The use of design patterns and agile 

documentation practices as proposed in the framework are widely used in other software contexts. 

Accepting the appropriateness of the example problems 

The approach was tested in an SME with an ad hoc-structured PCS that was developed based on current 

methods presented in the literature. The case company had used the ad hoc structure for several years. 

During that time, the company experienced challenges with maintenance of their PCS related to the 

documentation and structuring approach. Despite the model being developed based on one of the 

dominating methods presented in the literature (Hvam, Mortensen and Riis 2008), they still experienced 

problems with maintenance. The case is considered appropriate to demonstrate a case application of 

the framework. 
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Efficiency 

Accepting the usefulness of the outcome 

The framework was applied in a case application to improve maintainability by cutting time needed to 

perform updates and allowing for updates that were not possible with the old structure. System users 

also reported increased PCS flexibility by enabling flexible reconfigurations between platforms. Thus, the 

framework was deemed highly useful.  

Accepting the achieved usefulness is linked to the applied method 

No other initiatives were performed regarding the structure and implementation of the configuration 

system during the study period. 

Accepting the usefulness extends beyond the case studies 

The framework was tested in a single case company that reported challenges with operation and 

maintenance of configuration systems. However, no claim can be made that the framework can be used 

outside of the case application or in other software systems without further research.  

5.3.4 Paper E 

Effectiveness 

Accepting the individual constructs 

The individual constructs for extended use of sales configurators for order fulfilment relied on existing 

literature on product configuration. This included the concept of sales configuration in general (Forza 

and Salvador, 2007; Hvam, Mortensen and Riis 2008), connecting front office and back office by means 

of configurators (Forza and Salvador, 2002a) and configuration of ETO products with different needs in 

different specification cycles (Petersen, 2008; Myrodia, Randrup and Hvam, 2019). 

Accepting internal consistency 

The conclusions presented in this paper were drawn from an analysis comparing two stages of 

configurators with evaluation done by company experts with established research methods. 

Accepting the appropriateness of the example problems 

The approach was tested in a case company that was delivering similar repeatable construction projects. 

In cases where the product structure and documentation needs do not change significantly in the order 

fulfilment process, the example problem is found to be relevant. In the literature, such companies are 

referred to as basic and repeatable ETOs (Willner et al., 2016). 

Efficiency 

Accepting the usefulness of the outcome 

Qualitative investigations indicated that the application of a multistage configuration approach to 

support order fulfilment was more beneficial than a single-stage configuration strategy. The operational 

benefits reported were increased product specification quality, reduced resource expenditure and 

better product quality. 

Accepting the achieved usefulness is linked to the applied method 

The main variable that was investigated was the operational support that could be gained from a 

multistage product configuration strategy. Thus, the differences observed between a single-stage 

configurator and a multistage configurator are believed to reflect the effects on this parameter. 
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Accepting the usefulness extends beyond the case studies 

The suggested multistage configuration approach for order fulfilment support cannot be claimed to be 

applicable and directly transferable to other contexts. However, the constructs and internal consistency 

are likely to be generalizable to some contexts. More research is needed to claim further 

generalizability. 

5.4 Impact of the research 

The impact of the research was evaluated relative to academia and industry. The academic impact was 

evaluated in terms of the research aim and relevant areas of research contribution. The industrial 

impact was evaluated in relation to the goals of the MADE project. 

The research aim was broken down into four RQs with the goal of contributing to five different relevant 

research areas. The following is a description of the academic impact in relation to the ARC diagram 

(presented in Section 2.1) and the industrial impact according to MADE goals and the impact model 

(presented in Section 2.3.2) 

5.4.1 Academic impact 
The academic impact was evaluated relative to the relevant research areas identified in the ARC diagram 

presented in Section 2.1. An updated ARC diagram illustrating the contributions of the specific papers 

can be seen in Figure 17. 

Configuration system design and development, configuration knowledge representation and 

conceptual modelling 
Paper A presented a cost estimation model based on product configuration. The academic contribution 

lies within the proposed method for configuring cost elements, which includes a bottom-up level of 

detail with a top-down approach for users. The ability to combine top-down and bottom-up cost 

estimation approaches enables correct and efficient cost estimation.  

Paper D focused on structuring of PCSs in standard software using a framework to implement 

conceptual product models to configuration knowledge representations and a new approach to 

documentation and maintenance of the system. The academic contribution lies in the proposal to use 

design patterns to imitate object-oriented features in non-object-oriented systems and to adopt agile 

documentation approaches in PCS projects by emphasizing documentation of the design rationale of the 

product model structure instead of external documentation of details. 

Paper E discussed the use of a multistage configuration strategy for order fulfilment in a project-based 

company and described a case and the capabilities needed for multistage configuration. The academic 

contribution lies both in a case demonstration of integrated product configuration design and in the 

proposal of a framework classifying different archetypical multistage configuration strategies. 

Additionally, identification of capabilities needed in a configuration system to adopt a multistage 

approach to configuration in a project-based SME was presented. 

The aim of this research is to develop methods and tools to facilitate successful implementation, 

operation and maintenance of PCSs (in project-based SMEs) and to provide theoretical and 

empirical evidence of the impact PCSs can have on operational performance. 
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Configuration management 
Papers B and C did not specifically discuss configuration management as an isolated issue. Rather, the 

papers presented challenges resulting from a lack of sufficient configuration management of a PCS. The 

academic contribution to configuration management lies in the case description of what can impede 

configuration management efforts: (1) sudden market changes that surprised the company and created 

a need for a flexible PCS knowledge base, (2) uncoordinated changes to products and costs that were 

not communicated to be implemented to the PCS and (3) a lack of responsibility and competencies 

within the company to maintain the system.  

Paper D provided an approach to the operation and maintenance of the knowledge base in standard 

object-oriented software. The academic contribution lies in a documentation and maintenance 

approach that was suggested in order to update and maintain the validity of the configuration 

knowledge representation and ultimately improve the correctness of product specifications as the 

products evolve.  

Paper E provided a theoretical framework for multistage configuration in a project-based company and 

empirical evidence of its feasibility. Thus, the primary academic contribution related to configuration 

management lies within the proposal of a framework that can improve configuration management in 

companies and empirical evidence of its feasibility along with identification of capabilities needed in a 

PCS to support multistage configuration. 

Configuration impact 
Paper A provided a case of the positive impact of a particular configuration system design in a project-

based company. Thus the academic contribution related to impact is found in strengthening the 

connection between configuration systems and the positive impact on costing accuracy.  

Papers B and C provided a case of undesirable impact that occurred because a PCS knowledge base was 

not sufficiently updated, which ultimately resulted in miscalculations of costs in project offers. The 

academic contribution lies in the demonstration of the clear connection between the state of the 

knowledge base and the precision of the quotes as well as the potential impact this can have. 

Paper E described how a single-stage sales configurator can be extended to support multiple stages of 

order fulfilment in a project-based company. The impact of the multistage strategy of product 

configuration was assessed in a cost–benefit analysis, demonstrating that the costs of extending a 

single-stage configurator were modest compared to the initial development of the single-stage solution 

and experienced benefits. Hence, the known impact from single-stage configurators can be further 

amplified from modest investments in multistage configuration. 
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 Figure 17: Revised ARC diagram with papers’ contributions. 

5.4.2 Industrial impact 
The industrial impact of this project was evaluated according to the MADE goals. However, it is difficult 

to evaluate the impact relative to the high-level MADE goal of increased competitiveness of Danish 

companies. In the impact model (Figure 6), it is demonstrated that causalities exist or are postulated to 

exist in relation to the operation and maintenance of PCSs. The impact of the papers has been added to 

the impact model, which can be seen in Figure 18. The direct industrial impact that could be observed 

and measured within the timeframe of this project are summarized below. 

 Paper A demonstrated that a well-designed and operated PCS can improve costing accuracy. 

o Costing accuracy can be improved by means of a PCS. 

o Projects specified with a PCS avoided the worst offending negative outliers. 

 Papers B and C demonstrated that a PCS that was not well-operated could have serious 

potential financial implications. 

o The outdated knowledge base significantly reduced costing accuracy. 

o There was a 20% deviation in cost calculations between the old PCS knowledge base and 

the redesigned PCS knowledge base. 

o The cost of maintaining a configuration system’s knowledge base that is frequently used 

was in this case much lower than the potential financial loss of not maintaining it. 

 Paper D demonstrated a method to design and operate PCS knowledge bases in non-object-

oriented standard software, which was more efficient than current methods. 

o The new design allowed for faster reconfiguration between product platforms. The new 

PCS is estimated to reduce time expenditure on configuration by three to four hours 

(half of a full-time salesperson’s work day) per offer along with less likelihood of 

mistakes. 

o New product platforms can be more easily implemented to the configuration system. 

What would before take four days would now take one day. 
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o The new structure allows for implementation of product variants and fixes problems in 

the configurator that could not be repaired in the prior structure. 

 Paper E demonstrated that a sales configurator could be extended to cover order fulfilment by 

adding details, the ability to support off-standard products and revision control. The industrial 

impact experienced was qualitatively reported to be: 

o Demonstrating that it is possible to move from single-stage configuration to multistage 

configuration with modest investments and 

o Demonstrating that multistage configuration strategies can further improve benefits to 

product configuration. 

These cases are not necessarily generalizable to the Danish industry since far from all companies have 

adopted configuration systems. However, it seems plausible that the causal link between the quality of 

the knowledge base in a PCS and the generated specifications and thereby accuracy of cost estimates 

and profitability of projects would be true in most contexts where a configuration system is used. 

Hence, the results of this research project indicate the importance of a well-operated and maintained 

PCS in terms of the impact that can be expected. At the same time, this research project proposed a 

method to improve the operation and maintenance procedures of configuration systems’ knowledge 

bases in commercially available systems, which will hopefully increase the quality of the knowledge 

bases in the Danish industry and thus improve companies’ competitiveness. 

Questionnaires, interviews and informal chats with industry collaborators as presented in Papers A, D 

and E generally indicated a positive industrial impact from the use of configuration systems. This applied 

to the new model structure (presented in Paper D), the multistage configuration approach for order 

fulfilment (Paper E) and the visibility of output knowledge from configuration systems (Paper A). 
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Figure 18: Revised impact model with papers’ contributions. 
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5.5 Research limitations 

5.5.1 Single case industrial focus 
The focus of this research was primarily conducted in single case studies, which introduces natural 

limitations. However, close collaboration with a single company enables the researcher to investigate 

real problems in a real setting and answer questions more often found in early stage exploratory 

studies, such as how and why certain phenomena exist. The single case focus obviously limits the 

generalizability of this research, and the only way to obtain generalizability and transferability of the 

insights gained would be to test the methods and tools in other contexts and companies. 

The selection of a case company with a project-based and well-established modular product strategy in 

combination with an already existing PCS excludes many companies. However, for companies that fit 

the same profile, the results are more likely to be transferable. 

5.5.2 Subjectivity bias 
The close collaboration with industry professionals in this research introduces the risk of subjectivity 

bias. Close collaboration in the form of a case study or design research includes drawing conclusions 

based on interactions, and therefore subjectivity cannot be eliminated completely. As design research is 

fundamentally interpretative and does not necessarily seek a single universal truth, this is not seen as a 

major problem but an issue of method selection dependent on the results the researcher wants to 

obtain. Throughout the studies presented in this research, subjectivity bias was mitigated through the 

use of triangulation by utilizing multiple data sources in the company to gain a rich picture of the 

research situation. Thus, conclusions were based on the literature, interviews, data collected from the 

company, informal meetings, workshops and comparisons between different states. At the same time, 

the strength of the approach is that it makes it possible to acquire deep knowledge on an industrial 

level. Thus, real life challenges and relevant methods and phenomena can be described using a high 

level of detail. 

5.5.3 Evaluation of long-term impact 
The evaluation of the methods suggested in this research for the design, development, maintenance and 

operations of PCSs was only possible to a limited degree. By their nature, the implementations and 

methods will have an impact over time, but how much this impact will accumulate compared to the 

already reported impact could not be determined within the timeframe of this research project. The 

case companies had already registered some level of impact, but the long-term effects of different 

design and maintenance principles as well as the use of a PCS for order fulfilment could not be 

investigated in this project. Further evaluations are needed in the future to get a clear picture of the 

effects of the presented framework. 
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6. Further research suggestions 
Within the three-year limit of this research project, more research opportunities have emerged in 

relation to operations and maintenance of configuration systems. Some ideas for future research 

include the following. 

6.1 Trade-off between product configuration system benefits and maintenance 

efforts 
This research project argued that a PCS that reflects the correct product offerings will be more accurate 

and create better results, but at the same time, it is costly to develop, maintain and operate a PCS. Thus, 

there must be a balance between the level of detail and quality of a PCS design relative to the obtained 

benefits. In other words, there must be a point where putting more effort into the design, operation and 

maintenance of the PCS will not result in benefits great enough to justify the efforts. Such studies would 

be both beneficial and useful to academia and practice. These studies would also be relevant to 

understanding risk management in relation to configuration system use. 

6.2 Organizational challenges in the operation and maintenance of product 

configuration systems 
Organizational studies on the operation and maintenance of PCSs have not received detailed attention 

from academia. In practice, PCSs will have to be handled by someone who has the overall responsibility 

to include and retract knowledge from domain engineers. These can be internal or external employees 

who can be found in configuration specialist, general IT, sales, engineering, research and development 

or other positions. As there are currently no studies on how to organize people around a PCS for 

efficient maintenance and operations, there are many options available to do so. This is especially 

relevant as the concept of CLM emerges, where PCSs will impact more employees than standalone 

product configurators. 

6.3 Product configuration systems and information technology integrations 
One particularly relevant research opportunity is investigating the integration between PCSs and other 

IT systems, such as simulation tools, CAD systems and ERP/PLM systems. It is likely that a well-

integrated PCS will be visible to more employees, and thereby, faulty configurations and bugs will be 

revealed to a larger extent. An interesting research opportunity could be to investigate if well-integrated 

PCSs are more likely to be well-maintained and efficiently operated than standalone configurators since 

the output will most likely be exposed to more people with different perspectives of what a correct 

knowledge representation is.  
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7. CONCLUDING REMARKS 
This thesis concludes my three-year PhD project. The purpose of a PhD project is to uncover new 

knowledge, demonstrate the ability to conduct independent research and communicate the findings. I 

hope this project succeed in that endeavour. 

Sometimes I have speculated: What is really the value of research in engineering design and 

management? The individual contributions seem insignificant and only represent minor developments 

in knowledge. But, as time passes, these minor contributions add up to create comprehensive 

frameworks that can be taught to students and ultimately percolate to the Danish industry as new 

candidates get jobs, start companies and find their way in the world. I believe the real value of this 

research comes from the living tradition of passing the knowledge of best practices in engineering 

design to new contexts in which the principles can take root; grow; and benefit industries, people and 

the world. For this purpose, it is important that researchers keep researching, improving and speculating 

on the role of engineering design in theory and practice. 

I am happy that I was fortunate enough to get the opportunity to contribute to this tradition. I hope that 

this research will play a small role for someone learning about engineering design, product configuration 

or something else in the future. 
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Increased accuracy of cost-estimation using product 
configuration systems 

Jeppe Bredahl Rasmussen and Lars Hvam and Niels Henrik Mortensen 1 

 

Abstract.1  This article describes an approach for utilizing Product 

Configuration Systems (PCS) for quantifying project costs in 

project-based companies. It presents a case study demonstrating a 

method of quantifying costs in a way that makes it possible to 

configure cost- and time estimates. Piecework costs, material costs 

and sub-supplier costs are used as principle cost elements and 

linked to structural and process elements to facilitate configuration. 

The cost data are used by the PCS to generate fast and accurate 

cost-estimates, quotations, time estimates and cost summaries. The 

described cost quantification principles have been used in a 

Scandinavian SME (Small and Medium-sized Enterprise) since the 

90’s, but have since 2011 been adopted to be used in a 

configuration system. A longitudinal case study was conducted to 

compare cost and time-estimation accuracy before and after 

implementation. We conclude that the proposed method for 

grouping costs, combined with a PCS, can be used in project-based 

construction industries to make more accurate estimates of project 

costs. Reasons for improved accuracy are, according to company 

experts, the increased documentation and visibility of cost-

estimates, dynamic allocation of variable costs, version control of 

cost-agreements and the ability to handle an increased level of cost 

details. 

1 Introduction 

Cost-estimation accuracy in project-based companies can be a 

challenge that often results in cost overruns of construction 

projects[1]. To respond to these challenges, a wide range of cost-

estimation techniques have been developed to increase accuracy, 

ranging from simple estimation techniques to applied artificial 

intelligence. However, the most recently developed methods have 

not been adopted to the extent that would be expected, partly due to 

lack of understanding of new methods, but also by lack of trust in 

the benefits of such methods [2]. Product configuration systems 

have proven useful to improve time performance, error rates and 

profitability in a wide range of companies. [3–7] Some use has 

been made of the generation of cost-estimates by means of rule-

based expert systems within the field of product configuration. 

Examples of cost-estimates generated by PCS are catamaran-type 

leisure boats in Korea [8], and optimization of the cost and 

scheduling of heavy earthmoving operations [9]. A PCS was 

developed by Chan [10] to predict the price and manufacturability 

of six commonly used component designs. The component designs 

generated by the PCS were afterwards validated by sourcing prices 
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from real manufacturers and confirmed the reliability of 

predictions from the expert system[10]. Cost-estimation of metal 

casts has been developed by use of fuzzy reasoning systems[11]. 

Cost-accuracy has been reported as an observed benefit in industry 

by use of PCS[12]. This article is a case study investigating an 

implementation of a PCS to improve cost-estimation accuracy in a 

project-based construction company. In order to investigate the 

effects of a PCS, we followed a case company using a PCS to 

generate cost-estimates and quotations. Based on the believe that 

PCS can improve cost-estimation accuracy in the construction 

industry, the following proposition was tested: 

 

Proposition 

Implementation of PCS can improve cost-estimation accuracy in 

project-based construction companies 

 

To test the propositions a collaboration with a case company that 

had changed from a traditional cost-estimation approach to a PCS 

was followed in a longitudinal case study. Access to the content of 

the PCS calculation principles and domain experts for clarifying 

questions was during the period in order to provide us with an 

understanding of the most important reasons behind any changes in 

cost-estimation accuracy. We sought to increase understanding of 

how a PCS adds value to a company and what reasons might be 

behind increases in cost-estimate accuracy. The paper is structured 

as follows: (1) Literature review of current cost-estimation 

practices in project-based industries; (2) Research methods; (3) 

Description of how to model cost-elements in a PCS;  (4) Case 

describing the use of a PCS for cost-estimation, its impact on cost-

accuracy and possible explanations; (5) Discussion of the results; 

and finally (6) Conclusions. 

2 Literature review of cost-estimation 
techniques  

Cost estimation is important to project management as it provides 

information for resource management, decision-making and cost 

scheduling [13]. Cost over-runs are a common problem in project-

based companies when cost-estimates lack accuracy [1]. Numerous 

methods have been proposed for cost-estimation and numerous 

textbooks are readily available on the topic. Often the focus is on 

the principles and processes involved in cost estimation. The 

general suggestion is to break costs down into such elements as 

labour, materials and plant costs and add some percentage for 

contingency [14,15]. The process of estimation is to produce a 

statement of the approximate quantity of material, time and cost to 

perform construction work. In 1989 Carr [13] identified a need to 



establish cost-estimating principles and stipulated that a proposal in 

the construction industry must include an estimate that is close to 

reality, a suitable level of detail, and all relevant items, without 

adding extra and use quality documentation as a basis for business 

decisions. Furthermore, the cost-estimate should distinguish 

between direct and indirect costs and variable and fixed costs. 

Additionally some way of handling contingency should be in place 

to mitigate unforeseen circumstances [13]. Multiple methods for 

cost-estimation exist; they can be divided into Bottom-up and Top-

down approaches. Bottom-up estimating (or resource-driven 

estimating) includes breaking down a project to its distinct parts in 

a ‘work breakdown structure’. The aim is to reach a level of detail 

where costs are relatively stable and most costs are included. It is 

generally agreed that the bottom-up approach is quite accurate, but 

it is  also time consuming [16]. Top-down (or parametric 

estimating) relies on past projects and reviews and modifies earlier 

projects by scaling and estimating expected costs [17]. Advanced 

methods have been developed and classified in four types of cost 

estimation modelling: Experience based (algorithms, heuristics, 

expert system programming), simulation (heuristics, experts 

models, decision rules), parametric (regression, Bayesian, 

statistical models, decision rules) and discrete state (Linear 

programming, classical optimization, network, PERT, CPM) [18]. 

Much research has been conducted within Case Based Reasoning 

(CBR) as it allows recall and reuse of knowledge from prior 

projects [19]. Rule-based experts systems have failed to meet the 

need that construction managers have to handle complexity and 

CBR has emerged as an alternative[20]. A system that integrates 

CBR and rule based expert systems was developed for cost-

estimation of refurbishing of houses and it was concluded that the 

combinatorial approach is beneficial but not commercially viable 

due to the complexity of such an approach [21]. In practice, cost-

estimation methods depend on the nature and type of organization 

and are not very standardized [22]. A survey of 84 very small to 

large firms in the UK [2] were asked about current cost estimating 

practices and the study concluded that the most used methods were 

of a relatively simple nature, such as estimation of standard 

procedure, comparison with past projects and comparison with 

finished parts projects. Intuition and simple arithmetic formulas are 

also widely used. Most of the advanced cost-estimation methods 

have not been adopted by industry. Reasons listed for lack of 

adaptation are that the companies are not familiar with recent 

methods, companies lack time and knowledge and they doubt 

whether the new techniques can be of benefit to the construction 

industry. The study also concluded that companies mainly use cost-

estimation for construction planning and not for construction 

evaluation [2]. This article seeks to add a case to the evidence that 

a PCS can offer benefits to the construction industry both by 

offering opportunities for increased cost-accuracy, but also by 

making it easier to use cost-estimate data for construction 

evaluation. 

3 Research Method 

This research was based on a case study of a project based 

construction company that generates cost-estimates and quotation 

letters. It was a longitudinal case study that observed changes in 

cost-estimate accuracy occurring in a company that have changed 

from a standard cost-estimate approach to a PCS. The longitudinal 

case study was chosen due to the ability for the researcher to watch 

a changes unfold in real time [23]. Data on cost-estimations and 

actual costs were provided by the company. The data were 

analysed by researchers by comparing pre-project cost-estimations 

with realized costs in order to test the proposition. The cost-

estimates from 2009 were generated by standard methods and those 

from 2014, which were generated with PCS, were compared to the 

actual costs of the given projects. The possible reasons for the 

results were investigated qualitatively in interviews with two 

different company experts who had both used the system and taken 

part in the development. The interviews were performed 

individually to prevent interviewees from offering the same 

explanation or affecting each other. Published studies of cost-

estimation in construction industry were reviewed in order to 

identify best practices, to document that the principles used in the 

case company resemble current practice and to identify similar use 

of computer aided cost-estimation, in order to provide context. 

