
ABSTRACT
The increasing globalization of business over the 
past two decades is driving manufacturing in-
dustries to find new competitive edges, such as 
developing solutions which encompass products, 
services and systems in order to satisfy more 
sophisticated demands. Such an integrated deve-
lopment approach requires engineers to adopt a 
more holistic perspective when making decisions 
in the early design stages, taking into considera-
tion both tangible and intangible aspects of value.

Design requirements, the main assessment crite-
ria used to evaluate design concepts, are found in 
this work to give a partial understanding about 
the stakeholders’ needs and expectations to be 
met. This limits the capacity to promote a who-
le lifecycle perspective about value when making 
decisions, and the ability to trade softer aspects 
with more factual dimensions, such as technical 
performances or manufacturing costs.

The notion of ‘value’ is suggested to develop 
evaluation criteria that clarify the context in 
which requirements are generated. A preference 
for a model-based approach for value assessment 
emerges from the study, since the use of models 
is well established in the engineers’ current wor-
king practice. This thesis benchmarks present 
value modelling strategies, such as Value Driven 
Design (VDD). The majority of VDD approaches 
stress mathematical optimization of financial ob-
jective functions, which are found to have little
meaning in conceptual design, where data and in-
formation are poorly mature. This thesis propo-
ses instead the application of value models to en-
hance shared awareness among the design team 
about the context behind the face value of design 
requirements. Value models are intended to act 
as boundary objects, facilitating cross-boundary 
discussion and negotiation.

This thesis proposes a methodology for value 
assessment, combining approaches developed 
during the empirical studies with concepts avai-
lable in literature. The methodology transitions 
between a qualitative and quantitative assessment 
loops. The qualitative assessment loop is based on 
structuring a set of criteria extracted and tran-
slated from customers and stakeholders, against 
which design alternatives are computed using a 
baseline design as a reference. The quantitative 
value assessment loop is based on a breakdown 
of the customer lifecycle activities, and the value 
of a design alternative is computed using a func-
tional model, in order to obtain a single indicator 
to assess the monetary benefits of design alter-
natives.

The prototype of a qualitative value model is 
investigated through experiments in design ses-
sions, using a combination of protocol analysis 
and ethnography. The results from the protocol 
analysis support the hypothesis that the value 
model enhances the discussion about the design 
problem. The ethnographic study highlights the 
role of a value model as a more effective boun-
dary object than traditional representations, such 
as a requirements checklist. The quantitative value 
model has been presented to industrial practi-
tioners in a focus group and qualitative feedback 
has been gathered, highlighting its potential and 
suggesting future work.
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Abstract 
The increasing globalization of business over the past two decades is driving manufacturing 
industries to find new competitive edges, such as developing solutions which encompass 
products, services and systems in order to satisfy more sophisticated demands. Such an 
integrated development approach requires engineers to adopt a more holistic perspective 
when making decisions in the early design stages, taking into consideration both tangible 
and intangible aspects of value.  

Design requirements, the main assessment criteria used to evaluate design concepts, are 
found in this work to give a partial understanding about the stakeholders’ needs and 
expectations to be met. This limits the capacity to promote a whole lifecycle perspective 
about value when making decisions, and the ability to trade softer aspects with more factual 
dimensions, such as technical performances or manufacturing costs. 

The notion of ‘value’ is suggested to develop evaluation criteria that clarify the context in 
which requirements are generated. A preference for a model-based approach for value 
assessment emerges from the study, since the use of models is well established in the 
engineers’ current working practice. This thesis benchmarks present value modelling 
strategies, such as Value Driven Design (VDD). The majority of VDD approaches stress 
mathematical optimization of financial objective functions, which are found to have little 
meaning in conceptual design, where data and information are poorly mature. This thesis 
proposes instead the application of value models to enhance shared awareness among the 
design team about the context behind the face value of design requirements. Value models 
are intended to act as boundary objects, facilitating cross-boundary discussion and 
negotiation.  

This thesis proposes a methodology for value assessment, combining approaches developed 
during the empirical studies with concepts available in literature. The methodology 
transitions between a qualitative and quantitative assessment loops. The qualitative 
assessment loop is based on structuring a set of criteria extracted and translated from 
customers and stakeholders, against which design alternatives are computed using a baseline 
design as a reference. The quantitative value assessment loop is based on a breakdown of 
the customer lifecycle activities, and the value of a design alternative is computed using a 
functional model, in order to obtain a single indicator to assess the monetary benefits of 
design alternatives.  

The prototype of a qualitative value model is investigated through experiments in design 
sessions, using a combination of protocol analysis and ethnography. The results from the 
protocol analysis support the hypothesis that the value model enhances the discussion about 
the design problem. The ethnographic study highlights the role of a value model as a more 
effective boundary object than traditional representations, such as a requirements checklist. 
The quantitative value model has been presented to industrial practitioners in a focus group 
and qualitative feedback has been gathered, highlighting its potential and suggesting future 
work.     
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1 Introduction 
The globalized society in which we live today requires solving complex problems 
that intertwine multiple social, economic and environmental aspects (Isaksson et al. 
2009). For manufacturing companies, this translates into an increased responsibility 
for providing holistic solutions encompassing products, services and systems to 
meet more sophisticated needs and expectations (Mont 2002; Williams 2007; 
Morelli 2006). At the same time, cost-cutting strategies are becoming riskier and 
less attractive for manufacturers. The risk is to engage in a fierce competition with 
market followers and low-cost economies, affecting the long-term profitability for 
the company (Doyle 2000). This leads manufacturers to find new competitive 
edges, such as taking a more inclusive relationship with their customers and offer a 
wholly improved experience (Ravald and Grönroos 1996) that is able to deliver 
unique value (Vandermerwe and Rada 1989). This trend in industry is visible in 
initiatives such as Functional Products (Alonso-Rasgado et al. 2004), Product-
Service Systems (PSS) (Baines et al. 2007) and Integrated Product Service 
Engineering (Lindahl et al. 2007) among others.  

These developing business approaches involve radical changes in the way 
engineering design activities are conducted. Rather than being driven by 
performance and cost metrics, design solutions should be developed with customer 
value as the main focus (Baines et al. 2007, Shimomura and Arai 2009; Meier et al. 
2010), and design decisions should be based on the overall lifecycle value 
contribution of a design concept (Isaksson et al. 2009; Price et al. 2012). This 
change maps to an increased industrial interest in value-centric design approaches. 
The US Defense Advanced Research Projects Agency (http://www.darpa.mil/) 
and the American Institute of Aeronautics and Astronautics 
(http://www.aiaa.org/) are major promoters of value-centric design methodologies 
in the United States. The Value Driven Design Institute (http://www.vddi.org) and 
the MIT’s Systems Engineering Advancement research initiative 
(http://seari.mit.edu/) are main bodies dedicated to scientific research of new 
value-driven methods to facilitate optimization tasks during the concept generation 
phase (Ross et al. 2004; McManus et al. 2004; Ross et al. 2008; Ross and Rhodes 
2008; Hollingsworth and Patel 2012). In Europe, the “Decision Environment for 
Complex Designs” (DECODE) project (http://www.soton.ac.uk/~decode/), the 
“Flapless Air Vehicle Integration Research” (Wood 2006) and the “Strategic 
Investment in Low-carbon Engine Technology” (Rolls-Royce 2009; Cheung et al. 
2012) are some of recently concluded initiatives aiming at demonstrating value-
driven design strategies for aircraft solutions. Working groups within the 
International Council on Systems Engineering (INCOSE)1 are currently looking 

                                                        
1 http://www.incose.org/ 
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into procedures (ANSI/EIA-632) and standards2 for how to model and simulate 
value in a preliminary design stage (Monceux et al. 2014).  

The ability to capture ‘value in use’ and exploit it to confidently solve design trade-
offs of early engineering design decisions (Collopy and Hollingsworth 2011; 
Isaksson et al. 2013) is highly appreciated by the industry. Nevertheless, the nature 
of value models, their functions and the information that they should contain 
remains controversial (Soban et al. 2011).  

A first concern relates to the environment for implementation: in spite of a few 
exceptions (Du et al. 2014; Khamuknin et al. 2015), aerospace applications remain 
dominant today. Soban et al. (2011) point out the need of extending the research on 
value models outside the aerospace sector, working with real-life examples where 
implementations can be observed, assessed and compared.  