3.1 Cost-estimation model based on 
configuration 

The proposed principles for cost-estimation by means of PCS 

resemble standard cost estimation processes as described in text 

books on cost-estimations by breaking down cost elements into 

smaller cost elements such as labour, materials and plant costs 

[15]. This approach resembles the bottom-up approach to cost-

estimation, which is believed to be accurate and complete but also 

time consuming [16]. The time taken for a detailed bottom-up 

approach is acceptable for mass-produced products and the effort 

invested in making detailed estimations is justified, since they can 

be reused. Multiple cases of knowledge based configurations of 

bills of materials and processing times exists in make-to-order 

companies [11,24,25] However, few accounts have been published 

of knowledge based product configuration systems designed to 

configure entire projects, including detailed costing information. 

No relevant reports were found on configuration of cost summaries 

in the research databases SCOPUS and Web of Science. The key 

words searched were “expert system” ,“configuration” ,“decision 

support”, “reasoning system” in combination with "cost summary", 

"cost overview", "Cost accounting". Cost-accounting, among other 

activities, is used to take decisions on pricing and on the 

introduction of new products and discontinuing of products [26]. 

The detailed level of cost-information influences product cost 

decisions. The more complex the product the more difficult it is to 

include product costing feedback, so more accurate costing 

information provides benefits in forecasting [27]. The currently 

proposed cost-estimation model for projects divides cost elements 

into three different categories; piecework cost (salary), materials 

costs and subcontractor costs. The piecework costs represent the 

agreed cost for a worker to perform a given piece of work. The cost 

of having the worker perform the work corresponds to the time 

expenditure for a construction process. The material cost represents 

the costs of materials for a given project. The subcontractor costs 

are fixed price agreements with subcontractors to solve a given 

task. These costs are believed to be enough to give a complete 

picture of a cost-estimate and are in line with current practice 

[14,15]. In PCS the costs are assigned to parts or process 

descriptions that can be selected in the configuration system in 

order to configure a project. Additionally, parts and processes 

contain account descriptions designated according to cost-type and 

supplier information. The account descriptions can be used to 



generate a cost summary of all expenditure in a project with a 

description of supplier and the expected total sum. The cost 

summary enables companies to compare cost-estimates with actual 

costs at a detailed level, with little effort. The cost-summary 

enables the company to use the cost-estimations for evaluation, 

which is currently not standard practice [2]. Evaluations of cost 

data and accurate cost databases are believed to be a key factor for 

success in the improvement of cost-estimations in building projects 

and firms will have to find some means of retaining the knowledge 

and experience from past projects [28]. 

4 Background of the case company 

The case company in this study was a Scandinavian company that 

sourced construction components and provided system deliveries 

as service installations. The company was classed as a SME and in 

2015 it had a turnover of 34 million € and approximately 130 

employees. In 2015 the company bid on 1319 projects and won 

229 projects which in total represents production, sourcing and 

assembly of 3001 individual products. The customers are typically 

a group of people buying installations in a community where the 

customers buy the product individually but share the costs of 

installation. The average project cost was 148.471 € and the 

average cost per product was 11.329 €. An average of project costs 

in 2013 were distributed between assembly workers (25%), 

materials (52%), subcontractors (11%) and additional costs for 

setup and removal of each construction site (12%). The ratio of 

expenses had not changed much since then. Since 2015 the 

company had used a configuration system to generate cost-

estimates and quotations for projects. The projects were all 

deliveries of similar products, but in many customer specific 

variants from a few different product families. The configuration 

system was based on component selection with assigned salary 

costs, materials costs and subcontractor costs. (Section 3.2) The 

cost-estimation techniques used by the case company were roughly 

the same before and after implementation of a PCS. The main 

difference was in the visibility and documentation of cost-

estimates, automation of changes in quotations and a slightly 

improved detail level in cost contributions. 

4.1 Configuration of cost-elements 

A schematic representation of the proposed PCS shows a system 

overview including user inputs, PCS knowledge and generated 

outputs. (Figure 1). The user inputs was an interface with a drop-

down menu on which the salesman could select elements to specify 

product design and work process. The knowledge of the 

configuration system was represented by parts or processes to be 

selected connected with a group of cost-elements; piecework cost, 

material cost and subcontractor costs. Every part or process 

element in the configuration system could hold one or more of the 

cost-elements dependent on the characteristics of the chosen 

element, i.e. a chosen component could include information on 

both piecework-costs and materials costs. This was because some 

parts of the construction project included both a work process to be 

performed and a material to be used for the process. The 

knowledge about the processes, materials and subcontractor costs 

was handled in the PCS and a finite solution space could be 

defined and handled by an inference engine.  

The PCS could handle changing project costs by adding or 

removing project elements according to changes in the required 

product and thereby easily create revisions and changes in cost-

estimates and output documents. In order to handle the complexity 

of construction projects special open entry fields were used in the 

configurator with the possibility to describe non-standard elements. 

Non-standard elements might consist of any of the three types of 

costs and was a flexible way of adding non-standard process and 

costing knowledge. The total sum of piecework-, material- and 

subcontractor costs was used to generate the output of the PCS. For 

internal use, the case company generated time-estimates (total 

salary cost estimate divided by hourly fee gives an approximate 

assembly time) and cost summaries according to expected 

expenses from specific suppliers and subcontractor agreements. 

The cost summary helped to evaluate accuracy and identify billing 

mistakes. For external use, quotation letters were generated for 

customer, each containing a fixed price based on a configured cost-

estimate. The time-estimate and the time-schedule were based on 

the estimated salary cost, so the accuracy of the configuration was 

of great importance for overall project cost accuracy. An under-

estimate in salary and thus time-estimates could result in increased 

expenses due to overtime rent of machinery and other very variable 

costs. 

 

 
Figure 1 Overview of PCS and outputs delivered 

4.2 Analysis of cost-estimate accuracy before 
and after implementation of a PCS 

The case company performed an analysis of the cost accuracy of 

the major cost elements of 55 cases in 2009, corresponding to 12 

months of operations, in order to review and improve the current 

cost-estimation process. The deviations were calculated per major 

cost element, as defined in (1). 

 

Cost deviation = Actual cost – Estimated cost 

 

(1) 

If the actual cost of a project is higher than the estimated cost, the 

cost deviation will be negative. If the actual cost is lower than the 

estimated the result is a positive deviation. If a project exceeds the 

cost estimate it shows a negative deviation on the graph and in case 

of a lower price than estimated a positive deviation. In 2009 

fluctuations in the deviations in cost-estimates could be observed 

and only few projects where completed at a cost close to the 



estimation (Figure 2). It can be seen that the fluctuations move in 

both positive and negative directions but when deviating the 

different cost elements generally move in the same direction. This 

indicates a tendency to over-estimate or under-estimate a complete 

project and not just parts of it. Furthermore, the tendency is that 

most deviations are negative meaning that the cost-estimators most 

likely to have underestimated project costs when there are 

deviations. The conclusion from the investigation was that 

increased cost accuracy was identified as an area that must be 

improved. Based on the analysis it was decided by the case 

company to invest in a PCS to generate quotations, in order to 

improve accuracy. (Section 4.1) 

 

Figure 2 Deviations in cost elements 2009 

 

In 2014 another analysis of 42 cases corresponding to 4 months of 

operations were performed to evaluate the effect of the PCS. Less 

fluctuation in the deviations of cost estimates were observed in 

2014, resulting in better accuracy (Figure 3). The line had 

straightened around zero indicating that the deviations had been 

reduced. There were still three major outliers in salary and 

subcontractor categories. In order to understand them, expert 

interviews were conducted to clarify the cause. In those particular 

cases the company was experiencing a shortage of workers to 

complete the projects and was forced to complete the projects by 

using subcontractors. The deviations in salary and sub-contractor 

costs equalized each other and the consequence was therefore not 

negative to the company’s profit. 

 

 

Figure 3 Deviations in cost elements 2014 

 
 

An overview of the sum of the actual costs and estimated costs can 

be seen in Table 1. Note that the total sum of salary and 

subcontractor costs does not hit the target very precisely, which is 

related to the prior explanation of the outliers.  In the rest of the 

article the data set has been corrected to exclude the three cases to 

make a better representation of the actual distribution of the 

deviations. From this point in the article only 39 cases are included 

in the 2014 analysis. 

 
 estimated costs actual costs 

 2009 2014 2009 2014 

# projects 55 42 55 42 

Sum of salary 1963 714 2224 501 

Sum of materials 5004 1749 5173 1726 

Sum of subcontractor 410 199 592 331 

Total Sum 7377 2662 7989 2558 

Table 1 Sum of total cost elements in 1000 € (2009 & 2014) 

 

Reason for deviations in 2009 were according to the company a 

lack of standardized solutions, too little detail on cost elements and 

lack of control of expenses in relation to external use of consultants 

for gaining approval for products. Reasons for deviations in 2014 

were according to the company late changes in the order resulting 

in a change in price. Positive deviations in the materials category 

were explained by a change in product design resulting in a 

positive deviation due to a lower final price. 
 

4.4.1 Comparison of individual cost elements accuracy 

All of the cost-element deviations were plotted in a column 

diagram and rank-ordered from the greatest negative deviation to 

the greatest positive deviation on identical scales per cost-element. 

A reduction in under-estimated cases was observed across all cost 

elements in 2014. Most notable are the salary and materials 

estimates, which showed substantial reductions in under-estimates. 

The subcontractor category still suffered from a tendency to 

underestimate costs. 

 

4.4.2 Comparison of salary costs 

In 2009 the deviations were significantly more likely to be negative 

(39 negative projects) than the estimates made supported by a PCS 

in 2014 with 3 negative projects (Figure 4). In 2014 deviations 

continued to occur but with positive deviations and with a 

significantly smaller magnitude. The greatest negative deviation in 

2009 was approximately 75.000 €, while the greatest negative 

deviation in 2014 was approximately 1.000 €. This is a significant 

difference in miscalculations and of great importance to the 

profitability of the case company, as it will help to avoid losing 

money, but also to calculate correct time-schedules and 

subcontractor costs that are dependent on the number of days 

needed to complete the work.  



 

 
 

 

Figure 4 Comparison of salary cost-estimates 2009 and 2014 

 

4.4.3 Comparison of material costs 

In 2009 significantly more negative cost-estimates were made than 

in 2014 when they were supported by the PCS. In 2014 negative 

deviations continued to occur, but the magnitude of the 

misestimates was much smaller than in 2009. In 2014 the 

distribution was evenly distributed around zero deviation, 

indicating that the estimates were closer to the target than before. 

The deviation graphs reveal greater accuracy and process control.  

 

 

 

Figure 5 Comparison of material cost-estimates 2009 and 2014 

 

4.4.4 Comparison of subcontractor costs 

In 2009 some negative deviations occurred and the tendency was to 

underestimate subcontractor costs. In 2014 fewer deviations 

occurred but there was still a tendency to underestimate 

subcontractor costs. Experts at the company suggested that one 

reasonable explanation was that the PCS cannot handle all 

subcontractor costs as they are not as standardized as the salary and 

materials category. Another reasonable explanation offered was 

that the subcontractor costs are often variable costs that depend on 

the time-schedule, so an incorrect salary estimate would lead to an 

incorrect time schedule, resulting in increased sub-contractor costs. 

This means that the improved sub-contractor costs might be a 

“knock-on” effect from improved salary-cost estimation. 

 

 

 

Figure 6 Comparison of subcontractor cost-estimates 2009 and 2014 

 

 

4.4.5 Summary of cost deviations 

Sections 4.4.2, 4.4.3 and 4.4.4. summarize evidence that the cost-

estimate accuracy improved significantly within all cost-elements. 

Table 2 gives an overview of the percentage of under-estimates of 

projects from before and after implementation of the PCS. Most 

notable is the increased accuracy in the salary-cost and materials-

cost categories. As the salary costs and materials costs together 

constitute 72% of average total expenses in a typical project, the 

gains in cost-estimate accuracy contribute to the case company’s 

profitability. 
 Salary cost Material 

Costs 

Subcontractor 

Cost 

 2009 2014 2009 2014 2009 2014 

Under-

estimate 
71% 8% 76% 38% 89% 67% 

 

Table 2 Percentage of project-costs under-estimated 2009 & 2014  

 



The total amount of money in the two categories of under-

estimates and over-estimates can be seen in Table 3. In 2009, the 

financial loss due to under-estimates were significant, with a total 

loss of €693.000. In 2014 the financial gain on improved accuracy 

and compensation by over-estimations was €122.000. It is 

important to note that the absolute sums are not based on the same 

number of projects of comparable sizes, so they are not directly 

comparable. A comparison of the positive and negative deviations 

from Table 3 was compared to the actual cost of projects from 

Table 1 and can be seen in Table 4. The data show an improvement 

moving from a tendency to lose money on under-estimates to 

earning money on over-estimates. This had a significant impact on 

profitability, assuming that the company was still competitive at 

the new cost-estimates. The number of ingoing orders in the case 

company had in fact increased during the time period investigated. 

 
 Salary cost Material Costs Subcontractor 

Cost 

 2009 2014 2009 2014 2009 2014 

Under-

estimate 

-

351.5 -1.9 -249.7 -53.4 -156.5 -53.9 

Over-

Estimate 42.6 137.1 18.4 78.9 3.6 15.2 

Total Sum -308.9 135.2 -231.3 25.4 -152.8 -38.7 

Table 3 Sum of total deviations in 1000 € (2009 & 2014) 

 
 Salary cost Material Costs Subcontractor Cost 

 2009 2014 2009 2014 2009 2014 

 Under-

estimate 
-15,8% -0,4% -4,8% -3,1% -26,4% -16,3% 

 Over-

Estimate 
1,9% 27,4% 0,4% 4,6% 0,6% 4,6% 

 

Table 4 Percentage of over- and under-estimated deviations in relation  to 

sum of actual cost-elements in all projects 

 

 

4.3 Reasons for improved accuracy according 
to case company 

In order to understand the reasons behind the improved accuracy in 

the different cost elements, semi-structured interviews were 

conducted and the graphs from Section 4.4 were presented with an 

open question asking “what are your explanation for the difference 

in accuracy between 2009 and 2014?” Two different interviews 

were conducted with the head of sales and the head of R&D. The 

head of sales stated that there was no doubt the PCS had helped to 

increase the accuracy of cost-estimations by standardizing product 

solutions. He added that before the PCS was implemented the head 

of economy had routinely reduced the expected actual cost by 4% 

on any quotation for certain products due to a clear tendency to 

deviate in a negative direction. The increased visibility of cost 

elements created by a cost summary page were identified as a tool 

that enabled evaluation of costs and updates of prices and had 

helped to reduce deviations and make sure correct prices were 

used. It was also pointed out that the level of detail of the prices in 

the different cost elements had been improved due to the ability to 

handle prices automatically. The interview with the head of sales 

credited the following three critical features of the PCS with its 

success: 

 

 Increased visibility and documentation of cost elements 

in cost-estimates, by means of cost summaries 

 Version control of cost agreements maintained in a single 

system 

 Increased level of detail in cost elements 

 

The head of R&D stated that the old calculation system was 

tedious and it was difficult to handle cost updates from suppliers 

and version control. The result was that cost-estimates were often 

calculated on the basis of different price agreements and resulted in 

incorrect cost-estimates. He also pointed out that when a project 

changed in the old system, it was a major task to change all 

variable aspects of the project, and that this often resulted in 

mistakes being made. He stated that another reason for the 

improved accuracy was the visual and easy overview of possible 

standard solutions, which helped the sales representative to sell 

products that were already registered as a standard product with 

known and agreed costs. Yet another reason was the possibility to 

handle and maintain a higher level of detail in the cost-elements. 

The interview with the head of R&D credited the following three 

critical features of the PCS for its success: 

 

 Dynamic allocation of variable costs 

 Version control of cost agreements maintained in a single 

system 

 Increased level of detail in cost elements 

 

 Afterwards, when the head of sales and head of R&D were 

brought together to discuss the data on accuracy they agreed that 

all aspects mentioned were important reasons for the increased 

accuracy and refinement of cost-estimations. 

5 Discussion 

The focus of this work was to investigate how a PCS can be used 

to quantify project costs in project based construction companies. 

A method for grouping of costs has been presented that respects 

best practice as documented in the literature but adds a way to 

calculate time-estimates and cost summaries. The method used by 

the company made it possible to configure cost-estimates and 

generate quotations, time-estimates and cost summaries in a single 

PCS. The automatic generation of documents proved to be a useful 

way to improve cost accuracy. These findings complement the 

existing literature on automation in the construction industry by 

adding a case of successful implementation of rule-based expert 

system with tangible benefits. The possible reasons mentioned by 

company experts indicate that a PCS might be a new and viable 

way to improve cost-estimation evaluation. Another finding was 

that the PCS can help increase the level of detail and thereby obtain 

a suitable level of detail as described by Carr [13] without 

obscuring the user’s over-view. The cost-estimation principles used 

by the case company resembled standard procedures for the 

construction industry and so the results are believed to be 

replicable in similar project based companies. However, the 

presented case study was of a single case company, which clearly 

limits the generalizability of the study. The case company operated 

within a defined product solution space which made the use of a 

rule based expert system feasible. The analysis was based on a 

limited number of projects and the sample size from 2009 was 

larger than from 2014. It might be that some outliers occurred 



among the cases in 2014 that were not considered, and that this 

might alter the conclusions. However, the data in combination with 

expert interviews strongly indicates that there is a connection 

between the implementation of a PCS and cost-estimation 

accuracy. Future studies should seek to implement similar solutions 

in other companies in the construction industry to validate the 

present results. 

6 Conclusion 

The purpose of this case study was to investigate cost-estimation 

accuracy in a longitudinal study and assess the impact of the 

implementation of a PCS on cost accuracy. It was concluded that 

the cost estimations did improve quantitatively, showing fewer and 

smaller deviations and fewer negative under-estimations among all 

cost-elements. The reasons for these improvements were 

investigated qualitatively in open interviews with company experts 

who considered their implementation of a PCS was the main 

reason for improved cost-accuracy. The reasons behind the 

improved accuracy could according to these company experts be 

explained by the increased documentation and visibility of cost-

estimates, dynamic allocation of variable costs, version control of 

cost-agreements and the ability to handle an increased level of 

costing details. 
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Abstract: This article is a case study investigating 
the cost implications of using a Product Configuration 
System (PCS) that was not sufficiently maintained. It 
presents a case study that demonstrates and quantify the 
potential financial loss of relying on a PCS to generate 
quotations without sufficient focus on updating and 
correcting the cost data and product offerings. The study 
finds that comparing quotations made from a not-
maintained PCS, with recalculations of the same projects 
in a newer updated PCS that the company in a period of 
one year in average miscalculated the costs too be 20% 
lower than the real costs. We concluded that the cost of 
not maintaining a PCS can be far higher than the costs 
to update and maintain the system and furthermore that 
the success of PCS reported in the literature might not be 
consistent for long time of use of PCS if the systems are 
not properly maintained.

Key Words: Product configuration system, Cost 
calculation accuracy, benefits of product configuration 
systems, challenges of product configuration systems, 
case study

1. INTRODUCTION

PCSs are information systems that support the 
specifications of the product configuration as well as 
creation and management of configuration knowledge
[1]. Several benefits of PCSs have been reported such as 
shorter lead-time for generating specifications [2,3], 
improved accuracy of product specifications [1,3], 
improved control of product assortment and less 
repetitive work tasks [4,5]. In order to harvest the 
benefits from a PCS significant work must be undertaken 
including significant cost, time and possible restructuring 
of product assortment and work processes [6]. Several 
approaches to develop a PCS exist that all mention the 
importance of maintenance [7 10]. However not much 
has been reported on the consequences of a reduced 
maintenance effort. This research work is using a case 
study to investigate the financial consequences of not 
maintaining a PCS properly. In order to investigate these 
effects the following research question is developed:

RQ. What are the cost implications from not 
maintaining PCS?

To test the research question, a case study was 
performed in a case company that had experienced 
changes in market offerings and manufacturing costs 
without paying sufficient attention to updating the PCS. 
After the realization that the product offerings created by 
the PCS were off the company developed an updated 
PCS and re-calculated all contracted projects to 
investigate the cost difference. This discrepancy between 
the old and the new PCS provided an opportunity to 
study 81 projects consisting of 2655 sold products and 
the impact on the cost estimates. The results indicate that 
the cost of not maintaining a product configuration 
system can potentially be more costly than spending the 
resources to make sure the system is up to date at all 
times.

2. LITERTURE REVIEW

Literature on product configuration systems (PCSs) 
discusses in detail the realized benefits from their 
implementation [4,11,12]. More recent research focuses 
on the challenges of implementing PCSs [13 15].  
However the cost of not maintaining a PCS is barely 
discussed. Therefore, the related literature review 
touches upon the cost of maintenance of IT software in 
general, the benefits from updating the IT systems and 
the challenges regarding the maintenance tasks. 

PCS are a proven concept, adding significant value 
for companies of configurable complex products. Even 
though the decision to implement a PCS comes with the 
expected cost of software, training etc. studies have 
shown that the return on investment (ROI) on such a 
project is very high [16]. The success of information 
systems and technology leads to better organizational 
performance and reduction of the overall costs [17].
Therefore the implementation of a PCS is a strategic 
decision towards achieving several benefits. To be able 
to reach that goal, companies have not only to set up the 
configurator and use it, but also ensure that it is updated. 
The maintenance of the data in the configuration system 
is of great importance, in order to lead to accurate 
products and price calculations. The maintenance of the 
IT systems is connected to the overall maintenance 
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strategy of the management systems in a company [18]. 
However, this phase is considered as less important than 
the initial development and implementation of the 
software [19].

The phases of software development include 
requirements identification, design, implementation, test, 
operation and maintenance [20]. For a PCS the 
maintenance part includes updating and maintaining the 
product features included in the system, along with their 
level of detail [21]. The main challenges identified in the 
literature in respect to the maintenance phase of the PCS 
are related to the product complexity, the frequency of 
the changes in the product, and the accessibility and 
knowledge sharing of the related information to perform 
the maintenance tasks [13]. 

Complexity is one of the main difficulties both in 
development and maintenance of software [22]. In terms 
of PCSs, the complexity of handling of configuration 
data increases along with the complexity of products, and 
then the task of maintaining the PCS becomes rather 
challenging and time-consuming [23,24]. The failure of 
communicating the knowledge during the maintenance 
phase of the PCS is considered of significant importance 
among manufacturing companies [13].