Another concern points to the composition and dynamics of design teams: holistic 
and integrated design approach (Coley and Lemon 2008), such as SE and PSS, 
stress the importance of trans-disciplinary working modes (Charnley et al. 2011). 
This requires different organizational functions (e.g., marketing, engineering, 
aftermarket, business development), and even customers and stakeholders, to be 
involved in the co-creation of the final solution (Morelli 2006) (Jørgensen et al. 
2006). A crucial aspect in cross-disciplinary (or cross-functional) working modes is 
to successfully deal with the process of reaching a shared understanding of the 
customer needs and expectations, the object of work, the design process itself and 
the roles and commitments of team members (Larsson 2003). This is related to the 
capacity of collectively making sense (Larsson 2003) of data, information and 
knowledge coming from different parts of the value chain (Johansson et al. 2011). 
This task is particularly challenging in the conceptual design phases, where a shared 
embodiment of the product to be developed is not detailed yet (Tuikka and Kuutti 
2001) (Ullman 2003). Several authors highlight then the difficulties of applying 
deterministic value assessment approaches in a preliminary design stage (Isaksson et 
al. 2013; Monceaux and Kossman 2012). Rather, they stress the need for more 
qualitative methods that facilitate the creation of such a shared understanding, by 
fostering knowledge sharing, communication and collaboration among design team 
members and, ultimately, decision-makers.  

 

 

 

  

                                                        
2 http://www.asd-ssg.org/mossec 
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1.1 Aim and research questions 
The research presented in this thesis contributes to the academic discussion about 
the use of value models as decision support for conceptual design, and highlights 
the opportunity for the implementation of model-based approaches for value 
assessment across industrial sectors. The overall purpose of the work is to 
investigate how decision makers from different knowledge areas collectively deal 
with value when making decisions in the earliest design stages. This is further 
cascaded down to the following aim for the thesis: 

To increase decision makers’ awareness about the value of design alternatives during the conceptual 
design of complex systems. 

This formulation considers a definition of ‘systems’ encompassing hardware, 
software and service aspects. Furthermore it encompasses the different definitions 
of value that exist in literature, from those representing value purely from a 
monetary point of view (Anderson 1998), to others that include ‘softer’ and 
intangible aspects, such as experience, charm and perceived quality (Zeithaml 1998) 
(Lindstedt and Burenius 2006).  

Understanding the nature of the information that engineers deal with when 
deciding upon ‘value’ has been of primary importance in coping with the above 
aim. Hence and the following research question was formulated to guide research 
activities:  

RQ1: How aware are decision makers of value in conceptual design? 

Based on this understanding, the author aimed at developing design decision 
support that use ‘value’ as main metrics to guide conceptual design decisions. To 
guide this activity, the following guiding research question was used: 

RQ2: How can deliberation about value in conceptual design be supported by a model-based 
approach? 

1.2 Reader’s guide  
The present thesis contains eight chapters and five appended papers. The chapters 
provide a description of the research as a whole, whereas the papers are a more 
detailed description of the research results. Furthermore, the papers provide an 
indication of how ideas and concepts have evolved and matured over time. The 
seven different chapters contain the following structure: 

Chapter two describes the methodology adopted in the research, which is considered 
the core part of this thesis. It gives an answer to the question of “how” the research 
has been carried out, highlighting the main reasoning behind the methodologies 
chosen during the research activity.   
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Chapter three describes the definitions and theoretical constructs considered to be 
relevant in order to understand the problem area, to develop the intended support 
and to evaluate the effectiveness of the prescribed support.      

Chapter four provides a summary of the appended papers, their relation to the thesis 
and the contribution provided in relation with the other co-authors. 

Chapter five presents the main empirical findings of the thesis. The results are 
presented and discussed along the theoretical frames presented in the previous 
chapters. This section focuses on the role that a model-based approach has as 
decision support for conceptual design. Furthermore, it also outlines the prescribed 
methodology for value-oriented decision-making, with associated tools and 
methods. This chapter extracts highlights and findings from the enclosed papers, 
and reference to them is made through the text. 

Chapter six discusses the contribution of this thesis with regards to other theoretical 
perspectives, as well as some complementary aspects derived from the findings of 
this work.  

Chapter seven presents the final conclusions of the thesis related to the research 
question presented in the introduction.  

Chapter eight summarizes future research directions that are considered to be 
relevant for the extension and improvement of the findings presented in this thesis. 
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2 Research Methodology 
This section describes the methodology adopted in the research. It gives an answer to the question of 
“how” the research has been carried out, highlighting the main reasoning around the methodologies 
chosen during the research activity.   

2.1 Design Research Methodology (DRM) 
The Design Research Methodology (DRM) framework (Blessing & Chakrabarti 
2009) has been used to plan the research throughout the period of study. DRM 
shows strong similarities with other research frameworks resulting from Action 
Research (AR) programs, such as the Soft Systems Methodology (SSM) (Checkland 
1981). The latter has the main focus on the in-site development and evaluation of 
new supports. This framework is based on the result of local solutions and 
improvements, using short cycles between generation and evaluation (Blessing & 
Chakrabarti 2009). By contrast, DRM aims to:  

“generate more generic solutions, evaluating the initial support in a realistic, but not necessarily the 
real situation, and to do these using fewer but longer cycles” (Blessing & Chakrabarti 2009, 
p.41).  

DRM was considered an important planning methodology to keep control of the 
research as a whole: it helped establishing a meta-perspective in order to relate the 
findings coming from the empirical studies to a bigger scientific and academic 
picture. DRM consists of four stages (Blessing & Chakrabarti 2009) (Figure 1): 
Research Clarification, Descriptive Study I, Prescriptive Study, and Descriptive 
Study II.  

• In the Research Clarification (RC) stage the researcher looks for some 
evidence, or at least indications, that support assumptions in order to 
formulate a realistic and worthwhile research goal (Blessing & Chakrabarti 
2009, p.16).  

• In the Descriptive Study I (DS-I) stage, the researcher, now having a clear 
goal and focus, reviews the literature for more influencing factors to 
elaborate the initial description of the existing situation. The intention is to 
make the description detailed enough to determine which factors should be 
addressed to improve task clarification as effectively and efficiently as 
possible. Since it is difficult to obtain enough evidence from literature alone, 
the researcher observes and interviews engineers at work to obtain a better 
understanding of the existing situation (Blessing & Chakrabarti 2009, p.16).   

• In the Prescriptive Study (PS) stage, the researcher elaborates the initial 
description of the desired situation. The researcher uses this well-developed 
description of the desired situation and experience in developing a design 
support. The researcher also runs a preliminary evaluation of the support, 
focusing on its correctness (Blessing & Chakrabarti 2009, p.17).   
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• In the Descriptive Study II (DS-II) stage, the researcher investigates the 
impact of the support and its ability to realize the desired situation (Blessing 
& Chakrabarti 2009, p.17).  

 

Figure 1: The Design Research Methodology (Blessing and Chakrabarti 2009). 

2.1.1 Type of research 
The type of research (Blessing & Chakrabarti 2009, p.60) adopted in this research 
can be classified as Type 5, which involves a review-based Clarification Stage, a 
Comprehensive Descriptive Study I and Prescriptive Study, and an initial 
Descriptive Study II.  

A review-based study is based on the analysis of the literature or of existing design 
support. A comprehensive study further includes results that are produced by the 
researcher, i.e., the findings from an empirical study. According to Blessing & 
Chakrabarti (2009) a Comprehensive DS-I is necessary when the literature review 
reveals that the current understanding of the existing situation is: non-existent, 
potentially incorrect or insufficient (lack of literature, evidence is based on different 
contexts from the research, evidence is weak because of small number of cases). A 
Comprehensive PS (development of support) has to be undertaken if: support is 
not-existing, or literature indicates that existing support is not used, does not work 
properly or only addresses part of the problem, or is no longer efficient. A 
comprehensive PS should always involve an initial Descriptive Study II (Blessing & 
Chakrabarti 2009).  
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2.2 Case Study research  
When the research reported in this thesis involved the descriptive and explorative study 
of the current situation in order to find a problem that needed support, the author 
made use of guidelines from Case Study Research (Yin 2013). Case Study Research 
was chosen to approach and analyse single activities and events within the 
Descriptive Study I of the DRM framework. Approaches from Action Research 
were not adopted during descriptive studies, since Action Research focuses more 
on the development and evaluation of a support (Blessing & Chakrabarti 2009). 
Action Research allows researchers to find better ways of doing things by active 
problem solving. Compared to Action Research, Case Study Research is more an 
intellectual process, where people study examples to learn. Case Study Research 
provides a systematic approach of looking at events, to analyse and report data.  An 
important characteristic of this empirical inquiry method is the use of multiple 
sources of evidence to strengthen the research findings (Yin 2013).  

One of the benefits of deriving theory from case studies is the likelihood of 
generating novel theory (Yin 2013). The researcher’s attempts to reconcile evidence 
from different cases, types of data and investigators, as well as across cases and 
literature. This increases the likelihood of a creative reframing into a new theoretical 
vision (Yin 2013). On the other hand, deriving theory from cases can generate 
overly complex theory (Yin 2013). This is due to the fact that reconciling different 
and large sources of data can lead the researcher to try to capture everything in the 
final theoretical vision. The other risk with this approach is that the results 
generated may be too narrow or idiosyncratic (Eisenhart 1989).  