Ref. [19] conducted a survey to analyze how the task 
of maintenance and enhancement of software is 
perceived by companies. The results indicate that the 
demand in terms of resources is high and the execution 
of the task is the most important management area. 
Maintenance tasks of implemented software are 
categorized into three groups; perfective, adaptive and 
corrective maintenance [25]. Even though the allocation 
of the specific task under these groups is subjective to 
the view of the user, the consequences of not performing 
the tasks remain the same [18]. Maintenance typically 
comprises of 60 percent on average of the cost during a 
software system s life cycle [26]. However, the most 
important cost regarding maintenance is related to the 
consequences of not updating the PCS [7,27 29]. Poor 
data quality has a negative impact on the economic 
performance of an organization (Ballou et al., 2004; 
Wang & Strong, 1996) and its efficiency, whereas high 
quality data are of great importance towards its success
[30 33].  

The cost of corrective action [34] occurs when 
the expectations of the customers in terms of quality and 
time are not possible to be satisfied by the manufacturing 
company. Therefore, more resources are allocated to 
ensure that the delivered product satisfies the agreed 
upon requirements. It terms of PCS, this refers to 
validation of the configuration data, which consequently 
affect the quality of the product specifications, lead time 
and estimated prices [23,35].
The economics-driven evaluation on data management 
decisions in regards to the maintenance of data 
repositories is examined in terms of costs and benefits 
[36]. The results of the analysis indicate that even though 
the cost of maintaining the system can be relatively high, 
the economic and business benefits can justify the need. 
In terms of PCSs, this could be argued by taking into 
account the studies on ROI for such an investment [16]. 
The cost of maintenance of a PCS is included in the ROI 
calculation and still the savings are significant (eg. 20m 

euro over a 5-year period) [16]. The need for continuous 
update of the PCS is imperative, to ensure validity and 
accuracy of the configuration data. This leads to fewer 
errors in the system and consequently to the end product, 
but also prevents failure of the system and enhances its 
general acceptance [25]. Thus, the benefits of the use of 
PCSs are not evaluated only in terms of usefulness, but 
also in terms of their impact to the overall performance 
of the company and the total cost [17]. 

This need for update of the configuration data is 
mainly driven by the changes in the requirements of 
configurable products, which often occur due to external 
factors, such as customers, suppliers, and legislation 
[24]. Moreover, if the changes require a new logic or 
new features to be added to the software system then 
they have to be specified and incorporated [37]. These 
changes need to be communicated and updated in the 
PCS and other data management systems, to ensure the 
validity and accuracy of the configuration outcome. This 
can be connected to the need of having a documentation 
system to cover not only the development phase, but also 
the maintenance [38]. 

The benefits of maintenance support from the 

enterprise resource planning (ERP) systems. These 
benefits include operational cost reduction, in terms of 
time and cost due to re-entry errors, data entry and 
general errors in delivery [39]. The maintenance 
activities in the ERP systems include correcting logic 
errors and revision or enhancement of the system to 
satisfy user requirements [40]. Unsuccessful ERP 
maintenance would result in the system not achieving its 
whole potential benefits [41].  In general, the cost of 
maintenance is discussed in detail in the literature 
[40,41], but the cost implications of not maintaining the 
system are not discussed. 

Tracking and tracing all changes of product models in 
product lifecycle management (PLM) and CAD systems 
is a main part of the configuration management tasks 
[42]. In a similar way, the need for managing product 
data, process and project data is highly relevant for 
documentation management, especially over time and for 
products with long life cycles [42].

Erroneous master data, including product data, prices, 
suppliers data, can lead to significant costs [23]. Even 
though the importance of data quality, in terms of having 
up-to-date and valid data, is discussed in the literature 
[43], there has not been established a link between poor 
data quality and monetary loss [23,44,45]. Ref. [45]

the potential costs due to poor data quality. However, 
there is limited research on the size of these cost 
implications [23]. In conclusion, indirect relations can be 
drawn based on the research work discussed in this 
section, pointing to the need to further examine the 
monetary consequences of not performing the 
maintenance tasks. In particular, the cost of not updating 
the data in the PCS has not been discussed or quantified. 
Hence, this work aims to contribute to this research gap.



3. RESEARCH METHOD

The purpose of this research is to identify and 
evaluate the cost of not maintaining the product data in a 
PCS. Therefore, the selected research method is case 
study. Case research studies the phenomenon in its 

[46]. In this particular work, which has 
not been investigated in depth as discussed in the 
literature review section, case research is highly suitable 
as it supports exploratory research with still unknown 
variables and not fully understood phenomena [47].

The selected case study is considered as a highly 
representative example from the manufacturing industry, 
as the company designs, manufactures and installs their 
complex configurable products. They support the sales 
process via a PCS. The company has been using the PCS 
for 7 years, therefore it is considered mature enough to 
be examined in this study, providing a depth of 
observation [47]. The main limitation of the single case 
study is related to the generalizability of the findings 
[47].

Data collection includes quantitative data on cost 
categories (salaries, materials, prices, outsourced 

system, observations and semi-structured interviews with 
the head of sales. Semi-structures interview are selected 
to ensure that the relevant aspects of this research are 
addressed by the interviews, but also to provide the 
freedom to discuss emerging aspects mentioned from the 
experts. These different sources of data collection allow 
for triangulation and validation of the collected data 
[48,49]. The unit of analysis is on a project level. The 
sample of this case study includes 81 projects sold over a 
year (2014). The research team had access to the 

6
months. The following section describes the details of 
the case study and collected data.

4. RESULTS

4.1. Background of the case company

The case company was a Scandinavian company that 
provided system deliveries in the manufacturing 
industry. In 2013 and the 
company employed 130 people. The offering of the 
company was product installations and handling of legal 
requirements for the customers. The projects consisted of 
standard solutions based on a standardized product 
assortment from five different product families and the 
time from contract to finished project would usually be 
between half a year and 2 years. Every project would 
delivery would be several different products for different 
customers which would all share some costs of initial 
setup of machinery. A signed contract was fixed in price 
and would not vary if the company had to make changes 
to the products which stresses the need of correct 
calculations. The cost-estimations provided by the PCS 
had historically proven to be accurate with only minor 
deviations. The company had four major expense 
categories which was materials, salary for workers 
performing the installations, sub-suppliers and shared 

costs. The distribution of costs in the individual project 
costs were in 2017 approximately salary (13%), 
materials (55%), sub-suppliers (24%) and shared costs 
(7%). The company had since 2009 used a PCS to 
generate quotations on projects. 

The PCS was handled by key employees from sales, 
development, supplier representatives and from 
marketing in order to make sure the offerings was 
correctly priced and provided sufficient offerings to 
cover the market. In 2013 a key employee left for 
another company and the efforts to maintain the product 
assortment and corresponding PCS was no longer of 
primary concern to the company. Meanwhile 2 years 
passed without significant changes from suppliers or the 
market resulting in a successful business without much 
need for adjustments. At some point competition and 
market requirement increased which changed the product 
offerings drastically but since the company no longer 
had much focus on the PCS the offerings from sales 
continued to be the same prices as in 2013 with no 
changes even though salaries were re-negotiated, 
materials were calculated based on different principles 
and stricter regulations required resulting in increased 
costs. In 2015 the company realized a loss on most 
projects compared to the calculation and increased the 
costs of all products by a fixed percentage in hope that it 
would cover some of the costs that was not included in 
the old PCS. At the same time an initiative was taken to 
update the PCS to fit the new structure which was 
completed in the beginning of 2016. In order to 
understand the difference between the sold projects 
configured in the PCS from 2013 and the actual prices all 
projects were re-calculated in the new PCS developed in 
2016. The timeline of the initiatives taken between the 
old PCS (2013) and the new PCS (2016) can be seen in 
figure 1.

Fig. 1. Timeline of initiatives taken to update PCS in 
the case company

4.2. Configuration of project costs

The PCS structure used by the company was roughly 
the same in the PCS from 2013 and the PCS from 2016 
which can be seen in a schematic representation in figure 
2. The PCS takes user inputs in the form of product 
design and work process specifications. The user inputs 
would then be translated by an inference engine to 
process the knowledge into a feasible product solution, a 
quotation letter and a document with cost summaries of 
the specific solution. For internal use the company 
generated a time-estimate based on the expected salary 
and time it would take to finalize the project in order to



calculate the shared costs. The cost estimate was divided 
in four major cost categories: salary, material, 
subcontractor and shared costs. In this article the 
deviation between the calculations made in 2014 after a 
drastically changed market by the PCS designed in 2013 
is compared to the same cases recalculated in the new 
PCS implemented in the beginning 2016 reflecting the 
actual cost structure. The cost summary helped the 
company to evaluate cost accuracy, identify billing 
mistakes, and improve quotations. The cost summary is 
the basis of the comparison between the projects 
configured in the 2013 PCS and the new 2016 PCS.

Fig. 2. Product Configuration System setup

4.3. Analysis of cost-estimate in a not-maintained 
PCS and updated PCS

The company sold 81 projects in 2014 which 
consisted of a total of 2655 individual product solutions 
based on the calculation principles from the 2013 PCS. 
The deviations were both calculated on a complete 
project basis and for the cost elements individually. The 
cost difference was calculated as defined in (1) and the 
relative deviation as defined in (2).

(1)

calcOldPCS

DifferenceCost
DEV

_

_ (2)

If the re-calculation in the new PCS is higher 
than the old calculation the cost difference will be a 
positive number corresponding to a loss compared to the 
actual cost price. If the re-calculation is lower than the 
old calculation the result will be negative and indicate 
that the company would be able to deliver at a cost lower 
than what was sold. All numbers are calculated raw costs 
and does not state anything about how profitable the 
projects actually turned out. The total project sum of the 

corresponds to a total miscalculation of 20% (table 1). 
The individual contributors to the total cost deviation 
was investigated further through analysis of individual 
cost elements (figure 2). According to the case company 
the reason for 21% increase in salary was mainly due to 

increased salaries for the installation work. The 14% 
increase in material costs was explained by increased 
raw material costs and a tendency to sell products too 
simplistic compared to the reality of the product design. 
The 43% increase in supplier cost was explained by a 
single contributor that was very low compared to the 
actual cost that had not been identified by the company. 
Additionally some projects needed to be changed from 
the standard solution which had been sold to a more 
expensive solution that was not possible to configure and 
price in the PCS from 2013. The shared cost would be 
derived from the other costs, namely salary-, material-
and supplier costs. As the before mentioned costs 
increased, the shared costs increased as well due to the 
interconnectedness. A visual comparison of the total cost 
calculation for all projects can be seen in figure 2. 

Table 1. Deviation in sum of total project costs from 

Fig. 2. Calculation from new PCS compared to old 

4.3.1. Comparison of individual cost element accuracy

All of the projects were plotted for each cost category 
in a column diagram and sorted from largest deviation to 
the smallest deviation in order to investigate the 
distribution of the projects. This was done both for the 
absolute difference between old and new calculation 
measured in euro and in relative deviation compared to 
the cost of the project. It was observed across all projects 
that the larger the project, the greater the absolute 



deviation was. The relative deviation would mostly be 
impacted by the execution of the project and its 
individual products and in particular whether the project 
sold would need major changes compared to the solution 
that was initially sold. 

4.3.2. Comparison of total cost on a project basis

The total cost difference in all projects occurred due 
to a general raise in prices and changes in product 
structure that was not reflected in the old PCS. The 
numerical cost difference is dependent on the size of the 
project, i.e. bigger projects tend to have a larger absolute 
deviation and smaller projects seem to have smaller 
absolute deviations. The relative deviations are not as 
dependent on project size. A few projects are sold with a 
deviation above 40% which according to the case 
company happened due to drastic project changes due to 
unforeseen circumstances. Therefore, some of the worst 
cases might not be directly attributed to the PCS since 
the costs could not have been known the first time the 
requirements changed. However most of the following
deviations can be directly related to the information 
stored in the PCS since the increased costs could have 
been known at that point in time. The projects with the 
biggest absolute cost difference is the same projects in all 
categories whereby the most deviating projects measured 
on relative deviation vary more when looking into the 
different cost elements.

Fig. 3. Absolute and relative cost deviation of 81 
different projects from 2014

4.3.3. Salary cost

According to the case company the difference in 
salary cost was mainly related to increases in salary 
which was adjusted based on annual negotiations. The 
salary had not changed much for a long time so the 
workers managed to get markedly better salaries. 
However, the old PCS was not updated accordingly and 
did not reflect the salary changes which can be seen in 
figure 4. The average increase in salaries was 21% but
the raise was also dependent on a case to case basis were 
some processes turned out more complicated than 
expected resulting in a need to spend more time 
performing the installations.

Fig. 4. Absolute and relative salary cost deviation of 
81 different projects from 2014

4.3.4. Material cost

The differences experienced between the old and the 
new PCS in material cost was related to changes in 
product design and raw material prices. The products 
often needed to be designed a bit more complicated than 
initially expected resulting in more material use. A few 
projects deviate largely due to unforeseen circumstances 
that might not have been possible to implement in the 
PCS from the first occurrence of such problems. 
However, after a while the costs were settled and most of 
the projects in the deviation range between 5% and 25% 
could have been reduced or greatly mitigated by an 
updated PCS implemented as soon as the company got 
experience with the specific challenges and added 
possible principles and designs to choose in the PCS.



Fig. 4. Absolute and relative material cost deviation 
of 81 different projects from 2014

4.3.5. Subcontractor costs

The cost element experienced the biggest cost 
increase of 43% was the subcontractor costs. The 
explanation for that increase was, just like the other cost 
elements, for the most drastic cases with deviations 
above 100% not necessarily preventable. But the 
forthcoming projects would be possible to implement 
with a new cost structure reflecting the cost increase of 
almost 50% on most cases for the sub-contractors. The 
role of the sub-contractor was partly to deliver external 
approvals of calculations and constructions principles 
which in some cases resulted in redesign of the product 
and therefore increased costs in other categories. 
Additionally, a single large expense was not correctly 
registered in the old PCS and often overlooked by the 
salespeople resulting in additional discrepancy between 
sold price in the old PCS and the new PCS.

Fig. 5. Absolute and relative sub-contractor cost 
deviation of 81 different projects from 2014

4.3.6. Shared costs

The deviation in shared costs was directly influenced 
from the other cost increases. The biggest contribution to 
the shared costs was miscalculation of the process time 
to perform the installation which in turn resulted in 
increased salaries and extended need to rent and allocate 
machinery for installations. Another contributing factor 
was that some installations was sold too simplistic which 
would further increase the time needed to perform the 
installation.



Fig. 6. Absolute and relative shared cost deviation of 
81 different projects from 2014

4.4. Reasons for deviations according to case 
company

In order to understand the deviations and 
miscalculations in the different projects and cost 
elements semi-structured interviews were conducted with 
the head of sales. He explained that the company had 
experienced many rapid changes in requirements based 
on increased competition, focus on their particular 
market and impact on the society at large. The increased 
focus hindered project executions for a period of time 
which required fast changes in product and process. For 
good reason the focus of the company was to fix the 
immediate situation and unfortunately the company did 
not pay enough attention to the projects being sold at that 
time of crisis. The management knew that the projects 
would not turn out as good as earlier, but did not expect 
such a big increase in costs. In an semi-structured 
interview the head of sales explained many specific 
problems related to the different miscalculations between 
the new and old PCS and specificities of products that 
were not taken into account during sales and how some 
prices were raised in another part of the company 
without implementing equivalent changes in the PCS. 
Initiatives were taken to improve the PCS but the project 
was taking much longer than anticipated. It was also 
mentioned that the company might not have been good 
enough to follow up on all projects since the company 
was so used to hitting very close on the target due to the 
use of a successful PCS. The customers would in general 
not be very price sensitive because of a strong brand and 
being a trusted partner in that particular market, but what 
the customers did not understand was the sudden 
correction of prices in 2016 and some customers where 

lost questioning why a project they were ready to sign 
would suddenly increase noticeably in price. It was 
difficult for the company to guess what would have 
happened to the turn over if the prices had been updated 
in time, but they most likely would not regret having 
fewer projects with a better margin.

5. DISCUSSION

In this case study we have presented the potential 
consequences of not updating a PCS in time. The case 
study presented a year worth of projects calculated in a 
PCS that was not sufficiently maintained and 
recalculations in a new PCS reflecting a more correct 
calculation of the costs. The total miscalculation in a one 
year period were 4.2 mio. 
increase in total cost price resulting in a markedly worse 
contribution for each project. The individual cost 
elements were investigated and it was seen that the cost 
elements varies for different reasons. Both external 
reasons that could not be entirely mitigated and some 
internal reasons due to lack of maintenance that could 
have been mitigated. It is observed in this case study that 
the benefits of PCS reported by the literature is not 
without risk. If the company rely too much on a PCS and 
neglect to update it in a time of crisis the implications 
can be detrimental to a company. The potential money 
lost by not having enough focus on the PCS in this case 
study should easily be able to finance a dedicated 
employee to make sure that the PCS is updated to reflect 
the most current prices at all times. Additionally one take 
away of the case is that short-term success of PCS is no 
guarantee of long term success if not sufficient attention 
is given to the maintenance of the PCS. The presented 
case study is based on a single case study which clearly 
limits the generalizability. However, due to the tight 
connection between the critical early decision of product 
design and fixed price towards the customer it is believed 
that this case material can explain a mechanism that 
stresses why maintenance efforts of sales configurators
are of extreme importance.

6. CONCLUSION

The purpose of this case study was to investigate the 
implications of not maintaining a product configuration 
system. It was concluded that a lack of focus on PCS 
maintenance can result in great losses if not taken care of 
in time. In this case study the cost miscalculation for one 

to 20% of estimated costs for all projects that year. It was 
explained that the reason for the miscalculation was both 
due to external circumstances of the market environment 
and due to not enough focus on updating the PCS in a 
time of crisis which implied many changes to prices and 
product assortment. In this particular case the company 
could have saved a significant amount of money by 
updating the PCS a bit earlier than they did. This 
research is the first step in quantifying the cost of not 
maintaining a PCS. To improve this research more years 
should be analysed in order to investigate trends and get 
a deeper understanding of the consequences of not 
maintaining a PCS. The cost of not maintaining seems to 



Therefore, more research are needed in order to confirm
the generalizability of the phenomenon. Another topic to 
investigate would be to investigate the trade-off between 
the cost of maintenance and cost of not maintaining 
PCSs.  
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Abstract 

This article investigates the cost implications of using a not sufficiently maintained product 
configuration system (PCS). A case study is conducted to investigate the financial loss due to poor 
data quality in products sold through a not-maintained PCS. We calculated the financial loss by 
comparing the quotations generated by the not-maintained PCS and the quotations for the same 
product when the PCS was updated. The results indicate that the company has been selling the 
products with a miscalculated 20% lower cost than the actual one. Comparing this financial loss to the 
cost required to keep the PCS up-to-date, we show that the former is significantly higher than the 
latter. The research concludes that the realized success and benefits of utilizing a PCS are related to 
its maintenance and data quality. 

Key words: Product Configuration System, Cost Calculation Accuracy, Benefits of Product 
Configuration Systems, Challenges of Product Configuration Systems, Case Study 

1. INTRODUCTION 
PCSs are information systems that support the 
specifications of the product configuration, as well as 
the creation and management of configuration 
knowledge [1]. Studies have reported several benefits 
of PCSs, such as shorter lead-time for generating 
specifications [2,3], improved accuracy of product 
specifications [1,3], improved control of product 
assortment, and less repetitive work tasks [4,5]. To 
harvest the benefits of a PCS, significant work must be 
undertaken, including significant cost, time and possible 
restructuring of product assortment and work processes 
[6]. There are several approaches to develop a PCS, all 
of which mention the importance of maintenance [7–
10]. However, few studies have reported on the 
consequences of reduced maintenance effort. This 
research work uses a case study to investigate the 
financial consequences of not maintaining a PCS 
properly. To investigate these effects, the following 
research questions were developed: 
 
RQ1. What are the cost implications of not maintaining 
a PCS? 

 
RQ2. How do the cost implications compare to the cost 
of PCS ownership and maintenance? 
 
To test the research questions, a case study was 
performed in a case company that had experienced 
major changes in its market of operation that affected 
its product offerings and manufacturing costs. During 
the change period, the case company did not pay 
sufficient attention to updating its PCS to reflect the new 
costs due to loss of competencies and a stressful 
market situation. After the realization that the product 
offerings created by the PCS were not reflecting actual 
costs, the company developed an updated PCS and re-
calculated all contracted projects to investigate the cost 
difference. The discrepancies between the old and the 
new PCSs provided an opportunity to study 81 projects 
consisting of 2655 sold products and their impacts on 
cost estimates. The results indicate that not maintaining 
a product configuration system may be more costly than 
spending the resources to make sure the system is up 
to date at all times. The rest of the paper is organized 
as follows: Section 2 presents a literature review on 
PCS in relation to cost of maintenance and data quality. 
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Next, section 3 presents the research method and 
introduces the case company. Section 4 presents the 
results and answers the research questions. Section 5 
discusses the results and concludes. 

2. LITERATURE REVIEW 

The literature on product configuration systems (PCSs) 
discusses in detail the modeling process [11,12] and 
the benefits realized from their implementation 
[4,13,14]. More recent research focuses on the 
challenges of implementing PCSs [15–17]. However, 
the cost of not maintaining a PCS is rarely discussed. 
Therefore, this literature review considers the cost of 
maintenance of IT software in general, the benefits of 
updating IT systems and the challenges relating to 
maintenance tasks.  

PCSs are a proven concept that add significant value 
for companies with complex configurable products. 
Though the decision to implement a PCS comes with 
the expected costs of software, training, etc., studies 
have shown that their return on investment (ROI) is very 
high [18]. The success of information systems and 
technology increases organizational performance and 
reduces overall costs [19]. The implementation of a 
PCS is also considered an enabler for mass 
customization [20].  

Therefore, the implementation of a PCS is a strategic 
decision towards achieving several benefits. To reach 
this goal, companies must not only set up the 
configurator and use it, but also ensure that it is 
updated and, in most cases, integrated with other IT 
systems for data exchange [21,22]. Maintaining the 
data in the configuration system is crucial to ensure 
accurate products and price calculations. The 
maintenance of IT systems is linked to the overall 
maintenance strategy of the company’s management 
systems [23]. However, this phase is considered less 
important than the initial development and 
implementation of the software [24]. 

The phases of software development include 
requirements identification, design, implementation, 
test, operation, and maintenance [25]. For a PCS, the 
maintenance part includes updating and maintaining the 
system’s product features and their level of detail [26]. 
The main challenges identified in the literature with 
respect to the maintenance phase of the PCS are 
related to the product complexity, the frequency of 
product changes, and the accessibility and knowledge 
sharing of information needed to perform the 
maintenance tasks [15].  

Complexity is one of the main difficulties in both 
software development and software maintenance [27]. 
In terms of PCSs, the complexity of handling 
configuration data increases with the complexity of 
products. Then, the task of maintaining the PCS 
becomes rather challenging and time-consuming 
[28,29]. The failure to communicate the knowledge 
during the maintenance phase of the PCS is considered 
important among manufacturing companies [15]. 

Lienz, Swanson and Tompkins [24] conducted a survey 
to analyze how companies perceive the tasks of 
software maintenance and enhancement. The results 
indicate a high demand in terms of resources and 
suggest that task execution is the most important 
management area. Maintenance tasks for implemented 
software are categorized into three groups: perfective, 
adaptive, and corrective [30]. Adaptive maintenance is 
performed when expected changes occur within the 
data or processing environment and includes activities 
involving both the hardware and the software [24]. 
Perfective maintenance is conducted to enhance 
system performance and eliminate inefficiencies. 
Related activities could include enhancing user 
experience, changing computational efficiency, 
improving documentation, etc. [24]. Corrective 
maintenance is performed in response to system 
failures, such as bug fixes [30,31]. Though the 
allocation of specific tasks into these groups is subject 
to the view of the user, the consequences of not 
performing the tasks remain the same [23]. This means 
that not performing a maintenance task has similar 
consequences concerning cost and data quality 
regardless of whether this task is perfective, adaptive, 
or corrective. Maintenance typically comprises, on 
average, 60 percent of the cost across a software 
system’s life cycle [32]. However, the most important 
maintenance cost is related to the consequences of not 
updating the PCS [7,33–35]. Poor data quality has a 
negative impact on an organization’s economic 
performance [36,37] and efficiency, and high-quality 
data are crucial for its success [38–41].  

Costs of corrective action [31] occur when a 
manufacturing company cannot satisfy customers’ 
expectations concerning time and quality. In such 
cases, the company allocates more resources to ensure 
that the delivered product satisfies the agreed-upon 
requirements. In terms of PCS, this involves validating 
the configuration data, which affects the product 
specification quality, lead time, and estimated prices 
[28,42].  

The economics-driven evaluation of data management 
decisions concerning the maintenance of data 
repositories is examined in terms of costs and benefits 
[43]. The results of this analysis indicate that even 
though the cost of maintaining a system can be 
relatively high, the economic and business benefits can 
justify the need. In terms of PCSs, this can be argued 
by considering studies on the ROI of such investments 
[18]. The ROI calculation includes the cost of 
maintaining a PCS, and the savings are still significant 
(e.g. 20M euro over a 5-year period) [18]. Continuous 
updates to the PCS are imperative to ensure the validity 
and accuracy of the configuration data. This leads to 
fewer errors in the system and, consequently, to the 
end product, but also prevents system failure and 
enhances its general acceptance [30]. Thus, the 
benefits of PCSs are not evaluated only in terms of 
usefulness, but also in terms of their impact on a 
company’s total costs and overall performance [19].  
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This need to update the configuration data is driven 
mainly by changes in the requirements of configurable 
products, which often occur due to external factors, 
such as customers, suppliers, and legislation [29]. If the 
changes require a new logic or the addition of new 
features to the software system, then they must be 
specified and incorporated [44]. These changes must 
be communicated and updated in the PCS and other 
data management systems to ensure the validity and 
accuracy of the configuration outcomes. This may be 
linked to the need to have a documentation system to 
cover not only the development phase, but also the 
maintenance phase [45].  

The benefits of maintenance support from the vendor’s 
perspective are discussed in the literature on enterprise 
resource planning (ERP) systems. These benefits 
include operational cost reduction relating to time, re-
entry errors, data entry errors, and general errors in 
delivery [46]. The maintenance activities in ERP 
systems include correcting logic errors and revising or 
enhancing the system to satisfy user requirements [47]. 
Unsuccessful ERP maintenance may result in a system 
not achieving its potential benefits [48]. The literature 
discusses the cost of maintenance in detail [47,48], but 
generally overlooks the cost implications of not 
maintaining the system.  

Tracking and tracing all product model changes in 
product lifecycle management (PLM) and CAD systems 
is a main part of configuration management tasks [49]. 
In a similar way, the need to manage product data, 
process data, and project data is highly relevant for 
documentation management, especially over time and 
for products with long life cycles [49]. 

Erroneous master data, including product data, prices, 
and supplier data, can lead to significant costs [28]. 
Though the literature discusses the importance of 
having up-to-date and valid data [50], it has not 
established a link between poor data quality and 
monetary loss [28,51,52]. Eppler and Helfert [52] 
proposed a “data quality cost taxonomy” that 
categorizes the potential costs of poor data quality. 
However, there is limited research on the extent of 
these cost implications [28]. In conclusion, the research 
work discussed in this section support only indirect 
relations, pointing to the need to further examine the 
monetary consequences of not performing maintenance 
tasks. In particular, the cost of not updating PCS data 
has not been discussed or quantified. This work aims to 
address this research gap. 

3. RESEARCH METHOD 

The purpose of this research is to identify and evaluate 
the cost of not maintaining product data in a PCS. The 
selected research method is case study due to the 
ability to generate meaningful theory through 
observations of actual practice—which can, in turn, 
contribute to the enfolding of this theory. Case research 
studies the phenomenon in its natural setting, providing 
answers to questions of “Why, what, and how” [53]. 
Case research is particularly suitable for this area of 
study—which has not been investigated in depth (as 

discussed in the literature review section)—as it 
supports exploratory research with still unknown 
variables and not fully understood phenomena [54]. 

The selected case study is considered a highly 
representative example from the manufacturing 
industry, as the company designs, manufactures, and 
installs complex configurable products. The company 
supports its sales process via a PCS. The company has 
been using the PCS for seven years; therefore, it can 
be considered mature enough to be examined in this 
study and to provide rich data [54]. The main limitation 
of the single case study concerns the generalizability of 
the findings [54]. 

Data collection includes quantitative data on cost 
categories (salaries, materials, prices, outsourced 
components, etc.) from the company’s configuration 
system, observations and semi-structured interviews 
with the head of sales. Semi-structured interviews are 
used to ensure that the interviews address the relevant 
aspects of this research, but also to provide the 
freedom to discuss emerging aspects mentioned by the 
experts. These different sources of data collection allow 
for triangulation and validation of the collected data 
[55,56]. The unit of analysis is at the project level: 
analyzing individual cost contributors within each 
project. The sample used in the case study includes 81 
projects sold over the course of one year (2014). The 
research team had access to the company’s resources 
for data collection for a period of six months. The 
following section describes the details of the case study 
and the collected data. Additionally, a paired statistical 
test for significance was performed. A Wilcoxon signed-
ranks test indicated that the costs recalculated by the 
2016 PCS were statistically significantly higher than 
those calculated by the old PCS in 2014, Z = -7.620, p 
< 0.01. Of the 81 projects, the new calculation showed 
higher costs for 77 and lower costs for 4. 

The case company was a Scandinavian company that 
provided system deliveries consisting of a complete 
package of product, process, and legal permissions in 
the manufacturing industry. In 2013, the turnover was 
34 million €, and the company employed 130 people. 
The company’s offering was product installations and 
the handling of legal requirements for customers. The 
projects consisted of standard solutions based on a 
standardized product assortment from five different 
product families, and the time from contract to finished 
project was usually between half a year and two years. 
Every project delivery involved several different 
products for different customers, all of which shared 
some costs of initial machinery setup. The signed 
contracts were fixed in price and did not vary if the 
company had to make product changes, emphasizing 
the need for correct calculations. The historical cost 
estimations provided by the PCS had proven accurate 
since 2009, with only minor deviations. The company 
had four major expense categories: materials, salaries 
for workers performing the installations, sub-suppliers, 
and shared costs (i.e. costs shared among individual 
customers buying an installation). In 2017, the 
distribution of individual project costs were 
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approximately as follows: salary (13%), materials 
(55%), sub-suppliers (24%), and shared costs (7%). 
The company had primarily used a PCS to generate 
quotations on projects since 2009.  

Key employees from sales, product development, 
suppliers, and marketing handled the PCS to make sure 
offerings were correctly priced and sufficient to cover 
the market. In 2013, a key employee left for another 
company and the efforts to maintain the product 
assortment and corresponding PCS were no longer of 
primary concern to the company. Meanwhile, two years 
passed without significant changes from suppliers or 
the market, resulting in a successful and profitable 
business without much need for adjustments. At some 
point, however, competition increased and market 
requirements changed, resulting in drastically different 
product offerings. However, since the company no 
longer focused on the PCS, the sales offerings 
continued to carry their 2013 prices with no changes, 
even though salaries had been re-negotiated, materials 
were calculated based on different principles, and 
stricter requirements had increased costs. In 2015, the 
company realized a loss on most projects compared to 
the calculation and increased the costs of all products 
by a fixed percentage in the hope that this change 
would cover some of the costs not included in the old 
PCS. At the same time, an initiative was taken to 
update the PCS to fit the new structure. This initiative 
was completed in the beginning of 2016. To understand 
the difference between the sold projects configured in 
the PCS from 2013 and the actual prices, all projects 
were re-calculated in the new PCS developed in 2016. 
A timeline of the initiatives taken between the old (2013) 
and new (2016) PCS is presented in figure 1. 

 

 
Figure 1. Timeline of initiatives taken to update PCS in the 
case company 

The company’s old and new PCS setups were roughly 
the same, as represented schematically in figure 2. The 
PCS takes user inputs in the form of product design and 
work process specifications. These user inputs are then 
translated by an inference engine that processes the 
knowledge into a feasible product solution, a quotation 
letter, and a document with cost summaries of the 
specific solution. For internal use, the company 
generates a time estimate based on the expected 
salary and time needed to finalize the project in order to 
calculate shared costs. The cost estimate is divided into 

four major cost categories: salary, material, sub-
contractor, and shared costs.  

This article compares calculations made by the old PCS 
in 2014 (following a drastically changed market) to 
recalculations of the same cases by the new PCS 
(implemented in the beginning of 2016 to reflect the 
new cost structure following changes to the market and 
product offerings). The basis of this comparison is the 
cost summary, which helps the company evaluate cost 
accuracy, identify billing mistakes, and improve 
quotations. 

 
Figure 2. Product configuration system setup 
 

4. RESULTS 

4.1 Analysis of cost estimates in a not-
maintained and a maintained PCS 

The aim of this section is to answer the first research 
question: What are the cost implications of not 
maintaining the PCS? In 2014, the case company sold 
81 projects, consisting of a total of 2655 individual 
product solutions based on the calculation principles of 
the 2013 PCS. The deviations were calculated both on 
a complete project basis and for individual cost 
elements. The cost difference was calculated as 
defined in (1), and the relative deviation was calculated 
as defined in (2). 

 

calcOldPCScalcNewPCSenceCostDiffer __    (1) 

 

calcOldPCS

DifferenceCost
DEV

_

_
    (2) 

calcNewPCS _ : Raw project costs calculated on a 

project basis in the new PCS implemented in 2016 

calcOldPCS _ : Raw project costs calculated on a 

project basis in the new PCS implemented in 2013 

enceCostDiffer : Difference between the new 2016 PCS 

and old 2013 PCS calculations. 

DEV : Deviation in percent between the new 2016 PCS 
and old 2013 PCS calculations. 
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If the re-calculation in the new PCS is higher than the 
old calculation, the cost difference will be a positive 
number corresponding to a loss compared to the actual 
cost price. If the re-calculation is lower than the old 
calculation the result will be negative, indicating that the 
company would be able to deliver at a cost lower than 
what was sold. All numbers are calculated raw costs 
and outputs from the PCS and do not reflect realized 
costs or projects’ actual profitability. The total project 
sum for the period was contracted at 21.6 M € based on 
the old PCS and the recalculated sum was 25.8 M €, 
resulting in a calculation difference of 4.27 M € 
(miscalculation of 20%; Table 1). The individual 
contributors to the total cost deviation were investigated 
further through analyses of individual cost elements 
(figure 2). According to the case company, the 21% 
increase in salary was due mainly to increased salaries 
for installation work. The 14% increase in material costs 
was explained by increased raw material costs and a 
tendency to sell products that were too simplistic for the 
reality of the changed product design. The 43% 
increase in supplier cost mostly came from a single 
contributor that was underestimated by the system 
compared to the actual cost charged by the supplier. 
Additionally, some projects needed to be changed from 
a simple solution sold in the old PCS to a more 
expensive solution that was not possible to configure or 
price in the old PCS. The shared cost was derived from 
the other costs (e.g. salary, material, and supplier 
costs). As these costs increased, so, too, did the shared 
costs. A visual comparison of the total cost calculations 
for all projects can be seen in figure 3.  

Table 1. Deviation in sum of total project costs from 
2014 in 1000 € 

 

Salary 
cost 

Material 
cost 

Supplier 
cost 

Shared 
costs 

Total 
costs 

New 
calculation 

6.597 13.766 1.658 3.857 25.879 

Old 
calculation 

5.458 12.087 1.156 2.907 21.609 

Difference 1.138 1.679 502 950 4.270 

Increased 
cost (%) 

21% 14% 43% 33% 20% 

 

 

Figure 3. Comparison of calculations from new PCS and old 
PCS in M €. 

All the projects were plotted for each cost category in a 
column diagram and sorted from largest deviation to 
smallest deviation to determine their distribution. This 
was done both for the absolute difference between old 
and new calculations (measured in euros) and in 
relative deviations compared to the cost of the project. 
Across all projects, it was observed that the larger the 
project, the greater the absolute deviation was. The 
relative deviation was primarily impacted by the 
execution of the project and its sub-products and, in 
particular, whether the project sold needed major 
changes compared to the solution that was initially sold.  

4.1.1 Comparison of total cost on a project basis 

The total cost difference across all projects (Figure 4) 
was due to a general increase in prices and changes to 
product structure not reflected in the old PCS. The 
numerical cost difference was dependent on the size of 
the project (i.e. bigger projects tended to have larger 
absolute deviations, and smaller projects tended to 
have smaller absolute deviations). The relative 
deviations were not as dependent on project size as the 
absolute deviations. A few projects were sold with 
deviations above 40%, which, according to the case 
company, stemmed from drastic project changes due to 
unforeseen circumstances. Therefore, some of the 
worst cases might not be directly attributable to the 
PCS, as the increased costs could not have been 
known the first time the requirements changed. 
However, most of the following deviations can be 
directly related to the information stored in the PCS, 
since the increased costs could have been known at the 
time of the pricing. The projects with the biggest 
absolute cost difference were the same across all 
categories, whereas the projects with the highest 
deviations based on relative deviations varied more 
according to different cost elements. 
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Figure 4. Absolute and relative cost deviations of 81 different 
projects from 2014 

 

4.1.2 Salary cost 

According to the case company, the difference in salary 
cost (Figure 5) was mainly related to increases in salary 
due to annual negotiations. The salary had not changed 
much for a long time, so the workers were able to 
negotiate markedly better salaries. However, the old 
PCS was not updated accordingly and did not reflect 
the salary changes. The average increase in salaries 
was 21%; however, the raise was also dependent on a 
case-by-case basis. For example, some processes 
turned out to be more complicated than expected, 
resulting in a need to spend more time performing the 
installations. 

 

 

 

Figure 5. Absolute and relative salary cost deviation of 81 
different projects from 2014 

 

4.1.3 Material cost 

The difference between the old and the new PCS in 
material cost (Figure 6) was related to changes in 
product design and raw material prices.  
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Figure 6. Absolute and relative material cost deviation of 81 
different projects from 2014 

The product designs were often more complicated than 
initially expected, resulting in greater material use. A 
few projects deviated significantly due to unforeseen 
circumstances that might not have been possible to 
consider in the PCS in their first occurrence. However, 
after a while, the costs were settled, and most of the 
project deviations ranging from 5% to 25% could have 
been reduced or greatly mitigated by a PCS updated as 
soon as the company gained experience with specific 
challenges. 

 

4.1.4 Subcontractor costs 

The cost element that experienced the biggest cost 
increase (43%) was that of subcontractor costs (Figure 
7). For this increase, as for those of other cost 
elements, the most drastic cases (deviations above 
100%) were not necessarily preventable, as they 
tended to be projects that were ongoing during the 
market changes. However, later projects could have 
used a new cost structure reflecting the nearly 50% cost 
increase for most subcontractors. The subcontractors’ 
role was partly to deliver external approvals of 
calculations and construction principles, which 
sometimes resulted in product redesign and, therefore, 
increased costs in other categories. Additionally, a 
single large expense was not correctly registered in the 
2013 PCS and often overlooked by the salespeople, 
resulting in additional discrepancies between selling 
prices in the 2013 PCS and the 2016 PCS. 

 

 
Figure 7. Absolute and relative subcontractor cost deviations 
of 81 different projects from 2014 

 

 

4.1.5 Shared costs 

The deviation in shared costs, or costs shared among 
customers buying an installation, was directly 
influenced by the other cost increases (Figure 8). The 
biggest contribution to shared costs was the 
miscalculation of the process time to perform the 
installation, which, in turn, resulted in increased salaries 
and an extended need to rent and allocate machinery 
for installations. Another contributing factor was the 
oversimplicity of some sold installations, which further 
increased the time needed to perform the installation.  

 

 
Figure 8. Absolute and relative shared cost deviations of 81 
different projects from 2014 

4.2 Cost of PCS ownership and maintenance in 
relation to potential financial loss 

This section answers the second research question: 
How do the cost implications compare to the cost of 
PCS ownership and maintenance? The original PCS 
was developed in 2007 and fully implemented in 2009, 
and it cost 150,000 € to develop, including work hours 
for internal and external consultants, software licenses, 
training, and implementation in existing IT systems. 
This was a one-time development cost (Figure 9, 2007). 
The yearly cost of maintenance was calculated by 
summing the costs of the annual software license (4000 
€), the support agreement with the PCS supplier (3300 
€), an estimate of the hours spent on internal 
configuration (18,500 €), and the hours spent by 
different experts for change validation and ongoing 
development of product assortments (12,800 €), 
resulting in a yearly cost of ownership and maintenance 
of 38,600 €. 
After the employee responsible for internal configuration 
left the company in 2012, the costs for software and 
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support agreement continued, but internal hours were 
eliminated, resulting in a yearly cost of 7,300 € for 
ownership and maintenance. As the company began to 
pay more attention to the PCS, it slowly ramped up its 
culture of on-going development using company 
experts, resulting in a slow increase in costs for internal 
hours. A visual representation of the yearly 
maintenance costs is presented in Figure 9. In 2015, a 
new update was performed through a collaboration 
between internal and external consultants to correct the 
most severe problems. It was estimated to cost 
approximately 10,000 € in development hours. As the 
need for a new PCS emerged, the new system was 
initiated and finished in 2016 at a total cost of 300,000 
€, including significant updates to cost transparency, 
maintainability, and ability to integrate the PCS with 
other IT systems. Total investment in the PCS is plotted 
on a timeline in Figure 9. The accumulated total costs of 
maintenance and development for both PCSs amount 
to 784,900 €. The majority of this total was spent on 
new developments (450,000 €), compared to ongoing 
licenses and maintenance hours (334,900 €). The total 
cost of ownership was calculated by summing all the 
lifetime costs, including the costs of development in 
2007 and 2016 and the yearly maintenance expenses 
for the years for which the system has been in use 
(784,900€). 

 
Figure 9. Graphical representation of development and yearly 
cost of PCS ownership from 2007 to 2016. 

 

The difference between the PCS last updated in 2013 
and the 2016 PCS was substantial, with a total 
miscalculation of 4.27 M €. Compared to the cost of this 
miscalculation, the total cost of PCS development and 
ownership (Figure 10), including maintenance, was only 
approximately 18%. 

 

 
Figure 10. Total cost of PCS ownership, including 
development and maintenance, over a nine-year period 
compared to the consequences of 81 miscalculated projects 

4.3 Reasons for deviations according to the 
case company 

To understand the deviations and miscalculations in the 
different projects and cost elements, semi-structured 
interviews were conducted with the head of sales. The 
head of sales explained that the company had 
experienced several rapid changes in requirements due 
to increased competition, a focus on the company’s 
market, and impacts on society at large. The increased 
focus hindered project execution for some time, 
essentially leaving the company with no permissions to 
perform installations as usual. This period, during which 
there was a lack of projects to execute, required the 
company to adapt and make rapid changes in product 
and production processes. The company’s focus was, 
therefore, on improving the immediate situation. As a 
result, unfortunately, the company did not pay enough 
attention to the rising costs of the projects being sold 
during the time of crisis. According to the head of sales, 
management was aware that the projects would not 
turn out as profitable as they had in the past, but had 
not anticipated a 20% average increase in costs. The 
head of sales further explained numerous specific 
problems related to the different miscalculations 
between the new and old PCS and the specificities of 
products not considered during the sales phase, 
mentioning that some prices were raised in another 
department and never changed in the PCS. As soon as 
the company became aware that it was selling products 
at prices far lower than the costs of the actual product 
designs, initiatives were taken to improve the PCS. 
However, the project of improving the PCS took longer 
than anticipated. The head of sales also mentioned that 
the company might not have been consistent enough to 
follow up on all projects, since the company had 
historically been very successful and close to target on 
most projects. The company’s customers were typically 
not very price sensitive due to the company’s strong 
brand and reputation as a trusted partner. It was difficult 
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for the head of sales to predict what would have 
happened to turnover if the prices had been updated 
earlier; however, the company likely would not have 
regretted having fewer projects with better profitability. 

 

5. DISCUSSION AND CONCLUSION 

This case study has presented the potential 
consequences of not updating a PCS in a timely 
manner. The case study presented a year’s worth of 
projects calculated in a PCS that was not sufficiently 
maintained and re-calculations in a new PCS reflecting 
more accurate cost estimates. The total miscalculation 
in a one-year period was 4.2 M €, corresponding to a 
20% increase in total costs and a markedly worse 
contribution for each project. An investigation of the 
individual cost elements revealed that they varied for 
different reasons. This finding aligns with the literature 
indicating that change drivers come from different 
sources, both internal and external [29]. In this case, 
there were two external reasons that could not have 
been entirely mitigated and several internal reasons 
related to the lack of maintenance that could have been 
mitigated. It was observed that the benefits of the PCS 
reported by the literature are not without risks and that 
the positive impact of using a PCS is related to the 
accuracy of the data used [19]. If a company relies too 
much on a PCS and neglects to update it as products 
change, the negative implications can be significant. In 
this case, the company could have saved significant 
money by updating the PCS earlier than it did. The 
money lost due to the lack of focus on the PCS in this 
case study could easily finance a dedicated employee 
to ensure that the PCS is updated to reflect the most 
current prices at all times. Additionally, one takeaway of 
the case is that short-term PCS success is no 
guarantee of long-term benefits if insufficient attention is 
given to the system’s maintenance. These findings are 
in line with the literature [28,50] regarding the 
importance of having valid and accurate master data, 
and they also provide a quantitative view on the costs of 
not having such data.  