The reason to base the understanding of the problem on cases studies in this 
research was driven by the fact that the area of concern (e.g., decisions in early 
product development) is centred in contemporary live processes in industry that 
cannot be taken out of their context and where the events cannot be controlled 
(Yin 2013). Case Study Research (Yin 2013) is a qualitative research method that 
aims at examining contemporary real-life situations, and is argued to be particularly 
effective when the boundaries between the phenomenon and the context are not 
clearly evident (Yin 2013). 

2.3 Action research and Participatory Action research 
When the research presented in this thesis involved the prescriptive development and 
evaluation of the methodological support the author adopted approaches from 
Action Research (AR) (Avison et al. 1999) and Participatory Action Research (PAR) 
(Whyte at al. 1989). Guidelines from Action Research were chosen to work within 
the Prescriptive Study of the DRM framework.  

According to Avison (1999), AR is a qualitative research methodology “particular in 
the way it associates research and practice, so research informs practice and practice informs 
research synergistically” (Avison et al. 1999, p.94). AR is an iterative process where 
researchers and practitioners progressively solve problems in order to improve 
strategies, practices or a working environment (Avison et al. 1999). It is 
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characterized by spiral of routines or ‘learning cycles’ (Avison et al. 1999): 
researchers test a theory in collaboration with industrial practitioners in real 
situations, gather feedback from experience and test again. These routines, 
including problem recognition, action intervention and reflecting learning, are also 
described as ‘look-think-act’ (Avison et al. 1999) loops. AR is a proven 
methodology to understand ill-defined problems in complex organizations and to 
understand how a change in action or practice could positively impact the 
‘community of practice’ (Wenger 1998).  

However, the main purpose of AR is to improve capabilities and practice rather 
than to produce theoretical knowledge (Elliott 1991). The production and 
utilization of knowledge is subordinate to, and conditioned by, the intrinsic aim of 
AR. To overcome this limitation the author combined the look-think-act routine 
with a Participatory Action Research approach. The two research approaches share 
many similarities, and it is often difficult to distinguish between them. However, 
one of the differences lies in the final research goal. While the goal of AR is to 
improve practice rather than producing theoretical knowledge (Elliott 1991), the 
typical goal of PAR is to solve practical problems as well as contribute with 
important theoretical elaborations (Whyte at al. 1989). The research presented in 
this thesis has the scientific goal of both to elaborate theoretical knowledge as well 
as to solve tangible problems. 

Another aspect characterizes the influence that PAR had on the approach adopted 
to carry out the research presented in this thesis. AR puts at the centre the 
individual who wants to change the practice. PAR intends to extend the subjective 
“I” to the “we” (Ghaye et al. 2008). In PAR, the growth and development of those 
participating in the research is seen as an important outcome of the research 
activity. As stated by Ghaye (2008), AR answers the question “What is the practical 
problem I need to address in my work?” while PAR answers the question “What 
can we do together to change the situation here?” One of the disadvantages of 
building theory from Participatory Action Research efforts is on the generalizability 
and repeatability of the research (Cornwall and Jewkes 1995) as results are very 
situation-specific and difficult to be detached from the context in which they were 
investigated and developed (Cornwall and Jewkes 1995).  

2.4 Research environment 
The research was mainly carried out in the frame of two separate research projects.  

The first one, named “SÅ NÄTT – collaboration as enabler for lightweight 
structures” was an initiative funded by the Swedish Agency of Innovation Systems 
(VINNOVA).  
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The overall aims of the project can be summarized as those of: 

• increasing supply chain collaboration in the automotive industry to create 
new products and services that increase competitiveness. 

• enabling organizations to efficiently integrate research in innovation 
technology (with a focus on light structures) into development of new 
solutions within an automotive supply chain. 

The project involved 39 academic and industrial partners, coordinated by major 
Swedish OEMs (Original Equipment Manufacturer) in the automotive sector, Saab 
automobile AB and Volvo Car Corporation. The research was performed from 
August 2011 to June 2013 within the work package “I2I -Idea to Innovation”.  

The second one, named “Value Driven Product Development” is one of eight ‘Use 
Cases’ (UC) within the Model Driven Development and Decision Support (MD3S) 
research profile at Blekinge Institute of Technology (BTH). MD3S is an initiative 
financed by the Swedish Knowledge and Competence Development Foundation 
(Stiftelsen för kunskaps- och kompetensutveckling).  