The presented study is based on a single case, which 
clearly limits the generalizability of the findings. 
However, due to the close link between critical early 
product design decisions and fixed prices for customers 
it is believed that this case material explains a 
mechanism that stresses the importance of maintaining 
sales configurators. This research is the first step in 
quantifying the cost of not maintaining a PCS. To 
improve this research, more years should be analyzed 
to investigate long-term trends and gain a deeper 
understanding of the consequences of not maintaining 
a PCS. The cost of not maintaining seems to have 
significant impact on company performance; however, 
more research is needed to confirm the generalizability 
of this phenomenon. Another topic worthy of 
investigation is the trade-off between the cost of 
maintenance and cost of not maintaining PCSs.  
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Abstract: Product configuration systems (PCSs) are increasingly being used in various 

industries to manage product knowledge and create the required specifications of customized 

products. Companies applying PCS face significant challenges in modelling, structuring and 

documenting the systems. Some of the main challenges related to PCSs are formalising product 

knowledge conceptually and structuring the product features. The modelling techniques 

predominantly used to visualise and structure PCSs are the Unified Modelling Language 

(UML) notations, Generic Bill of Materials (GBOM) and Product Variant Master (PVM), 

associated with class collaboration cards (CRC-cards). These methods are used to both analyse 

and model the products and create a basis for implementation to a PCS by using an object-

oriented approach. However, the modelling techniques do not consider that most commercial 

PCSs are not fully object-oriented, but rather, they are expert systems with an inference engine 

and a knowledge base; therefore, the constructed product models require modifications before 

implementation in the configuration software. The consequences are that what is supposedly a 

feasible structure of the product model is not always appropriate for the implementation in 

standard PCS software. To address this challenge, this paper investigates the best practice in 

modelling and implementation techniques for PCSs in standard software and alternative 

structuring methods used in object-oriented software design. The paper proposes a method for a 

modular design of a PCS in not fully object-oriented standard PCS software using design 

patterns. The proposed method was tested in a case company that suffered from a poorly 

structured product model in a not fully object-oriented PCS. The results show that its 

maintainability can be improved by using design patterns in combination with an agile 

documentation approach. 
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1 Introduction  

Poor or inappropriate product structure and knowledge representation in configuration 

projects are known reasons for failures in configuration project development, 

implementation and maintenance [Haug et al. 2019]; therefore, it is important to 

consider how to structure and implement product models in product configuration 

systems (PCSs). This article discusses the structuring and implementation of product 

models in commercially available, standard, non-object-oriented PCSs. PCSs are 

expert systems that support product customization by defining how predefined entities 

(physical or non-physical) and their properties (fixed or variable) can be combined 

[Hvam et al. 2008]. To build a PCS, a product model must be developed and 

implemented in the software system. Product models for PCS implementations 

contain rules for the construction of a product with its associated features and all its 

variants, so that knowledge can be expressed explicitly in a software system [Hvam et 

al. 2008]. 

Product models exist at different levels, as proposed in Duffy and Andreasen 

[Duffy and Andreasen 1995] (Figure 1). The real world represents knowledge about 

the product assortment and is often unstructured and not easily accessible. This real-

world knowledge can be represented in a product model as structured representations 

that allow domain experts [1] to represent, analyse and communicate about this 

reality. An example of such a product model is the Product Variant Master (PVM) 

[Harlou 2008]. The information models in a configuration context can be Unified 

Modelling Language (UML) diagrams or similar formal Information Technology (IT) 

modelling techniques [Felfernig et al. 2001a, Hvam et al. 2008]. The information 

models are usually developed by knowledge engineers [2] and implemented in a 

computer model by either knowledge engineers or IT developers.  

PCS modelling techniques are used to provide a basis for deciding what 

information to include and how to structure the information in a PCS to allow for 

future changes [Haug 2009]. This translation from unstructured information to IT 

implementation is reported as a reason for PCS project failures [Forza and Salvador 

2002a, Haug et al. 2019]. One explanation for the failures was reported to be that 

development and maintenance are more time-consuming and challenging than 

initially expected [Forza and Salvador 2002, Hvam 2004, Jørgensen 2001]. 

Furthermore, studies have shown that, if the documentation of the PCS is not 

maintained, it can lead to companies having to restructure or abandon their PCSs 

[Forza and Salvador 2002b, Haug 2009]. This indicates a need for improved 

modelling and documentation approaches to develop and maintain PCS. 

                                                           

[1] Domain experts possess knowledge of the products and contribute to process analysis, 

product analysis and further development. Domain experts could be employees from product 

development or production [Hvam et al. 2008].  

[2] Knowledge engineers translate the information obtained from domain experts to implement 

the knowledge into IT models. 



 

Figure 1: Different representation of product knowledge in PCS projects [Duffy and 

Andreasen 1995] 

Configuration ontologies have been developed to provide a basis for 

communicating and documenting configuration knowledge in an easy-to-understand 

form describing concepts like attributes, attribute types, referencing to attributes and 

inheritance and its relation to the definition of a part-of hierarchy [Helo et al. 2010, 

Soininen et al. 1998, Yang et al. 2009]. 

Modelling techniques have been developed specifically to develop and maintain 

PCS models, which include ‘Product Variant Masters’ (PVM) associated with ‘Class 

Collaboration Respensibility cards’ (CRC-cards) [Haug 2010, Hvam et al. 2008, 

Hvam et al. 2003], UML diagrams [Felfernig et al. 2000a, 2001b], feature models 

[Kang et al. 1990] and Generic Bills of Materials (GBOMs) [Forza and Salvador 

2007, Olsen and Saetre 1997, Tseng et al. 2005]. The mentioned methods assume that 

the concepts of object orientation can be used to model and implement a particular 

family of products in a class, defined as ‘a description of a set of objects with the 

same structure, behavior, patterns and attributes’ [Hvam et al. 2008]. Inheritance is a 

key concept in object-oriented modelling that allows for reuse and structuring of 

code; that is, a subclass can inherit properties from a superclass. Inheritance in object-

oriented modelling makes it possible to define the class ‘car’ with certain properties 

(motor, colour, bodywork, chassis number, etc.), which can be inherited to a specific 

instance, such as an ‘Opel’ [Hvam et al. 2008].  

Methods based on object-oriented design have proven to be successful in the 

development of PCS models. However, PCS models are commonly implemented in 

commercially available standard PCS software, representing expert systems with an 

inference engine and a knowledge base that do not always support fully object-

oriented notations and implementations. In this paper, configuration systems that 

support some object-oriented features are referred to as not fully object-oriented, and 

software that does not support object orientation at all is referred to as non-object-

oriented. When an expert system cannot handle object-oriented knowledge 

representations, the knowledge is non-hierarchical and cannot handle class–object 

relationships, inheritance or encapsulation [Hvam et al. 2008], making the available 

modelling techniques presented in the literature impractical to use for implementation 

of IT models in standard non-object-oriented software; this may result in redundant 

implementations. This creates a need for manually translating between the product 

models, based on object-oriented assumptions, and computer models, based on not 

fully object-oriented systems. Implementation and documentation techniques 

specifically for non-object-oriented standard PCSs are currently not addressed in the 

literature. This article aims to fill this gap. The consequence is that the product 

knowledge must be maintained in two different systems [Shafiee et al. 2015], and as 



the product models grow bigger and become more complex, the time needed for 

documentation becomes a significant task in keeping the product models up to date 

[Hvam et al. 2005].  

A class of software tools dedicated to supporting product modelling and 

documentation of PCS models was proposed by Haug [2010], but it was never used in 

the industry. To avoid redundant documentation, extraction of the information model 

and automatic generation of a PVM and CRC-cards have been proposed and 

successfully implemented [Shafiee et al. 2017]. However, the ability to extract 

documentation does not deal with redundant product model implementation. Other 

modelling approaches are emerging to mitigate modelling challenges, such as variant 

table representation [Haag 2017]. Based on the challenges experienced with 

implementation of product models and documentation of PCSs, this article proposes a 

framework for implementation of a modular design for PCSs that can be implemented 

in a standard non-object-oriented system along with an agile documentation approach.  

Inspired by best practices from object-oriented programming principles and the 

aim of creating reliable, flexible and maintainable IT product models, the current 

article explores a way to structure product models for IT implementations in 

commercially available, not fully object-oriented PCSs by providing answers to the 

following research questions (RQs): 

 

RQ 1: How should companies structure modular product models for PCSs 

that are not fully object-oriented? 

 

RQ 2: What could be the possible benefits for companies of using the 

proposed structuring principles on the usability and maintainability of a PCS 

that is not fully object-oriented? 

2 Research method 

The current research adopts a four-phase approach from the Design Research 

Methodology (DRM) framework [Blessing and Chakrabarti 2009] (Figure 2). The 

first phase was identifying a worthwhile research objective, which was done from 

literature searches and observed challenges in companies working with PCSs. The 

research goal of this study was to improve the current methods to structure modular 

product models for not fully object-oriented PCSs by developing a framework for not 

fully object-oriented implementations. 

 



 

Figure 2: Research methodology for the development of a modular PCS structure, 

adapted from the design research methodology [Blessing and Chakrabarti 2009] 

The second phase was an investigation of the current product modelling methods 

described in the literature on PCS. The identified methods were reviewed in parallel 

with the literature on object-oriented software design. The purpose was to learn the 

current best practices from IT professionals to solve configuration-modelling 

challenges and develop a theoretical framework for a modular PCS design adapted to 

not fully object-oriented systems. The proposed framework relies on the literature on 

product modelling [Harlou 2008, Hvam et al. 2008], combined with best practices in 

object-oriented software design [Coplien et al. 1998, Martin and Micah 2006] and 

agile documentation approaches [Staples 2004]. 

The third phase aimed to synthesise the knowledge gathered in the second phase 

to develop a framework for structuring modular product models for not fully object-

oriented PCSs. In addition, the implications of software maintenance were identified 

and used as evaluation criteria in the fourth phase. 

The fourth phase focussed on the implementation and validation of the proposed 

framework in a detailed case study in the company Altan.dk, allowing the theory to be 

tested in practice. Altan.dk was selected because of the illustrative product assortment 

and industry challenges experienced in structuring and maintaining its PCS. The case 

company has been using PCS since 2011 and has suffered from poorly structured PCS 

as the system has grown over the last 7 years. This has resulted in difficulties in 

maintaining and further developing the system. During the case study, the company’s 

PCS was restructured based on the proposed theoretical framework developed by 

following the adapted DRM. The restructuring of the PCS was done over 3 months by 

a configuration engineer who was responsible for the PCS. This study was performed 

as a single case study because of the possibility of studying a phenomenon in its 

natural setting and allowing ‘how’ and ‘what’ questions to be answered [Karlsson 

2016, Meredith 1998]. The single case study design allows the phenomenon of the 

structures’ influence on PCS features and maintainability to be studied in detail, but 

this has the downside of reduced generalizability [Karlsson 2016]. This drawback can 

be mitigated by repeating the results in other case companies [Eisenhardt 1991]; 

however, this is not always possible because of resource constraints. Another way to 

improve reliability is using triangulation with data sources [Karlsson 2016]. In this 

case, data triangulation was used for collecting performance measures from different 



stakeholders; here, the end users of the system (salespeople), the backend users of the 

system (configuration engineers) and observations from researchers were considered 

to obtain a full picture of the implications of the proposed framework in the case 

company. This was possible because the company maintained both the unstructured 

and newly structured PCS over a certain period, allowing for a direct comparison. The 

evaluation was done by the researcher in collaboration with the system users, 

represented by the responsible configuration engineer, and daily users of the PCS, 

represented by salespeople. The testing and validation for the case study were 

performed by investigating the benefits from the modular PCS design compared with 

the old PCS, which was validated by 12 PCS users in a workshop and follow-up 

interviews of a few selected users (Appendix). The users validating the PCS were end 

users, salespeople who sought to evaluate the new features and give some indications 

of the reductions in resource consumption. In addition, interviews were performed 

with an experienced configuration engineer with prior experience working with the 

same PCS to detail the knowledge of the strengths and weaknesses of the ad hoc 

structured PCS. An overview of the consulted stakeholders in relation to the data 

requirements for the current research can be seen in Table 1. The interviews were 

semi-structured because of unclear terminology in the area of configuration at the 

company; therefore, a need to clarify meaning as the interview progressed was 

identified. 

 

Required data Data source 

Information on the PCS structure Interviews with two configuration 

engineers  

Hands-on investigation of PCS done by 

the researcher 

Literature study to evaluate alternatives 

 

Time spent introducing new product 

variants into the system model 

 

Interviews with two configuration 

engineers 

 

Time required to reconfigure between 

product variants from different 

product platforms 

 

Interviews with 12 end users 

(salespeople) before and after a 

workshop presenting the new PCS  

 

Documentation usefulness 

 

Interviews with two configuration 

engineers 

Table 1: Required data and sources used in the case study 

3 Theoretical background 

The literature review aims to identify theories for product modelling of PCSs. Section 

3.1 gives an overview of the current literature on PCS modelling and its applications. 

Section 3.2 establishes a link between software structure and maintenance needs, as 

well as identifying the criteria for the evaluation of software design based on noted 



challenges. Finally, Section 3.3 gives a brief introduction to the current methods used 

in software design to improve software quality; it serves as a basis for the 

development of the structuring method proposed in this article. 

3.1 Product modelling for PCS projects in not fully object-oriented expert 

systems 

In configuration research, the representation of domain knowledge is agreed to be one 

of the main challenges [Mailharro 1998], and most studies on the knowledge 

representation of PCSs address this topic from the knowledge engineering perspective 

[Zhang 2014]. Examples of knowledge engineering approaches to knowledge 

representation are the works of Felfernig et al. [Felfernig et al. 2001] , who describe 

how to model PCS by means of UML, and Falkner et al. [Falkner et al. 2011], who 

describe how to apply Artificial Intelligence (AI) methods when developing custom 

software. Methods to support domain engineers in representing product models for 

PCS have been proposed in various forms, including object-oriented approaches like 

UML [Felfernig et al. 2000a, Felfernig et al. 2000b], GBOM relationships [Forza and 

Salvador 2007], PVM and CRC-cards [Hvam et al. 2008] and product family 

classification trees (PFCTs) [O’Donnell et al. 1996, Yu and MacCallum 1995]. These 

methods have proven successful in the development of PCS. However, there has not 

been much follow up in the literature when it comes to evaluating the maintainability 

of the systems after they are implemented; they all lack specific implementation 

guidelines or use an UML-based representation that assumes object-oriented 

implementations [Hvam et al. 2008]. Most commercially available PCS software 

comprises non-object-oriented expert systems, meaning that the classes, attributes and 

methods (rules) have no hierarchical structure or do not follow the basic object-

oriented principles [Hvam et al. 2008]. Such not fully object-oriented expert systems 

are referred to as ‘non-object-oriented standard PCSs’ throughout the paper. This 

makes the product structure depend on the folder structure and requires modifications 

to the product model representation developed using object-oriented approaches 

[Hvam et al. 2008].  

PCSs can also be developed in applications not meant to support object-oriented 

features, for example, Excel [Wielinga and Schreiber 1997] or BOM configurations in 

Enterprise Resource Planning systems [Hvam et al. 2008]. Furthermore, the rapid 

development of commercially available configuration software has allowed domain 

experts to handle more of the product-modelling task [Haug et al. 2010]. In many 

cases, ‘product domain experts’ are not formally trained programmers with extensive 

knowledge of UML-mapping and object-oriented models; their lack of knowledge 

results in suboptimal product structures. Investigations of PCSs have shown that PCS 

applications are often developed in an ad hoc fashion, lacking formal definitions of 

logical relationships and hard coding, which produces severe maintenance overheads 

[Boucher et al. 2012]. Another reason that PCS maintenance and development is a 

challenge is the simultaneous development of the PCS and product model, which adds 

to the differences between the documentation and software [Hvam et al. 2008]; this 

leads to redundancy in the model and documentation [Haug 2010], and addressing 

this has been identified as a laborious and time-consuming task [Hvam et al. 2005].  



3.2 Implications of structure for software maintenance 

The challenges experienced in PCS development and maintenance are not unique to 

PCS; rather, they are a challenge in software development and maintenance in 

general. Most software projects involve understanding legacy code [Sharon 1996], 

and most of the time is spent identifying the errors resulting from unexpected effects 

rather than the time needed to correct them [Shalloway and Trott 2002]. The 

challenges in software stem from the following: (1) poor system design and structure, 

(2) excessive system complexity, (3) limited system flexibility, (4) limited or non-

existing documentation, (5) inadequate project and process management, (6) 

inadequate change and version management, (7) inadequate release management and 

(8) inadequate maintenance tools [Sharon 1996]. All the mentioned areas are relevant 

to PCSs, but this paper focusses on addressing the first four challenges. The 

remaining challenges are not addressed in this article because they are not directly 

affected by product structure decisions.  

3.3 Approaches to object-oriented software design 

One way of approaching the challenges of software maintenance is by addressing the 

first four challenges outlined above, which can be restated as follows: (1) poor system 

design, (2) excessive system complexity, (3) limited system flexibility and (4) limited 

documentation. Various approaches have been proposed by computer scientists to 

mitigate these challenges [Dijkstra 1982, Freeman 2015, Martin 2002, McConnell 

2004]. One approach is the concept of ‘separation of concerns’, which is a design 

principle used to aid modular programming by dividing problem spaces into distinct 

elements where no elements share the responsibility of others [Dijkstra 1982]. 

Numerous methods have been developed to aid the design of software that upholds 

the separation of concerns [Larman 2004, Martin and Micah 2006, Thomas and 

Wesley 1999].  

Three dominating views of recognised object-oriented software design practices 

are as follows: general, responsibility, assignment, software, patterns (GRASP) 

[Larman 2004]; ‘don’t repeat yourself’ (DRY) [Thomas and Wesley 1999]; and single 

responsibility, open-closed, Liskov substitution, dependency inversion and interface 

segregation (SOLID) [Martin and Micah 2006]. The GRASP guidelines for object-

oriented design lay out how to assign responsibilities to classes and objects to develop 

software with high cohesion and low coupling [Larman 2004]. The DRY principle 

aims at the reduction of repetitions by ensuring that every piece of system knowledge 

has one authoritative, unambiguous representation, reducing the chance of errors and 

minimising inconsistencies [Thomas and Wesley 1999]. Martin and Micah [Martin 

and Micah 2006] list five principles for agile software design, known as SOLID; as 

indicated above, these principles are as follows: (1) single responsibility, (2) open-

closed, (3) Liskov substitution, (4) dependency inversion and (5) interface 

segregation. All three views of object-oriented design revolve around the same 

topic—simplifying the code by controlling interfaces, module sizes and 

interdependencies to make the source code maintainable and flexible. The three 

frameworks all primarily focus on isolated concepts when it comes to the separation 

of concerns, such as couplings, cohesion, dependencies and abstractions. To reduce 

the level of knowledge needed to understand and implement the concepts the concept 



of design patterns was introduced as a ‘solution to a problem in a context’ [Gamma et 

al. 2002].  

 

Design patterns have proven to be reusable structuring principles between classes 

that can solve specific software design challenges. Some pattern examples are the 

facade pattern, which aims to introduce a higher level interface that makes a system 

easier to use by others without the need for an overview of the entire system; the 

adapter pattern, which is used to create new interfaces to connect with incompatible 

interfaces; and the bridge pattern, which strives to decouple abstraction from 

implementation [Gamma et al. 2002]. Numerous other design patterns exist, and more 

evolve as software design problems are solved and the same solution repeatedly 

emerges and is eventually consolidated into a design pattern. Shalloway and Trott 

[Shalloway and Trott 2002] state that the use of design patterns in the specification 

phase enables a programmer to abstract and implement code that is more flexible and 

open to changes. Coplien et al. [Coplien et al. 1998] suggest a scope, commonality 

and variability (SCV) analysis as a starting point for the development of software 

family lines. Here, S is the product line driven by the market, C comprises the 

characteristics common to all products and V represents the variation among the 

products.  

The current paper seeks to contribute to the literature on PCS knowledge 

representation by applying design patterns inspired by software engineering to 

provide standard design patterns for knowledge representation of PCSs. This will 

enable domain engineers to design and take better care of the knowledge base. 

Furthermore, the present article suggests a shift from code-level documentation to 

design rationale documentation as used in agile documentation [Staples 2004]. 

4 The proposed approach for the development of a modular-

structured PCS  

This section presents a three-step framework to structure modular product models for 

PCSs based on both the literature relating to product modelling for PCS projects and 

approaches to object-oriented software design. The first step aims to analyse the PCS 

requirements and decide on a structure based on the strategic goals for the business 

and the product assortment by using a commonality and variability analysis. The 

second step is structuring the PCS according to the best practice of object-oriented 

design using design patterns. Finally, the third step is to create ‘light but sufficient’ 

documentation to provide an overview and understanding of the interfaces and 

dynamics of the model. Figure 3 gives an overview of the different steps of the 

framework, which are described in more detail in the next sections. 

 



  

Figure 3: Proposed framework for the development of a modular PCS 

4.1 Step 1: Analysis of the PCS structural requirements using an SCV 

analysis 

The development of IT systems is costly and time consuming, and a proper analysis 

before making design decisions for product lines has ramifications for cost and 

quality [Ramachandran and Allen 2005]. The SCV framework [Coplien et al. 1998] 

has been used to identify the scope of the product model and what parts of it are 

changing. In a PCS context, the scope (S) can be viewed as the number of product 

platforms to be included in the PCS. If the S in a PCS handles numerous (different) 

product families, the structure can be complex and suffer from too little commonality. 

If the S is too small, there are a lot of commonalities, but there may not be enough to 

justify the need for structuring efforts. Guidelines for what to look for when 

identifying the scope in a PCS are outlined below. 

 

1. How many product platforms should be handled by a single product 

model, or would it be beneficial to split the product model into 

different, simpler models? 

The commonality (C) is the main source of reusable code and interfaces, and the 

variability (V) is the necessary differentiation in the programme or product. To 

identify commonality and variability, the key questions to ask are as follows: 

 

2. What parts of the product structure are not likely to change 

significantly within the next 3–5 years? 

3. What parts of the product structure are likely to change significantly 

within the next 3–5 years? 

The first question finds the right coverage of the PCS, addressing system 

complexity, and the second and third questions aid the designer in performing a 

commonality and variability analysis to identify what part of the model should be 

modelled as abstractions and implementations in Step 2. The purpose of Step 1 is to 

address the structural challenges of poor system design, poor structure and model 

flexibility. An example of the practical use of Step 1 is described in Section 5.2.1. 



4.2 Step 2: Structuring of a PCS with design patterns  

The product assortments change over time in companies, and so does the need for 

knowledge representation of the valid product combinations in the PCS. Some parts 

of the PCS logic will be relatively stable over time, while others will need to be 

updated frequently. Design patterns are a way of describing general solutions to a 

design problem that recurs repeatedly in projects [Khwaja and Alshayeb 2013]. Many 

patterns exist that could be relevant to the PCS. In this case, the bridge pattern is 

chosen as the base pattern to be adapted to standard PCS modelling because of its 

properties of dividing abstraction and implementation [Shalloway and Trott 2002] and 

ability to isolate the effects of changes [Freeman 2015]. The purpose of the bridge 

pattern (Figure 4) is decoupling an abstraction from implementation to create well-

defined interfaces. The abstraction defines the interface for the objects being 

implemented, and the implementor defines the interface for the specific 

implementation classes [Shalloway and Trott 2002]. In other words, the abstraction 

class contains few details that will change, and the implementor class contains the 

details that may change in the future. The stability of the abstraction class ensures 

stable interfaces for the actual implementation class. 

 

Abstraction

- impl : Implementor

+ function()

RefinedAbstraction

+ refinedFunction()

Implementor

+ Implementation()

ConcreteImplementor

+ Implementation()
 

Figure 4: Bridge pattern adapted from Shalloway and Trott [Shalloway and Trott 

2002], denoted in Unified Modelling Language (UML) notation 

4.2.1 Modifying the bridge pattern to a non-object-oriented standard PCS 

The purpose of the bridge pattern is to decouple an abstraction from implementation 

[Shalloway and Trott 2002]. Figure 5 depicts the bridge pattern adapted to PCS 

implementations with the UML notation. In PCS, an abstract class can be created to 

handle attributes that describe a product architecture from an abstract view, such as 

functional elements and abstract variations. This corresponds to the identified 

commonalities in Step 1. The abstract class can be further refined to contain 

abstractions of sub-parts. The implementor class comprises variants and rules related 

to product platforms at a higher level and includes the implementation of specific 

instances of a platform derived from abstract attributes corresponding to the 

variability identified in Step 1. By dividing the structure into abstraction and 

implementation, the methods relevant to the product architecture at a general level are 



given in the abstract class, while the rules related to different product platform 

variants are found in the implementor classes. This allows for increased extensibility 

of implementations [Shalloway and Trott 2002]. The benefits of this structure are that 

product changes related to the product architecture and product variant 

implementations are situated in different objects. The clear interface between the 

objects helps the modeller identify where to implement changes without the need to 

introduce corresponding changes in other parts of the model [Freeman 2015]. Note 

that the generalization arrows have been removed in Figure 5 for the PCS-specific 

bridge pattern for non-object-oriented standard PCS because inheritance does not 

exist in such a system. By definition, the rules and methods work globally. The 

aggregation arrow remains because it describes that the abstraction class shares a 

reference to the implementor class. The purpose is to address the structural challenges 

of poor system design, poor structure and model flexibility. 

 

Abstraction (product architecture)

-Generic attributes

-Generic methods ()

RefinedAbstraction 
(sub-parts)

-Refined generic attributes

-Refined generic methods

Implementor (product platform)

-Local attributes ()

-Local methods ()

ConcreteImplementor 
(Product variants)

-Local attributes

-Local methods

 

Figure 5: Bridge pattern modified for PCS implementations in UML notation 

4.2.2 Example of the bridge pattern for PCS 

The purpose of the bridge pattern is to decouple an abstraction from implementation 

[Shalloway and Trott 2002]. In Figure 6, an example of a PVM describing a simple 

car family is presented from Harlou [Harlou 2008]. In Figure 7, a class diagram is 

drawn in terms of the bridge pattern. The car family is described as an abstraction 

class with the car model containing generic attributes, but these can include 

subclasses describing subparts that are used across all product variants, for example, 

the engine, windshield, door and wheel parts. The descriptions used in the abstract 

classes should be as abstract and generic as possible to secure the flexibility of the 

model. The implementor class refers to the abstract class as the interface, and it 

contains classes with rules and attributes concerning specific product variants. This 

concept is close to the PVM concept, incorporating a generic architecture (sub-part 

structure) and family-specific sub-types (specialization). The difference is that it is 

not a real object-oriented representation, where different sub-classes can have 

different sub-structures beneath them. Consequently, the links between the generic 

architecture and family-specific sub-types must be specified, implemented and 



maintained manually. The benefits of the bridge pattern structure are that, when 

changes occur, the rules related to the product architecture at a general level and 

product variant implementations at a model-specific level are located in different 

object classes. Therefore, the rules are easy to find and modify manually.  

 

 

 

 

 

Figure 6: PVM notation of a simple car adopted from Harlou [Harlou 2008] 

 

Car family (Abstraction)

Car model(Sedan, Station Wagon, Van)

-Generic methods ()

Common sub-parts 
(RefinedAbstraction)

-Engine [1.6..2.0] litres capacity
-Windshield 
-Door position [front, back] 
-Wheel [14..15] inches diameter

-Refined methods

Car model (Implementor)

-Car model (Sedan, Station wagon, Van)

-Local methods ()

Station Wagon 
(Implementation)

-Extended roof
-Fold down seats
-Cargo volume

-Methods for specific car 
model 

Van  (Implementation)

-Door type[slide door, 
double door]
-Cargo barrier [true/
false]
-storage rack [small, 
medium, Large]

-Methods for specific car 
model

Sedan  
(Implementation)

-Retractable hard top
-Hardtop mechanism

-Methods for specific 
car model
§ Sedan is only offered 
with 2.0 Engine

 

Figure 7: Class diagram drawn in relation to the bridge pattern in UML notation 



4.3 Step 3: ‘Light but sufficient’ maintenance guidelines  

The idea of step 3 is to document the design rationale over details. By documenting 

the design pattern and model dynamics used in the system instead of making 

comprehensive lists of all the available attributes and rules in the PCS, it will be 

easier to make changes that comply with the original design rationale and purpose 

[Selic 2009]. The division between abstraction and implementation classes is shown 

to increase the system overview and clarify the purpose of different classes [Staples 

2004], and this approach has proven to make the code more reusable and result in 

lower maintenance costs in software development [McConnell 2004]. The same is 

likely true for PCS modelling. By documenting the guidelines, not the details, the 

correct documentation is always available in the system, and the need for redundant 

documentation is reduced to the need for documentation of design pattern principles 

and examples of the most common product model modifications. The examples can 

be generated by saving screenshots and writing a corresponding text describing the 

changes. A practical way to guide the use of in-system documentation can simply be 

adding detailed and consistent naming to the classes, such as _AbstractionClass or 

_ImplementationClass. A good test to make sure the documentation is relevant is to 

ask the following: ‘What would you want to know if you joined the team tomorrow?’ 

[Wiseman 2007]. The purpose of Step 3 is to address the challenges of limited model 

flexibility and limited documentation. 

5 Case study: Configuration of balconies 

The case company introduced in the study is a medium-sized Danish company; since 

2009, the company has used a PCS to generate quotation letters for system deliveries 

of balconies. The PCS was initially developed by a consultant trained in the 

modelling methods proposed by Hvam et al. [Hvam et al. 2008] in the Configit 

Model® to handle a single product platform, but as the business evolved, new major 

updates, including new product platforms, were added to the existing model a few 

years apart by different modellers. As the product model grew in complexity over 

time, maintaining an in-depth understanding of the model became a challenge, and no 

one understood all the facets of the model and its interactions. This resulted in major 

problems when products and product features were added, removed or changed in the 

configuration model. In addition, some structural problems affected the PCS’s ability 

to handle reconfigurations, meaning users had to configure complicated products from 

scratch. A decision to redesign and improve the product model was agreed on to 

improve the current situation and avoid future problems. The focus of the project was 

to build a flexible and maintainable model. To illustrate the principle, a subset of the 

model related to balcony bottom plates is used as an example. First, a description of 

the situation before intervention in the PCS of the company was elaborated on. 

Second, the structural redesign was made by following the three-step framework 

proposed in this article. Third, each of the proposed steps was validated for usefulness 

by conducting interviews with a configuration expert who had worked for the 

company and had experience with maintenance of its configuration models. 



5.1 Case example: A poorly structured configuration model of balcony 

bottom plates 

The configuration model contains three different kinds of balcony bottom plates that 

represent three kinds of product platforms named —‘aluminium’, ‘steel’ and ‘plate’. 

The bottom plates are designed with three different principles, allowing different 

dimensions to be used. The steel plates can be any width or depth, the aluminium 

offers free width and a fixed number of depths and the plate comes in predetermined 

combinations of fixed depth and fixed width (Table 2). Since the PCS used at the 

company does not support object-oriented features, such as inheritance, specific 

instances of each combination of width/depth needed to be generated manually for 

every family-specific sub-type to define the solution space and relate to the rules and 

constraints. The new product families were added as a parallel design principle in the 

product model without relating in depth to the existing ones. The result was multiple 

implementations of length/width combinations based on different entries in the 

system that randomly related to other width/depth product combinations without any 

clear pattern. 

 

 Steel Aluminium Plate 

Bottom 

plate 

dimen-

sions 

Free width, free 

depth 

Free width, fixed 

depth 

Fixed width, fixed 

depth 

 

Drawing 

  
 

Table 2: Three different types of bottom plates representing different product families 

and their valid selections of width/depth 

A simplified class diagram showing an example of the content from poorly 

structured ‘bottom plate’ classes is presented in Figure 8, and a screenshot from the 

PCS is shown in Figure 9. Note that the representations of rules, attributes and 

constraints are written in natural language, since syntax and implementations will 

vary from system to system.  

The diagram reveals that a single class is responsible for several different bottom-

plate-related variables, including a comprehensive set of rules for selecting and 

deselecting relevant product numbers, dimensions, colour choices and product-

specific rules determining the legal combinations with other parts of the model. The 

class contains no abstraction, only implementations, resulting in a model that is 

difficult to comprehend. The documentation present in the company only reflected the 

first implementation of the product model and included a long list of outdated rules 

and relations. The consequence of the structural choice of the ad hoc product model 

was that it was difficult to find and change relevant parts in the model because of 

excessive information and unclear dynamically interconnected parts, making it 



difficult to implement changes without unforeseen consequences. The challenges 

resulted in maintenance difficulties and required extensive modelling and product 

knowledge competencies to make small changes in the model.  

The same ad hoc structuring principles with unclear structuring had been used for 

the rest of the configuration model (i.e. railings, hand railings, floors, doors, 

accessories, etc.). The result was a complicated dynamic model where rule 

interactions did not reflect the structure of the configuration model. The most tangible 

consequence of the structure was a reconfiguration problem experienced by the users, 

as the system did not allow changes from one kind of balcony to another without 

serious problems. It was not possible to change from one kind of bottom plate to 

another without starting over. In the past, some initiatives were taken to fix the 

problem, but all attempts ended up being rolled back because of unforeseen 

consequences relating to the restriction of product variations that were not supposed 

to be restricted. 

Ad-Hoc Bottom plate

Bottom plate [alu, steel, plate]
Depth[0..2000] mm
Width[0..2000] mm
Alu_depth[500,750,1000,1250,1500]mm
Plate_depth[1100, 1300, 1500] mm
Plate_width[1500,2000,2500,3000]mm 

-§Rules restricting combinations in width 
and length for aluminium, steel and plate 
balconies
-§Rules restricting color choices for 
aluminum, steel and plate balconies
§Rules restricting shapes for aluminum and 
steel balconies
§Additional rules removed for simplicity of 
example

 

Figure 8: Bottom plate ‘class’ representing different choices of bottom plates, widths 

and depths. Represented in UML notation 

 



 

Figure 9: Screenshot of the in-system ad-hoc bottom plate group 

 

5.2 A redesigned configuration model of balcony bottom plates 

To address the problem at the case company, the proposed framework was tested and 

validated. The next sections describe the results from testing the individual steps of 

the framework.  

5.2.1 Step 1: Analysing PCS structural requirements by SCV analysis 

The first step was to analyse the requirements of the PCS through the SCV analysis. 

The scope analysis was based on the SCV framework. Question 1 (Section 4.1) 

initiated a discussion about the possibility of splitting the PCS model into different 

models representing every product platform individually to simplify the configuration 

model. However, changes in the scope of the PCS were dismissed by the company 

because of synergy effects between product platforms, many shared configuration 

elements and convenience for the salespeople, who required a single model to 

configure all the variants. The commonality and variability analyses were performed 

with domain engineers to identify which parts of the model would change frequently 

and which parts would not (questions 2 and 3; Section 4.1). The product offerings and 

architecture were not going to change significantly over the next couple of years, but 

the product components, variant possibilities and rules would be subject to many 

updates in the same period. Consequently, the abstraction class would consist of the 

most generic balcony description possible, such as selection of the product platform, 

dimensions, number of components and so forth, and the implementor classes would 

contain the specific balcony variations, such as steel, aluminium and plate, and their 

legal variants, specific component choices and product-specific rules at a sub-type 

level. It was agreed on by the users and responsible configuration employees that the 

new product structure would be a better fit for the business. 



5.2.2 Step 2: Structuring of a PCS with design patterns  

To distinguish between abstractions and implementations, a redesign of the model 

was performed using the bridge pattern modified to the PCS (Section 4.2). In Step 2, 

abstract attributes of the bottom plate class were identified as common elements 

representing a generic architecture. An example relates to the dimensions and balcony 

model; no matter what kind of bottom plate is chosen for a given balcony, the 

dimensions must always be specified. The same is true for the choice of the balcony 

model. This indicates that the dimension and bottom plate types could be considered 

time-stable abstract elements belonging to an abstraction class. The specific balcony 

variants would be subject to variation, as identified in Step 1. The variations could 

then be realised in an implementor class representing product-specific sub-type 

knowledge, such as the possible dimensions that depend on product series, colour 

variations and legal combinations with other parts of the balcony model. These 

elements were grouped in logical modules according to the product platforms. The 

new structure based on the bridge pattern that was designed for the new system can be 

seen in a UML model representation in Figure 10, and a screenshot from the actual 

implementation in the configuration software can be seen in Figure 11. The new 

solution includes an abstraction class called ‘start’, containing all abstract generic 

attributes in the model, such as Abstract_width, Abstract_depth and Balcony model. 

These names are chosen to be consistent with the terminology used to describe the 

bridge pattern and illustrate generic attributes that specific implementations must 

relate to as the interface. In addition, a group for every kind of bottom plate relating to 

different Balcony model sub-types was generated, comprising the rules for the 

corresponding variant and checking against the abstract interface (Figure 10). The 

steel plate was free in any dimension, so the implementation could obtain depth and 

width definitions directly from the abstract class. The aluminium plate allowed for all 

widths and restricted depths, making it possible to refer directly to Abstract_width but 

necessary to create new attributes containing ‘Alu_depth’ specifically for that product 

platform. If Balcony model has the value ‘Alu’, a rule is made to restrict that 

Abstract_depth is only allowed to take values defined in Alu_depth, and the correct 

Alu_depth is selected. The plate balcony is restricted in both width and depth, and it is 

designed with the same principle, needing rules to check against both Abstract_depth 

and Abstract_width. In this way, all product platforms refer to the same generic 

definition of depth and width, and the rules related to the different plates are placed in 

‘implementation classes’. This approach makes it easier to find relevant rules when a 

product changes because the rules are encapsulated and always relate to the abstract 

attributes of the dimensions and choice of the bottom plate. The product variants now 

check the rules against the stable Abstract_width and Abstract_depth instead of 

between many definitions of width and depth that depend on the implementations of 

specific bottom plates and other related rules. The use of the bridge pattern in the 

modular PCS allowed the company to solve the reconfiguration between the product 

platforms and implement changes that the company had failed to make in the ad hoc 

model. 

 



Balcony Architecture 
(Abstraction)

-Balcony model (Alu, Steel, Plate)
-Abstract_width[0..3000] mm
-Abstract_depth[0..3000] mm

-Generic methods ()

Common sub-parts 
(RefinedAbstraction)

-Bottom
-Railing
-Door 
-Mounting
-Accesories

-Refined methods

Balcony model (Implementor)

-Balcony model (Alu, Steel, Plate)

-Local methods ()

Aluminum 
(Implementation)

-Abstract_width-
Alu_depth[500,750,1000,125
0,1500]mm

-§If the 'balcony model' is 
'Alu' then restrict values in 
'Abstract_depth' to be the 
same as 'Alu_depth'
-§If the 'balcony model' is 
'Alu' then select Alu_depth 
from Abstract_depth 
-§ Rules restricting color 
choices for aluminum 
balconies

Steel  
(Implementation)

-Abstract_width
-Abstract_depth

-§ Rules restricting color 
choices for steel 
balconies

Plate  (Implementation)

-Plate_depth[1100, 1300, 1500] mm
-Plate_width[1500,2000,2500,3000]mm

-§If the 'balcony model' is 'Plate' 
then restrict values in 
'Abstract_depth' to be the same as 
'Plate_depth'
-§If the 'balcony model' is 'Plate' 
then restrict values in 
'Abstract_width' to be the same as 
'Plate_width'
-§If the 'balcony model' is 'Plate' 
then  select plate_depth and 
plate_width from Abstract_depth 
and abstract_width 
-§ Rules restricting color choices for 
plate balconies

 
 

Figure 10: Bottom plate groups related to Master_width and Master_depth with local 

rules in UML notation 

 

 

 



Figure 11: Actual implementation of the bridge pattern with an abstraction class as 

the interface for product-specific variables and rules. 

5.2.3 Step 3: ‘Light but sufficient’ maintenance guidelines 

The third step was to improve the documentation of the PCS model by documenting 

implementation guidelines. The case company had detailed documentation of all the 

rules and product combinations of the first version of the system; however, they had 

never used it, and instead, based implementations on in-system data without the use of 

guidelines. Since the documentation was never used, the company decided to 

document details on an in-system basis along with implementation guidelines. 

Therefore, ‘light but sufficient’ documentation of the design pattern and guidelines 

for common update tasks was created by documenting the design rationale—not the 

details. Screenshots of the product structure, design pattern overview and guidelines 

on where to implement certain common product changes were created as 

documentation. The documentation included guidelines on how to perform the most 

common tasks, such as changes in architecture (requires changes in both the 

abstraction and implementation classes) and changes at a product variant level (only 

requiring updates in the implementation classes) to avoid violations of the selected 

structure. The consequence of the approach was that correct documentation could 

always be found in the system, and the need for redundant documentation was 

reduced because of a clear and understandable structure. The focus on the design 

rationale over the details was presented to a configuration engineer who had 

experience working in the PCS, and the engineer found this new system to be more 

useful than was the original documentation that had described each and every rule in 

the system externally. The engineer further mentioned that the approach was 

comparable to how ‘model documentation would be handled in his new job in a big 

company’, stating that ‘the IT architects were usually lacking behind on the 

documentation and rarely corresponding to the data in-system’. 

5.2.4 Benefits of the restructured modular PCS-based method  

The improvements in the modular configuration model were, first, an improved 

ability to identify what parts of the model would be relevant to investigate and change 

for the desired outcome. Second, some annoyances in the model were corrected, 

allowing for reconfiguration; third, the maintenance and product updates were made 

less dependent on the original developer or configuration specialists. The number of 

rules and attributes in the ad hoc PCS structure and the new PCS structure were 

practically identical, indicating a product model of a similar scope. However, the 

claim is that the relevant rules, attributes and interactions will be much easier to 

identify and modify because of the improved structural overview. 

5.3 Evaluation of the modular PCS case implementation 

The company decided to develop and support both the ad hoc model and the 

restructured modular model for a certain period to secure backward compatibility and 

test the ad hoc system’s and new structure’s performance side by side. To test the 

differences between the ad hoc PCS performance and the new modular PCS, updates 

to the product assortment were made in both systems by the responsible configuration 



engineer. At that point, both PCSs contained approximately the same number of rules, 

relations and attributes. An update on the product variant level by adding new 

standard dimensions for the plate balconies was a longstanding wish of the company. 

In the ad hoc model, the company never succeeded in implementing the change 

because of unforeseen consequences from coupled relations. The requested change 

could be made in the modular PCS in 15 minutes because of a better overview and 

understanding of what the rules referred to. Furthermore, the configuration engineer 

added a new product platform to the ad hoc and new product models, and the time 

used was registered. Adding a new product to the ad hoc model took four working 

days on top of a half year of experience working with the model and product 

assortment. The product platform was added to the new model in a single working 

day and had fewer bugs. The PCS restructuring project took approximately 4 days of 

work (not including the time to develop the theoretical framework). In addition, 

persistent annoyances for the users generated by the ad hoc structured PCS were 

fixed, such as the reconfiguration problem, now allowing the users to revise an offer 

from one product type to another without starting over. This feature was tested in a 

workshop comparing the two systems side by side, and by itself, the new system has 

the potential to save 3–4 hours for every salesperson each time the customer requests 

a revised price based on another product platform. The company makes over 1,000 

offers yearly, with multiple revisions in approximately half of them, so the new 

capability amounts to substantial reductions in time expenditures. The company 

estimated the reduced time expenditure to represent approximately half a full-time 

salesperson’s working hours. This was a direct consequence of linking 

implementations to abstractions and using the bridge pattern, allowing for fast 

reconfigurations. The experienced benefits reported in the case include better 

understandability of the product model, increased modularity, solving the 

reconfiguration and easier expandability of the product assortment. This is in 

alignment with research showing that the strength of the bridge pattern is mostly 

related to expandability, understandability and modularity [Khomh et al. 2009]. 

An overview of some measurable benefits such as reduced time expenditure for 

maintenance and increased flexibility for users can be seen in Table 3. In addition to 

these benefits, more subtle benefits were noted, such as reduced dependence on single 

employees, increased ownership of the product model, and consequently, reduced risk 

for the company. 

 

 Ad hoc structured 

PCS 

Modular PCS Difference 

PCS maintainability    

Addition of new standard 

dimensions for plate 

balconies 

Never succeeded without 

unforeseen implications, 

multiple attempts 

performed 

15 minutes Now 

possible 

Time needed to introduce 

a new product platform to 

the system with new 

standard dimensions by a 

configuration engineer 

4 working days  

(and half a year of 

experience working with 

the model) 

1 working day 

(and half a year of 

experience working 

with the model) 

3–5 

working 

days 

PCS flexibility for users    



Reconfiguration between 

platforms 

Time consumption 3–4 

hours, depending on the 

configuration scope by 

starting from scratch 

 

Introduction of 

unforeseen configuration 

mistakes likely 

5–10 minutes* 

 

Introduction of 

mistakes unlikely 

3–4 hours 

*Tested and quantified by salespeople in the company by reconfiguring problems. 