The author took part to research activities in the UC, which is coordinated by 
Dynapac Compaction Equipment AB, between August 2013 and December 2015. 
Use Cases are demonstration projects conducted in close collaboration with 
industrial partners, which gather under a common Research Track (RT) aimed at 
providing generalizable results beyond the scope of specific cases.  

This setting allows researchers to present and discuss specific UC results to a 
broader audience in regular seminars. This audience includes representatives of all 
the partners taking part in the profile: Aura Light International; Avalon Innovation; 
Dynapac Compaction Equipment AB; GKN Aerospace Engine Systems; Holje 
International Group; Tetra Pak Packaging Solutions AB and Volvo Construction 
Equipment. Together with seminars, thematic workshops and debriefing activities 
with all the industrial partners are organized to understand the broader implications 
and discuss the generalization of the research findings.  

2.5 Data collection 
The selection of the data collection methods depends on the kind of information 
the researcher intends to retrieve, from whom and under what circumstances 
(Robson 2002). Due to the nature of Action Research and Case Study research the 
techniques being used are mostly qualitative.   

2.5.1 Workplace shadowing and document analysis 
Data gathering activities benefited from the part-time physical presence of the 
researcher at Dynapac Compaction Equipment AB industrial facilities between 
January 2014 and September 2014. The presence at the company facilities varied 
between 30% and 80% of the author’s weekly working time. Being co-located 
facilitated networking activities, and gave more opportunities for informal 
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communication and face-to-face discussion with process owners and other 
stakeholders, which helped both in clarifying research questions and picturing the 
state-of-practice. This also gave the opportunity to directly observe the 
development process for a new product family since its earliest stages. The project 
concerned the redesign of a subsystem for a large asphalt roller, and the author was 
offered the opportunity to collect first hand data from the project team members. 
The discussions emerging from meetings helped to clarify issues and challenges 
related to making value-oriented decisions during conceptual design.  As the project 
proceeded beyond the period of working on location, meetings were held bi-weekly 
at the company facilities. In these meetings, the current status of the research 
activities was presented, ways forward were discussed and decisions were made in 
collaboration with the industrial partner.  

The analysis of work documents, in form of books, handbooks, magazines, notices, 
letters and even non-written material (Robson 2002) such as videos or CAD 
models, complemented the shadowing activity. This opportunity contributed to the 
refinement of the methodological approach, mainly by highlighting discrepancies 
between the processes represented in the internal company and those described by 
the interviewees.  

2.5.2 Semi-structured interviews 
Interviews have been considered a primary data collection approach in the research. 
They allow collecting and comparing statements from different informants, and 
give the freedom to explore the subjective differences of opinions in detail (Robson 
2002) (Yin 2009).  

A semi-structured interviewing method was selected to collect data for this 
research. This interview type sits in the middle between structured and unstructured 
interviews (Fellows and Liu 2002). In the structured interviewing method the 
researcher defines a set of questions to query to all the interviewees. The 
unstructured method refers to the in-depth problem identification and exploration 
of the subject usually needed at the beginning of the research. In the semi-
structured method the set of questions is predetermined and tailored according to 
the practitioner’s role in the company, and questions are often modified or added as 
the dialogue proceeded (DiCicco-Bloom and Crabtree 2006).  

These interviews, which lasted between 30 minutes and one hour and thirty 
minutes (with an average around 52 minutes) were recorded and subsequently 
transcribed by the author and validated by the respondent. When an audio 
recording was not possible, the author took notes and wrote a summary soon 
afterwards, and the summary was validated by the respondents.   

At the beginning of the project, the interviews were oriented towards clarifying the 
research topic, the current state-of-practice and desired future states environed by 
the practitioners. As the project proceeded, the interviews were directed towards 
refining and validating the proposed methodological approaches.  
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2.5.3 Workshops with project partners 
Workshops usually involve a small number of participants who exchange 
information and often perform hands-on exercises. The advantage of running a 
workshop is that the stakeholders focus all of their time on the issue of concern 
during a single event.  

In this research, workshops were run in order to clarify the research topic. The 
author had the opportunity to conduct three workshops in the Så Nätt project 
around the topic of value creation and assessment with the partners from the 
automotive industry. All of the seven teams responsible for the redesign of the car’s 
subsystems participated in the workshops (40 engineers on average). The notion of 
value, its definition and the engineers’ level of awareness were discussed in the light 
of the research goal.  

As the second project started, a workshop was organized in October 2013 with 
four company partners participating in the research profile. Nine designers 
participated in the workshop, which intended to provide an explorative vision of 
designers’ needs and expectations about value assessment. The workshop provided 
insights and suggested guidelines on how to approach the new project from a 
research perspective. In this workshop, the author was not directly responsible for 
the design of the workshop, but took part as note keeper, recording the 
participants’ thoughts and observations, and analysed this material afterwards.  

After each workshop and meeting, the generated material (e.g., sticky notes, 
sketches) was collected and categorized. Photographs of whiteboards were taken 
and the information was analysed and summarized in text documents and figures.     

2.5.4 Design experiments  
A series of six design experiments were designed, conducted and analysed with the 
involvement of 22 students from the second year’s master course in Systems 
Engineering at Blekinge Institute of Technology, who were randomly divided into 
six groups. The experiments were conducted using the ‘think aloud’ method in 
order to collect data for the analysis. The ‘think aloud’ method (Ericsson and 
Simon 1993) (Van Someren et al. 1994) consists of literally asking the participants 
to think aloud during the session and recording the results for later analysis. 
Protocol analysis (Gero & Mc Neill, 1998) was applied on the audio and video 
recordings to analyse the data and identify patterns. 

2.6 Data analysis 
At the beginning of the research, the author focused the analysis under the 
analytical lenses of value. As the research matured, the theoretical constructs of 
bounded rationality (Simon 1979), boundary objects (Star and Griesemer 1989), 
‘coordinative artefacts’ (Schmidt and Wagner, 2002) and ‘value models were used as 
analytical lenses to make sense (Yin 2013) of the role of ‘value’ in cross-functional 
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decision making, as it was related to the issues emerging in the dialogues with the 
practitioners.  

2.6.1 Interview and workshop data analysis 
When the main objective of the research was to describe the current state-of-
practice, the techniques for developing coding schemes proposed by Strauss and 
Corbin (1990) were used to sort and categorize the empirical data from the 
interviews into themes. All interviews were initially transcribed from the recordings 
and further validated with the respondents. Afterwards, the author coded the 
excerpts from the transcripts according to “conditions”, “interaction among 
actors”, “strategies and tactics”, and “consequences”. As the coding proceeded, 
categories were modified, added and reviewed in slightly more abstract terms 
(Strauss and Corbin 1990). After categorizing the data, analysis was done by 
reviewing the coded material using a noting patterns technique (Miles and Huberman 
1994, p.245). This technique is productive when working with texts such as 
interview transcripts, where the data overload can be severe. This technique 
requires the fieldworker to generate unstructured “patterns” of statements of 
findings from more than one site; and to add evidence to the same patterns with 
additional data, in order to find “recurring regularities” (Miles and Huberman 1994, 
p.246).   

As the research proceeded with the development of methodological support, the 
author took notes during the meetings and wrote a summary soon after the 
meeting. The author made these summaries available to the industrial partner for 
validation. The transcripts were collected and analysed, both from the perspective 
of the application study under analysis and from a more theoretical and general 
research perspective.  

2.6.2 Experimental data analysis 
The data from the experiments were analysed using protocol analysis (Gero and 
McNeill 1998). The protocol analysis method complements the ‘think aloud’ 
method through the use of a robust coding scheme based on generic models of 
design (Gero and McNeill 1998). Derived from these models, the domain-
dependent activities in which the designers engage during the course of the design 
session can be divided into a series of micro strategies that can be grouped, 
categorized and analysed (Gero and McNeill 1998). This approach is then followed 
by the analysis of the dialogues that happened during the design session, according 
to a coding scheme (McNeill et al. 1998). This allows the designers’ behaviour to be 
described as a sequence of different activities, each typically lasting for a few 
seconds. The recurrence of the different activities can be quantified along a 
temporal basis (McNeill et al. 1998). The scheme was derived from that proposed 
by Gero and McNeill (1998), which is considered one of the most detailed and 
successful for the analysis of design protocols (Coley et al. 2007).  