Table 5: Comparison of the ad hoc structured PCS and modular PCS 

6 Discussion 

The following identified challenges of software design were used as the evaluation 

criteria: (1) poor system design, (2) excessive complexity, (3) limited system 

flexibility and (4) limited documentation. The challenges in software development are 

complex, and it is difficult to determine when one structure is better than another. 

Evidence for the benefits of design patterns in software development is inconclusive 

and depends on the pattern used, context and software developer assessment [Khomh 

et al. 2009, Khomh and Gueheneuce 2008]. The bridge pattern has been found to have 

an overall positive impact on code quality [Abul Khaer 2007], especially when it 

comes to expandability, understandability and modularity [Khomh et al. 2009]. This 

is in alignment with the benefits reported in the case with better understandability of 

the product model, increased modularity, solving the reconfiguration problem 

between products and easier expandability of the product assortment.  

The proposed framework in the current study should ideally contribute to 

improvements in the area of modelling product models for PCS computer model 

implementations. The method proposed in the present paper was inspired by software 

development, and we found that the method had similar benefits to the approaches 

experienced in other software contexts [Coplien et al. 1998, Shalloway and Trott 

2002].  

Poor system design is often a result of ad hoc structuring, creating a high risk of 

poor structural design. By using design patterns and considering the SCV framework 

[Coplien et al. 1998] to introduce abstraction classes in the design phase of PCS, the 

structural quality and flexibility should improve when it comes to software product 

lines [Ramachandran and Allen 2005]; according to what was expressed in the 

interviews, these features improved in the presented case study.  

Excessive complexity in the PCS arguably stems from the design of the products 

to be implemented in the system. If the scope of the PCS can be redesigned to contain 

more similar variants, the complexity can be reduced [Falkner and Haselböck 2009]. 

However, it may not be possible to change the product design to reduce the 

complexity of the PCS, as occurred in this case study; therefore, the PCS must be 

adapted to fit the product.  

In the case study, limited system flexibility and maintainability were improved by 

clear differentiation between abstractions and implementations, as validated with 

expert interviews. This indicates that, if the principles are followed, it should result in 



a loosely coupled model and provide maintenance guidelines to update the model in 

accordance with the known benefits of the bridge pattern [Shalloway and Trott 2002].  

The most prevalent documentation approach in PCS projects presented in the 

literature is documentation of everything relating to the product configuration model, 

which is time consuming, bothersome and results in mistakes [Hvam 2004]. However, 

the agile approach to software documentation, namely, documenting a high-level 

design rationale, is considered useful for the implementation of finer details. The agile 

documentation practice was preferred by the experts interviewed in the case study. 

The structuring approach and resulting improved flexibility of the product model may 

enable domain engineers to handle a greater part of the model and possibly enable 

outsourcing of product modelling responsibilities in some companies with relatively 

stable product assortments. A well-structured PCS with ‘light but sufficient’ 

documentation may also help companies reduce the risk of experiencing a situation 

with an overcomplicated PCS, which can be difficult to oversee and maintain. 

Furthermore, the approach may speed up new development in non-object-oriented 

standard PCSs by providing a clear structure during development. 

7 Conclusion 

This paper analysed the current modelling practices of standard PCSs and developed a 

framework based on best practices from object-oriented design for implementation in 

non-object-oriented standard PCS software. The framework was tested in a case 

company, and the results provided an improved product structure and a solution to 

longstanding problems with configuration maintainability and usability. In 

conclusion, the contributions of the current paper are a case study and a three-step 

framework for the structuring of modular product models for standard PCS software 

implementations. The proposed framework was tested in a case company both for 

validation and to assess its usefulness. 

As mentioned above, the proposed framework to build modular PCSs consists of 

three steps, which are as follows: (1) analysing the PCS structural requirements 

through an SCV analysis [Coplien et al. 1998, Ramachandran and Allen 2005], (2) 

structuring of a PCS with design patterns [Gamma et al. 2002, Martin and Micah 

2006] and (3) modifying the bridge pattern to non-object-oriented standard PCS 

software. The framework was tested in a case company by redesigning a poorly 

structured PCS to aid in the creation of an improved structure of a PCS in non-object-

oriented standard PCS software. Comparison of an ad hoc structured PCS and a 

modular PCS based on the guidelines in the proposed framework improved its 

usability for both salespeople and configuration engineers due to the improved 

understandability of system and bug fixes that were noticeable to the salespeople.  

The long-term effects of the proposed method are still unknown. The presented 

results are based only on a single case study in a single commercially available PCS, 

which limits their generalizability. Therefore, further studies should both aim to test 

the long-term effects of using the proposed framework and test the framework in 

more companies in different industries, as well as in different software systems. 

Despite these limitations, it is our opinion that the field of product configuration 

modelling can learn a great deal from advancements in object-oriented design, design 

patterns and agile documentation. It is highly likely that other suitable patterns exist 



that can be explored in future research or derived from practical experiences in the 

industry.  
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Appendix 

Workshop presenting of the new PCS to end users (Salespeople) 

Program 9.30 AM to 3.00 PM. 

Participants were twelve salespeople, including head of sales, head of research and 

development (R&D), a configuration engineer and a researcher.  

Presentation of the new PCS compared with ad hoc PCS 

 New user interface 

 How to reconfigure from one product series to another 

Testing the new system (3 hours) 

 Assignment 1: Find a relevant case from real-life experiences with a requirement to 

change between product series.  

 Assignment 2: Re-create relevant case in modular PCS and change between product 

series 

 Assignment 3: Estimate how much time consumption has been reduced and the 

benefits of the restructured model 

Evaluation of the system in plenum  

 Discussion of the new system, including change recommendations 

Evaluation of system structure and documentation (semi-structured informal interviews 

with prior configuration engineer, answers not transcribed) 

Presentation of the framework and new documentation 

Presentation of new structure compared to ad hoc structure 

 Can you see the value of Step 1? 

 Can you see the value of Step 2? 

 Can you see the value of Step 3? 

 Do you think this structure is better/worse than the ad hoc structure? 

 Would the division of the abstraction/implementation be useful for future modelling? 

 Do you see any drawbacks? 

 Can you see other benefits of the modular structure? 

Questions regarding new documentation approach based on the structure 

 Do you find this documentation more useful than the old documentation? 

 Do you believe it will be more useful over time than the old documentation? 

 Could you see yourself starting to adopt some of the guidelines in your modelling? 
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Abstract 
Product configuration systems (PCSs) have been a successful application of artificial intelligence principles 
in engineer-to-order (ETO) companies in recent decades. Such applications mainly focus on quotation or 
production processes rather than multiple business processes. However, in some cases, there could be a 
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1. Introduction 

One of the greatest challenges for engineer-to-order (ETO) companies is the systematic management of 
product specifications throughout order handling [1]. In ETO companies, product designs are typically 
specified at a high level of abstraction in the sales phase. After the order is accepted, a detailed design is 
performed in the engineering phase. This workflow often includes specification changes in late project 
phases that have consequences on project output. This challenge introduces a need for a structured 
approach to creating new designs and changes to product specifications. To achieve this, companies adopt 
strategies, such as mass customization [2], product platforms [3] and product modularization [4,5], in 
order to reuse product designs, specifications, modules and parts. 

In addition to these strategies, companies have started to implement product configuration 
systems (PCSs) in their sales phases to improve specification processes by selling standardized products. 
PCSs are considered to be a successful application of artificial intelligence principles [6,7,8]. PCSs support 
product specification activities by allowing users to combine predefined components and modules while 
enforcing constraints on such combinations (i.e., knowledge-based configuration) [6,7]. Most 
configuration research is limited to single process configurators, i.e., sales configuration systems to create 
fast and precise quotations [8]. Sales configurators have gained popularity due to substantial benefits for 
the companies, such as shorter lead times for generating quotations [9–11], fewer errors [12,13], 
increased ability to meet customers’ requirements regarding product functionality [12,13], use of fewer 
resources, optimised product designs [14,15] less routine work and improved on-time delivery [16,17]. 
PCSs are widely used in a broad range of industries supporting ETO solutions, including construction [18], 
process plants [19] and the electronics industry [8]. 

Unfortunately, companies face various challenges in developing and using PCSs [20,21]. Among 
the most important are the knowledge acquisition and product modelling required for complex products 
and the communication difficulties between domain and configuration experts [22]. A third challenge 
involves PCS documentation, which is often not maintained after PCSs become operational because the 
process is too time-consuming [23,24]. These and other challenges increase the risk of PCS project failure 
[20,25]. Good management of the PCS development process is required to avoid this [26]. Moreover, 
these challenges are highlighted in the case of ETO companies due to the incomplete specifications at 
point of sale, setting correct lead times, delivering products at a competitive cost [27] and compliance 
with regulatory constraints and IT-system integrations [28]. 

However, ETO companies cannot rely entirely on standard solutions based on a modular strategy 
but need to perform engineering changes compared to what was initially sold as the project progresses 
[29]. Hence, ETO companies need to keep track of the product and process changes between what was 
initially sold to the customer using a PCS and what was specified, produced and delivered [24]. A 
consequence of lack of documentation is that it is not always clear to ETO companies what the costs 
associated with customer-specific changes in projects are and, therefore, how to predict profitability 
throughout project execution. 

Examples of ETO companies that have adopted advanced sales configurators are numerous 
[8,18,30,31,32,33]. Furthermore, several articles have explored the application of PCSs to support ETO 
processes [32–35] and discussed how to integrate PCSs with customer relationship management (CRM), 
product data management (PDM) and enterprise resource planning (ERP) systems [36–38]. On the other 
hand, such literature does not describe the application of PCSs to support the whole order-handling 
process in an ETO setting. To address this gap in the literature, this article raises the following research 
question: 

What are the costs and benefits of multistage product configuration? 



By addressing this question, the paper extends the knowledge about the utilization of PCSs. To 
address this question, we first present a literature review, on the basis of which the concept of multistage 
configuration is clarified and the associated costs and benefits as well strategies are discussed. Next, to 
investigate the framework, we conduct a case study of an ETO company in which a multistage PCS was 
developed. Finally, the results of the case study are discussed, and conclusions are drawn. 

2. Theoretical Background 

 As there is no generally agreed-upon definition of ETO companies in the literature [39], it is widely 
agreed that the customer order decoupling point (CODP) can be used to define an ETO strategy relative 
to other strategies such, as make-to-order (MTO), assemble-to-order (ATO), configure-to-order (CTO) and 
make-to-stock (MTS) [39–41]. Engineer-to-order differs from other strategies by having to perform 
engineering for each order instead of before stock [42]. Four archetypes of ETO companies were 
introduced by Willner [43] as defined by engineering complexity and number of units sold: complex ETO, 
basic ETO, repeatable ETO and non-competitive ETO [43]. This study argues, like Johnson’s [29], that an 
ETO company does not necessarily fall into a single engineering dimension, but can provide products with 
elements from CTO, MTO and ETO at the same time [29]. 

In ETO companies, products are manufactured to meet specific customer’s needs by carrying out 
unique engineering or significant customization [2]; all activities in the manufacturing value chain are 
initiated by the customer order [44]. The customer order influences design, engineering, procurement, 
fabrication, final assembly and shipment [44]. The influence of customers is especially challenging for ETO 
companies to control since ETO customer requirements commonly change during the sales-delivery 
process [45], and the requirements might not be fully specified in sales [46]. As a result, the order-handling 
process in ETO companies has numerous challenges. These include incomplete specifications at point of 
sale, setting correct lead times, delivering products at a competitive cost [27] and complying with 
regulatory constraints and IT-system integrations [28]. The main cause of ETO challenges is inefficient or 
ineffective information sharing [46]. 

Companies have started to use PCSs in various phases of the order process in order to get more 
control of the product specifications [47,48]. Product configuration Systems support product 
customization by defining how predefined entities (physical or non-physical) and their properties (fixed 
or variable) can be combined [8]. Haug, Shafiee and Hvam (2019) identified two types of benefits of 
product configuration projects: resource use reduction (i.e., cost reductions) and sales performance 
increase (i.e., revenue increase). The resource-related benefits are a result of automating specification 
work that previously was carried out by domain experts. These involve aspects such as “less time needed 
for quote creation, less time needed to create bills of materials and less effort need for communication 
between sales staff and engineers” (Haug et al., 2019). The sales-related benefits concern the 
development of abilities to produce quotes faster, improved customer communication, and improved 
quote accuracy. The benefits described in the literature include 

 Improved cost calculation accuracy [49–51] 

 Improved product specification quality [8,9,56,10,15,47,51–55] 

 Improved manufacturing specification quality [9] 

 Increased product standardization and measurement [2,59,75] 

 Reduced man-hours in the specification processes [8,32,50,59,70–74,76–82] 

 Increased profitability of customer orders [66,68,83] 

 Increased product quality [69] 



With regard to the general costs of PCSs, Haug et al. (2019) identified four types, as shown in Fig. 
1. The four types of cost were derived from the distinction between prelaunch and operation costs and 
between material and human resource costs. 

 

Fig. 1. Cost types in product configuration projects (Haug et al., 2019) 
 

Typically, PCSs are applied in the sales process. Sales configurators are PCSs specifically designed 
to support sales and create fast and precise quotations [8]. Sales configurators have gained popularity due 
to their ability to aid control of the product assortment and encourage sales to offer standard solutions 
[57]. Sales configurators are used in manufacturing companies to support the front-end sales and backend 
technical specifications [48] and used to create a bill of materials (BOM). 

A BOM describes a product unambiguously in a tree-structure with the components needed to 
produce a product [58]. A BOM is shared by all departments within an organization (production, design 
and manufacturing engineering, sales, management control, after sales, and so forth). They are made for 
operational purposes (to define the list of components to be assembled), for planning (to anticipate 
component procurement needs) and for commercial needs (to guide customer choice and prepare sales 
forecasts) [59]. The BOM is represented differently in different stages of the order-fulfilment process, and 
different variations exist, such as a procurement BOM, design BOM, process BOM, manufacturing BOM 
and sales BOM [60]. There are various approaches to translate from one to another [61,62]. However, in 
some cases, the BOM is simple enough to contain information sufficient to cover all BOM versions. This is 
often the case in SMEs and simple modularized products and makes the use of a single PCS to support 
order fulfilment particularly applicable. 

However, ETO companies cannot rely entirely on standard solutions based on a modular strategy 
but need to engineer and change what was initially sold as the project progresses [29]. Multiple cases of 
PCSs used in ETO companies are reported in the literature. However, the cases are usually either focused 
on sales configuration or engineering configuration as two separate configurators [10,63,64]. Some 
approaches have been developed to support configuration of products in ETO companies outside the 
standard solution space, i.e. staged postponement where decisions about product features are limited 
after a customer order is committed [34]. Multilevel configuration systems are introduced to allow a 
complex ETO company to handle non-configurable components and gradually specify as the project 
progress [33]. System-level configuration with so-called “white spots” support continuous specification of 
BOM as the project evolves [35]. However, there is no empirical in-depth case study research available on 
how a PCS can be applied to support multiple stages of the order-fulfilment process by updating product 
specifications, cost and time estimates in a project-based ETO company. 

Forza introduces the case of “Sideco” – a mould-base manufacturer who used a PCS to reduce 
lead time in tendering and increase the correctness of specifications generated in sales and inter-company 
coordination. However, this case did not state anything about handling project changes and how the 
knowledge from the PCS was used in other parts of the company [48]. Forza argues that by using a PCS, 



the interaction between sales and engineering can be reduced, which is particularly true in the case of a 
completely specified solution space within the configurator, such as in the case of Rotamax supplying 
electric motors [48]. However, in the case of a project-based ETO company where the product 
specifications often change after sales, interaction between the knowledge from sales and engineering is 
desirable. Therefore, ETO companies might still benefit from interaction between sales and engineering 
[48]. 

Recent research has investigated the alignment of the sales models and technical model with the 
introduction of configuration lifecycle management (CLM) [36,65] which generally stresses the need for 
the alignment of various IT systems, such as product lifecycle management (PLM), CRM and ERP with 
configuration systems at the core. Even though the concept of a single source of data is simple, the 
alignment between sales configuration and production configuration is challenging in practice [66,67]. 
This study explores a case company that used a common application to realize control of product 
specifications, time estimates and cost control in multiple stages of the order-fulfilment process. 

Literature searches in Scopus indexed papers using different search strings did not reveal prior 
studies on the application of PCSs to cover the order-fulfilment process from sales to execution to 
update product specifications in an ETO company. It should be noted that the literature provides a few 
case studies in which product configurators have supported multiple order-fulfilment stages, e.g., sales 
and engineering [68,69]. These studies, however, do not clarify the costs and benefits achieved from the 
use of a multistage as compared to a single-stage product configuration. 

3. A Multistage Product Configuration Framework 

In this paper, we use the term “multistage configuration” to describe a strategy in which a PCS 
supports several stages of the order-fulfilment process (e.g., quotation, initial design, detailed design, 
production and delivery processes). 

Fig. 2 illustrates different strategies with regard to multistage configuration. First, a distinction is 
made between single-stage and multistage configuration. Second, under multistage configuration, a 
distinction is made between “common application” and “individualized application”. Common and 
individualized application refer to (1) a strategy in which different groups use the same interfaces and 
knowledge model and (2) a strategy in which different user groups use different interfaces and 
knowledge models, respectively. These are discussed further in the following sections. 

Fig. 2. Configuration stage strategies. 
 

The costs associated with the development of PCSs, as shown in Fig. 3, would be lower when 
developing a multistage PCS than several separate PCSs for one stage each. Fig. 3 illustrates this. 
Specifically, the argument for the decreasing prelaunch costs is that (1) there are some limited extra 
costs of additional hardware and software, and (2) much of the configurator development from the 



previous stage can be reused. With regard to the operating costs, there are (1) only limited extra 
licensing costs and (2) synergy effects with regard to configurator maintenance and documentation. 

 
Fig. 3. The costs of multistage configuration. 

 
The two overall types of benefits of product configuration identified by Haug, Shafiee and Hvam 

[30] – that is, (1) the resource use reduction (i.e., cost reductions) and (2) the sales performance 
increase (i.e., revenue increase) – may be increased by the use of multistage PCSs. Specifically, 
multistage configuration benefits from the increased formalization and coherency of the work in order-
fulfilment costs, which can provide resource reductions in additional stages, as well as increased sales 
performance benefits related to better customer communication and product quality. In other words, 
extending a PCS beyond the sales phase could increase sales PCS-related benefits achieved as a 
consequence of the product specification steps being carried out in one system. 

By distinguishing between an individualized and common application of PCSs, we can define two 
archetypical types of multistage product configuration strategies, as illustrated in Fig. 4. As seen in Fig. 
4, in the individualized application strategy, different user groups associated with different disciplines 
(e.g., sales, initial design, and detailed design) are presented with different user interfaces, which draw 
on different parts of the PCS knowledge base, albeit with significant overlap. In the common application 
strategy, different user groups are simply presented with the same interface; thus, they are presented 
with some fields that should not be filled out in the first stages. 



 
Fig. 4. Multistage product configuration strategies. 

 
 The choice between the two multistage product configuration strategies concerns a trade-off 
between higher development and maintenance costs in the individualized application scenario as a 
consequence of having to manage several knowledge models [70,71]. In the common application 
scenario, on the other hand, there is a greater need for user expertise in order to know which field to 
address in a particular stage, while not getting confused by fields not associated with the particular 
stage. Thus, this could involve a longer development time and need for training and support of PCS 
users. 

4. Research Method 

A case study was carried out to explore the framework presented in the previous section. This 
research was performed as an explorative single case study since it allowed a phenomenon to be studied 
in its natural setting, addressing the questions of “how” and “what” [72,73]. The single case study design 
allowed the research team to investigate the possibilities of using a common application PCS to support a 
multistage configuration strategy in a project based on SME delivering ETO products. 

The research team had access to the company for one year and nine months and worked in close 
collaboration with the company to achieve a profound analysis (Fig. 5). The time span of the research 
allowed for an in-depth understanding of company processes as well as the observation of behavioural 
changes over time as the project evolved and created impact. The researchers observed the changes in 
meetings, informal chats, and co-development workshops while investigating the cost benefits for the 
company and conducting semi-structured interviews and questionnaires with selected employees. 

The case company was selected due to managerial support to provide complete access to 
information and testing of the proposed case application. The downside of the single case study design is 
reduced generalizability [72], which can be mitigated by repeating the research results in other case 
companies [74]; however, it was not always possible to access multiple case companies due to resource 
constraints. Reliability was improved by using triangulation with the data sources available [72]. To 
increase construct validity, three forms of triangulation were implemented: observer triangulation, data 
(source) triangulation and methodological triangulation [75]. 



4.1 Timeline of research activities 

Fig. 5 depicts a chronological timeline of the research activities undertaken in this study. The 
single-stage configuration approach was used for seven years prior to this research project, indicating 
the case company had extensive experience in product configuration. The development of the 
configurator to support multistage configuration took nine months. The multistage strategy was in 
operation for one year before the evaluation of the solution presented in this study. 
 

 
Fig. 5. Mixed methodology and time plan of the study. 

 

The research project was initiated with an analysis of archived data and literature review 
conducted in parallel. The literature on costs and benefits within a single-stage configuration strategy was 
reviewed to transfer learnings to a multistage strategy. The purpose of the analysis of archived data was 
to obtain knowledge about the development costs of the configuration system that served as the 
foundation for the multistage extension. These activities were performed for nine months, along with the 
development of the multistage configuration solution. 

Subsequently, the following processes were performed sequentially: 
1. Development of interview questions. The structure of the questions for the semi-structured 

literature review was based on the benefits of implementing configurators. In accordance with the 
research objectives, the interviews were designed to compare the benefits gained from multistage 
configurators to single-stage configurator systematically with respect to PCS benefits. The interview 
process was semi-structured and involved experienced researchers, experienced PCS project stakeholders 
and representatives from management. 

2. Pilot interviews. The questions identified based on the literature were tested in pilot interviews 
with a relevant employee with sufficient experience to assess the clarity of the questions and relevance 
to the multistage solution. 

3. Refinement of interviews. Based on the pilot interview, the number of questions was reduced 
from 14 to 10 questions. Questions were removed if they could not be answered sufficiently based on the 
current knowledge of the company or if they were irrelevant to the multistage system. Excluded questions 
related to the difference between single-stage and multistage configurators included “The time from 
customer request to quote has increased”, “Sales has increased”, “Resources needed to create quotes 
have decreased” and “Lead time to deliver product has decreased”.  



4. Conducting of interviews. The interviews were conducted separately with four employees from 
the management team. They all completed the questionnaire and participated in a short conversation 
about the questions and results. 

5. Confirmation of results. The results were compiled, and selected answers were presented to 
selected interviewees to confirm the results and elaborate on potential reasons. 

6. Presentation of final results. Based on the final remarks of the interviewees, the results were 
edited a final time before being presented in this paper. 

4.2. Archived data 

In case studies, documents play an explicit role in data collection [76]. In the present study, 
documents were collected that related to (1) documentation of the configuration project development 
and product details and (2) time spent on different tasks related to configuration development based on 
calendar entries and time-tracking. In this research, these documents have been used as literal recordings 
of past events to assess the costs of development. We reviewed all of these documents before starting 
with other empirical investigations to gain further insight into the company, the culture and the 
specification processes. 

4.3 Interviews 

For this research, four employees were selected to be interviewed based on the following criteria: 
(1) must have different backgrounds and responsibilities, representing knowledge of multiple stages of the 
company; (2) must have years of experience within the company at management level; (3) must have a 
direct impression of the impact the multistage configuration system has on the business; (4) must have 
been present during the sales PCS performance and witnessed the transition from a single-stage to 
multistage PCS. A summary of the selected employees and their experience can be seen in Table 1. 

This interview questions were developed based on a literature review of benefits gained through 
single-stage configuration. The aspects identified in the literature were evaluated by the interviewees 
using a 5-point Likert scale to compare the impact of a multistage configuration strategy to a single-stage 
strategy. Each participant answered ten different questions in the first interview using the Likert scale and 
open questions to add insights, explanations and comments. The interviews were recorded, typewritten 
and analysed, following the prescriptions suggested by [76,77]. The questions were followed by an open-
ended discussion of the questions. Due to the open-ended format, there was sufficient freedom for the 
interviewees to add extra comments or opinions. This open-ended interview technique [76] facilitated the 
collection of background data and consequently enhanced the richness of this study. The qualitative 
results are presented in Table 4. 

Table 1 
The interviews background information 

 Company director Financial director Sales director Production director 

Years in 
current 
position  

3 years 2 years 8 years 3 years 

Years of 
relevant 
experience  

10 years 5 years 10 years 4 years 

Current role Director in the company. 
Responsible for setting 

Responsible for 
financial planning, 

Manages a team of 
salespeople. Responsible 

Leader of production. 
Responsible for quality, 



strategies and goals, 
prioritizing resources. 

record-keeping and 
financial reporting. 

for sales and configuration 
development. 

planning and installation 
of products. 

 

5. Case Study Results 

To explore the proposed framework, a case study was conducted of a company in which a 
multistage PCS was developed and implemented. The company in focus is a medium-sized company that 
sold, planned and mounted balconies on existing buildings. The company operated in a market where 
customization was necessary in order to satisfy requirements from customers and local authorities. 
Consequently, all products had to meet specific needs, such as specific dimensions, architectural appeal 
and structural strength, to fit to the existing building. The company handled the process of designing and 
specifying the product, seeking approval from authorities, ordering balconies from a manufacturer and 
installing the balconies. 

All products had to undergo engineering calculations after receiving an order. The company could 
thereby be classified as a repeatable ETO in the construction category with a yearly production and 
mounting of thousands of balconies [43]. The company offered products based on a predefined structure, 
consisting of modules that could be mixed and matched to create customized solutions, as illustrated in 
Fig. 6. This involved specifying a large number of product attributes, as illustrated in Table 2. Since the 
attributes could be mixed and matched, the product variety offered by the company was also high. 

 
Fig. 6. Predefined balcony structure. 

Table 2 
Examples of attributes that can be customized on a balcony offered from the company 

Attribute No. of variants Values 

Balcony bottom plate  10 Custom measure 

Railing  180 Custom measure 

Door  100 Custom measure 

Window  10 Custom measure 

Floor 4 Custom measure 

Balcony-to-building mounting 22 Custom measure and custom static calculations 



Rail-to-balcony bottom plate mounting 3 Kinds 

Water overflow principle 3 Kinds 

Colours variants for all the above parts 10 -> infinity 10 standard colours, infinite colours on request 

Work processes related to mounting ~ 125 Specific tasks including numerous subtasks 

 

5.1 The initial PCS order-fulfilment process 

The process in the company consisted of four major phases: (1) a sales phase, (2) initial design 
specification, (3) detailed design specification and (4) installation on site. Fig 7 depicts the original 
specification process. In this process, a single-stage configurator provided product specifications in the 
form of BOM, cost and time estimates in the sales phase. In later phases specification changes was 
documented in various other systems. The process included obtaining initial design approval from local 
authorities. The detailed specification phase included static calculations and specification of exact 
drawings, which required another approval from local authorities. Based on the detailed project, 
products were ordered from a supplier, and production on-site was initiated and completed. 

In the first phase (1), the salespeople would generate an offer based on customer wishes and 
the sales configurator. When the customer and salespeople agreed on the product variant and price, 
they would sign a contract based on the PCS calculations. When sales handed over the contract, the PCS 
would no longer be updated. The consequence was that the project controller would only have the 
specifications of the BOM, cost and time estimates from the point of sale. The initial and detailed design 
phases usually introduced changes to product designs, and the project changes were handled in various 
systems, such as electronic document and records management systems, text documents, spreadsheets 
and pdf files on shared drives. When the project was completed, the products would be ordered from 
suppliers and installed by the company on site. 
 



 
Fig. 7. Original order-fulfilment process. 

 
This company experienced many product specification changes between the point of contract and 

production, as reported in the ETO literature [27,28]. After the analysis of the case company, the original 
order specification introduced three major challenges: (1) The product specification changes in 
subsequent phases typically impacted product specifications, including BOM specification, cost 
estimations and time estimates. These changes were stored in multiple IT systems for the product 
manufacturers and salary calculations. These changes were not necessarily documented in a systematic 
way that allowed other employees to track changes and progress. This was a source of frustration as the 
details stored in different systems could deviate, making the employees question the correctness of the 
data. (2) The changes made outside the sales configurator no longer had to comply with the product 
configurator. The effect was that changes could be made that did not favour the preferred solutions in 
terms of cost agreements with suppliers. This resulted in higher costs due to extra engineering hours. (3) 
The dynamic effects in the configurator were no longer taken into account. Therefore, if a solution was 
changed in the detailed design material, the change in material costs would register but not necessarily 
be reflected in the time and cost estimates that would automatically be performed by the configuration 
system. To gain more control of the order-fulfilment process and the associated changes to cost and time 
estimation, the company expanded the existing PCS to support the order-fulfilment process by adopting 
the common application multistage configuration approach, as presented in this paper. 

5.2 The order-fulfilment process supported by a comprehensive, integrated PCS solution 
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The company extended the single-stage PCS to a multistage configurator to support all phases of 
the order-handling process. The aim of the multistage configuration process can be seen in Fig. 8. In this 
process, changes in product specification were updated throughout the order-fulfilment process and 
recalculated based on the multistage PCS updating the BOM, cost and time estimates in all phases. 
Phase 1 was handled as in the original process, but phases 2-4 were handled in the multistage 
configuration process. The goal was to update the configurator in multiple stages consistently according 
to project changes. The solutions had to be feasible, preferable and in accordance with the product 
knowledge at all times. This setup allowed the company to track specification changes related to BOM, 
cost estimates and time estimates throughout the project order handling. 

 

 
Fig. 8. The new multistage configuration order handling process. 

5.3 Configuration system requirements for the development of a common multistage application 

The company identified three capabilities needed in the common multistage application of a PCS: 
(1) a well-structured, comprehensive PCS model covering product specification needs in all phases, (2) the 
ability to handle off-standard specifications and (3) revision control and traceability of changes of the 
project as it moves through phases 1–4. The company employed the following three development 
initiatives to address the identified capabilities: 

1. Evaluation of PCS comprehensiveness: The company evaluated the comprehensiveness of the 
PCS model and identified some minor changes and missing configuration choices that had to be added to 
support later specification phases. The overall structure of the products and processes knowledge stored 
in the configuration system were found to have an identical structure in all order handling phases. This 
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made it possible for the company to expand the knowledge model and adopt the common application 
approach to multistage configuration, as presented in section 3. 

The most significant changes were the task of aligning the naming convention of the parts 
between all departments and systems so everyone could understand and use the output of the 
configurator. An illustration of a product model with increased detail level as the project evolved can be 
seen in Fig. 9, which was drawn using the Product Variant master (PVM) notation [78] (in this context 
showing part of the structure and part attributes). As illustrated, the PCS evolves throughout the order-
fulfilment process, where attributes are continuously changed and updated as more knowledge is 
gathered or changed in the project. 

2. PCS handling of non-standard products: The company introduced the ability for the configurator 
to handle “non-standard” parts and products by allowing for “special solutions”. The special solutions 
were associated with a custom cost that was manually entered and a description for future reference. 
This cost was calculated manually based on experience with similar projects or retrieved from external 
suppliers. The special fields were integrated into the BOM, costing and time data. 

3. Introduction of revision system: The company developed a revision system that indicated phase 
changes so that a list of all configuration revisions was easily accessible on a project basis. This is illustrated 
in Fig. 10, where every row represents a revision of a complete configured project. The column furthest 
to the right represents process stage; different icons represent draft, contract and legally binding states 
of the configuration. 

This revision system enabled the company to trace how costs and specifications changed in 
different phases of the project. The revision tool included the unique ID of the responsible employee who 
created the revision, an automatically generated revision number, a change date, a field for a customized 
project title, estimated overall costs and a process state. The company formalized the process states as 
“offer”, “contract”, “initial design”, “initial design (approved)”, “detailed design” and “detailed design 
(approved)”. For every change in configuration, a copy was and assigned a state. During the legally binding 
process steps, the configuration was “frozen” to illustrate the importance of that exact configuration; e.g., 
the contract phase was the legally binding price signed by the customer, and the exact design that was 
approved in the design phase locked some configurations so they were no longer changeable. The goal 
was to ensure traceability, responsibility and data quality. 



Fig. 9. Evolution of product specifications. 
 

 
Fig. 10. Revision list of the multistage configuration progress of a single project. 

 
  



5.4 The cost of implementing the multistage PCS 

The cost of developing the multistage PCS was assessed based on cost organization as defined by 
Haug et al. [30]. The additional costs of extending the configurator beyond the sales phase are shown in 
Table 3. As presented in the theoretical model for multistage configuration, the additional cost of 
including further phases by extending the single-stage approach is low compared to the initial 
investments. 

The first version of the single-stage configuration system was developed seven years before the 
start of this study. The configuration system was modernized to a second-generation PCS before the 
implementation of the multistage configurator. The costs in this study represent the development of the 
second-generation PCS to reflect modern technology and costs. However, the experience obtained by the 
company during prior projects may have eased the transition from the single-stage configuration to 
multistage configuration. The costs represent investments in a customized configuration system that 
included the development of several unrelated specialized features, including dynamic interaction 
between different product configurators and support of multiple currencies and languages. Therefore, 
some of the hardware and software investments were not strictly necessary to obtain the benefits 
presented in this paper. 

The prelaunch costs related to multistage support were modest in terms of hardware and 
software investments, which were limited to the development of support for non-standard products and 
a revision system. The additional prelaunch costs of the multistage configuration were related to the PCS 
development time and domain expert time. A significant amount of effort was dedicated to testing and 
adjusting the common application configuration model to ensure correct specifications were generated 
by the PCS. 

The operational costs of the multistage configurator did not increase noticeably from the single-
stage configurator. The software costs did not increase since the company had chosen a vendor that 
allowed for unlimited users of the configuration system without an increase in licensing costs. To 
accommodate the challenge of teaching all employees how to use a complex product configurator, the 
company assigned experienced configuration users to update projects. Due to the close resemblance of 
the multistage to the single-stage system, the training was very modest. The added level of detail and 
instruction on how to use the common application were explained in emails and informal knowledge-
sharing between colleagues. 

Table 3 
Costs to develop a multistage product configuration system 

  Sales configurator 
project (18 months) 

Additional costs of 
including initial 

design (3 months) 

Additional costs of 
including detailed 
design (3 months) 

Additional costs of 
including installation 

(3 months) 

Prelaunch  

Hardware and 
software investments 

300.000 € 5600 €, (+1,9%) 

Developer time for 
development of PCS 

42750 € 

(950h) 

6660 € 

(148h, +16%) 

3105 € 

(69h, +7%) 

 

3555 € 

(79h, +8%) 

 



Domain expert time 
for development of 
PCS  

8325 € 

(185h) 

2655 € 

(59h, +32%) 

1710 € 

(38h, +21%) 

2160 € 

(48h, +26%) 

PCS training  

2035€ 

(55h) 

Almost no additional training required 

Annual 
operation 

Licenses for PCS 
software 

3300 € No additional operational costs 

Service agreement for 
external PCS support 

5900 € No additional operational costs 

Maintenance of 
product model 

6660 € 

(148h) 

315 € 

(7h, +5%) 

315 € 

(7h, +5%) 

675 € 

(15h, +10%) 

Training of salespeople 

 

3256 € 

(88h) 
Almost no additional training required 

Total costs 

Prelaunch (incl. training) 353.110 € 11182 € 6682 € 7582 € 

Annual operation 19116 € 315 € 315 € 675 € 

5.5 The benefits of implementing a multistage product configuration system 

Four key employees were interviewed to assess the costs and benefits of implementing a 
multistage PCS in the order-fulfilment process. The employees were selected from among the project 
leaders and responsible employees to gather a qualified evaluation of the impact. 

The main results of the benefit portion of the interviews are summarized in Table 4, which 
contains a numeric expression of employees’ assessment of the impact of the multistage configuration 
strategy compared to the single-stage strategy. The effects of using and extending the PCS beyond the 
sales stage were rated on a Likert scale: strongly disagree (1), disagree (2), undecided (3), agree (4), 
strongly agree (5). The benefits of the three additional stages are described in single evaluation as these 
were difficult to assign to particular stages but should be viewed in combination. 

In the last column, we calculated the mean of the answers. The arithmetic mean, also called the 
mathematical expectation or average, is the central value of a discrete set of numbers: specifically, the 
sum of the values divided by the number of values. The mean value provides a good evaluation of the 
overall rating of different statements. 

Table 4 
Evaluation of the impact of multistage configuration strategy compared to single stage 

 
Evaluation of the benefits of moving from single- to multistage PCS 

Company 
director 

Financial 
director 

Sales 
director 

Production 
director 

Mean 
value 

1 Accuracy of cost calculations has increased 5 4 5 NA* 4.66 

2 Accuracy of the BOMs has increased 5 NA* 5 4 4.66 



3 Accuracy of the salary calculations has increased 5 4 5 5 4.75 

4 Accuracy of project time estimation has increased  5 NA* 5 4 4.66 

5 More products are specified and ordered within standard measures NA* 4 5 4 4.33 

6 Time required to identify project information has decreased NA* NA* 5 4 4.5 

7 More projects can be handled by the same or fewer number of 
employees 

5 4 5 4 4.5 

8 Projects have become more profitable NA** 4 5 NA* 4.5 

9 Quality of the finished products has improved 5 NA* NA* 4 4.5 

10 Multistage product configuration provides a competitive advantage 5 4 3 5 4.25 

* Not answered because the question was out of their expertise area 
** Not answered because the interviewees neither agreed nor disagreed with the statement 

 
Table 4 shows that, for all of the benefit categories, the multistage configurator provides better 

support for the company. Additionally, the mean value of the benefit ratings compared to single-stage 
configurator is higher than 4.33 out of 5. As a multistage configurator covers different disciplines, the 
interviewees could not answer all questions since the impact was expected to be broad and not possible 
for every employee to know. Hence, the production director may know more about the finished product 
quality than sales. Most notable are the answers to question 5, 8 and 10 (Table 4). Here, statement 5, 
“More products are specified and ordered within standard measures”, was difficult to assess, so the 
interviewees settled on a conservative estimate that favoured their impression of better compliance 
with standards. Statement 8, “Projects have become more profitable”, was agreed with by the sales and 
financial directors, while the company director was not sure that the multistage configurator was the 
reason. The interviewees generally agreed with statement 10, “Multistage product configuration is a 
competitive advantage”, except the director of sales, who did not think customers cared about the 
internal process when selecting a supplier. 

To further explain the evaluations provided by the interviewees, Table 5 presents a set of 
example statements. As seen, the company director understood the project from a high-level 
perspective and found the process of implementation was long, but worth the results. The financial 
director and production director both elaborated on the increased salary calculation accuracy, which 
results in better planning and resource allocation. The sales director stressed the new process of 
recalculation with the multistage configurator as a huge gain in the internal processes, noting that 
mistakes were now less likely. 

Table 5 
Main interview results from the semi-structured open questions 

Interviewee Statement 

Company director It was a long process to get the multistage configuration to work, but now that it works, it increases 
the quality of the project execution in terms of both efficiency and accuracy. 

 

Financial director It is my impression that the configurator accuracy has improved after we started to update the 
configurator in initial design and detailed design phases. Before the implementation, there [were] 



significant differences between calculated salary cost and realized salary cost, but after the 
configurator is visible for anyone, the costs have been renegotiated to fit. 

Overall the configurator output is very important for my ability to make correct financial reporting on 
projects. When a project is in the detailed design phase, my impression on the on-going projects right 
now is that it will deviate in the range of ± 1,5% on the contribution margin. 

Sales director The ability to update and use the configurator in project order handling is a huge gain internally and 
makes sure that the quotes are precise and the sold projects comply with product standards. 

Before only a subset of projects was recalculated throughout order fulfilment (approximately 45%). 
Thanks to the multistage configurator, 100% of projects are recalculated and [it] provides a more 
accurate picture of costs due to a more detailed configuration model.  

Production director The most significant change in the production is that the salary calculations are now more precise. 

 

6. Discussion and Conclusions 

6.1 Summary 

To address the lack of knowledge about multistage configurators and the costs and benefits 
related to such implementations in product configuration literature, this paper developed a theoretical 
framework to describe multistage configuration strategies. This was done by relating the multistage 
configuration framework to cost and benefits reported in single-stage configuration literature. 

To investigate the usefulness of the framework, a case study was conducted in a company that 
adopted a multistage configuration strategy from a single-stage system. The company had already used a 
single-stage configurator for seven years and, therefore, represented an experienced company within 
product configuration. The company was project-based, delivering customized and engineered solutions 
with similar characteristics. Therefore, the repeatability of products and projects, relatively low product 
complexity, and similar product specifications were considered to be enablers to get benefits from the 
multistage configuration strategy. These companies are referred to as basic and repeatable ETOs [79], 
which are considered by the authors to be candidates for adopting the presented approach. 

The key capabilities needed to adopt a common application multistage strategy were identified 
as (1) a well-structured comprehensive PCS model covering product specification needs in all phases, (2) 
ability to handle off-standard specifications and (3) revision control and traceability of changes to the 
project as it moves through specification phases. Furthermore, the cost of developing the multistage 
configuration system was compared to the benefits reported by key employees. The benefits were 
assessed using questionnaires and semi-structured interviews with four key employees. The benefits of 
the multistage configurator compared to the single-stage configurator included increased specification 
quality, better compliance with standardization strategy, reduced resource consumption in specification 
processes and increased overall benefits resulting from configuration. 

The results from the interview and cost–benefit analysis indicated that investments could be 
modest when moving from a single-stage configurator strategy to a multistage strategy. The reason for 
this was that investments in software licenses, hardware, and so forth did not increase much, and the 
additional training needed for employees was minimal. In this context, development was found to be 
the most expensive part of the expansion of the knowledge base. The interviews indicated that the 
multistage strategy supported the company better compared to the single-stage configurator used 
before the implementation. Reported benefits were in alignment with benefits described in the PCS 
literature. 



6.2 Implications for research 

The proposed framework of multistage configuration extends existing PCS literature by 
providing an additional perspective on the application of PCSs. The application of this framework 
identified a number of benefits of multistage configuration. The increase in specification quality is 
similar to what is presented in the literature [30,80], and the increase in costing accuracy is also known 
[81]. 

This paper demonstrates the feasibility of developing a multistage PCS through a case study. 
More specifically, the proposed framework helped companies to establish the PCS projects’ objectives, 
analyse the requirements, involve stakeholders, reduce resistance, manage the changes, and guarantee 
managerial support during multistage PCS project development and implementation. Compliance with 
standard solutions increased due to the guidance from the configurator regarding the selection of 
feasible and preferred solutions. Resource consumption was reported to be further reduced compared 
to a single-stage configurator. Overall benefits at a higher level can be difficult to measure objectively, 
but the interviewees were in agreement that projects were more profitable, overall product quality 
increased, and the multistage configuration was a competitive advantage. 

To summarize, this paper combines a number of important insights from the literature on PCS 
single-stage implementation and gained benefits in an integrative framework that supports the 
successful management of a multistage PCS project, thus contributing to the PCS literature on increasing 
the benefits gained from PCS projects. Specifically, the paper provides a framework that defines 
multistage configuration and a case study that identifies a number of benefits associated with this 
approach. The study also shows that, in some cases, the benefits of transitioning from single-stage to 
multistage configuration far exceed the additional costs. Based on the case studied, the reason for this 
seems to be the additional stages required relatively modest extensions of the initial sales configurator 
to a large extent because an individualized application design could be avoided. The additional stages 
included in the PCS instead concerned extending the sales PCS. 

6.3 Limitations and future research 

This research is based on a single exploratory study, which introduces some limitations. Firstly, 
the company size may be an enabler that allows the company to merge everything in a common 
application; it is unknown how this concept would work in bigger companies. Secondly, the approach 
described was a common application approach to using a multistage configurator with a single knowledge 
model. The individualized application approach was not tested in this research, and thus the costs and 
benefits presented in this study may not compare. More research is needed to gain insight into the 
individualized application approach. Thirdly, there is a limitation concerning the timeframe of the 
research. As the project lead time in the case company was usually between one and two years, it was 
not possible for this research to conduct a detailed analysis of financial impact. Future studies may 
investigate the long-term impact of multistage configuration in relation to costs and benefits. 

Future research is needed to explore the various strategies for multistage configuration presented 
in this paper. This case only addressed the common application multistage approach; the single 
application multistage approach still requires research. As demonstrated by this paper, the framework for 
multistage configuration provides will be useful in organizing such future studies. 

6.4 Implications for practice 

Other companies may use the prosed framework and the lessons learned from the case study to 
support decisions about whether or not to adopt a multistage configuration strategy. The relevance of 
this approach essentially comes down to an assessment of the costs and risks associated with the 
expansion of PCSs across multiple stages in comparison to the potential benefits. In this context, the 



identified cost and benefit dimensions described in this paper may constitute the basis of this 
evaluation. The multistage configurator provides better support for the company, and the number of 
benefits gained compared to the single-stage configurator is higher. 

Based on the results of the interviews and cost–benefit analysis, the investment in multistage 
PCS or the extension of single-stage PCS (in case of pre-existing PCS in the company) is recommended 
for practitioners and managers at other ETO companies. The case study also provides a good 
understanding of the situation in the case company and different levels of development. Other 
practitioners can compare with the presented case and evaluate the situation to estimate the 
investment and benefits.  
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