In order to further analyse the data from the experiments, the author made use of 
ethnography (Anderson 1997) as method of analysis to study the designers’ 
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behaviours. A reason for an ethnographic approach is that people are not always 
required to articulate the knowledge they bring to a particular situation, and may 
occasionally lack the vocabulary to talk about these situations (Blomberg et al. 
1993). Hence, the ethnographic study was seen as a complement to the protocol 
analysis, which is based on the analytical coding of the verbalizations made during 
the experiment. The researcher did not physically take part to the experimental 
sessions (i.e., they were in a different room); and he neither told students what was 
the underlying research purpose of the activity, nor stressed any of the features of 
the different supports received by the teams. The author cross-analysed the 
transcripts, the video recordings and the sketches made during the sessions in a 
later phase. The author was also not present in the room when performing the 
design session, but analysed the transcripts afterwards. 

The technique adopted for analysing the data in the ethnographic study was a 
pattern-matching logic (Yin 2013, p.16). This logic differs from explanation building (Yin 
2013) as the researcher establishes a pattern of expected findings, and then 
compares the empirical patterns derived from the data to this pre-determined 
pattern. A pattern was defined based on studies about effective objects for cross-
functional collaboration (e.g., Carlile 2002; Larsson 2003). The author then 
proceeded to match the patterns derived from the transcripts using this pre-
determined pattern.  

2.7 Research quality and validity  
An analytical challenge, especially when using more qualitative approaches such as 
Case Study Research and Action Research, resides in making generalizations out of 
the research findings. To understand this process, a distinction is made between 
statistical generalization and analytical generalization (Yin 2013). The latter is more 
appropriate for research coming from a single or small set of case studies. Statistical 
generalization considers every case the representation of a single sampling point 
and that statistical generalization - from samples to universes - is the only way to 
generalize research findings in social studies (Yin 2013). Analytical generalizations, 
by contrast, “depend on using a study’s theoretical framework to establish a logic that might be 
applicable to other situations” (Yin 2013, p.18). In any case, Yin argues that the process 
for generalizing findings is always the same between the experimental analyses of 
large sets of samples and the in depth analysis of a single or small set of cases. In 
particular:  
 

“The first step involves a conceptual claim whereby investigators show how their study’s findings 
have informed the relationships among a particular set of concepts, theoretical constructs, or 

sequence of events. The second step involved applying the same theoretical proposition to implicate 
other situations, outside the completed case study, where similar concepts, constructs, or sequences 

might be relevant. (Yin, 2013, p. 18). 
    

However, making analytical generalizations requires carefully constructed claims, 
and they “must be presented soundly and resist logical challenge” (Yin 2013, p.19). 
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Furthermore, the relevant ‘theory’ should be no more than a series of hypotheses or 
even a single hypothesis.  

The author of this thesis has taken the perspective of considering design as a social 
activity (Bucciarelli 1994). In this context, analytical generalization is a well-
established logical process for elaborating a theoretical view out of a small set of 
cases studies (Yin 2013). The author is aware of the challenges related to the 
generalizations of the findings. However, he considers that the findings from the 
research can be generalized to other situations. The research framework adopted 
started with existing theoretical propositions, elaborated after observations in other 
sectors. For example studies within Value Driven Design (VDD) research (Collopy 
and Hollingsworth 2011) were elaborated after observation in the aerospace 
industry. These theoretical elaborations were used as starting points for the author’s 
own investigations, in order to build, extend or challenge these perspectives. The 
use of existing theory to start own investigations across different case studies is 
claimed to add precision to the analysis. This improves generalizability since it 
makes it easier to present soundly why the own findings produced value to the 
overall scientific field (Yin 2009, p.10). Furthermore, the research framework 
adopted involved the collection and investigation of different data sources, analysed 
through the application of different methods. This is also claimed to increase 
research quality (Yin 2009, p.17). Additionally, the proposed theoretical 
elaborations are summarized in only a small set of hypotheses, and just preliminarily 
validated - although using proven methodologies (such as protocol analysis) and 
established methods to study similar situations (such as ethnography). Hence, the 
findings of the thesis are only hypothesized to be general and applicable to other 
situations. Further testing is needed to extend the findings of this thesis from the 
completed case studies to other ‘universes’ (Yin 2013).  
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3 Knowledge domains 
This chapter aims at describing the definitions and theoretical constructs that constitute the 
backbone of the research presented in this thesis.  

3.1 The development of complex and integrated products 
A product is defined as “something sold by an enterprise to its customers” (Ulrich and 
Eppinger 2011, p.2). Product development is further defined as “the set of activities 
beginning with the perception of a market opportunity and ending in the production, sale, delivery 
of a product” (Ulrich and Eppinger 2011, p.2).  

Every company deploys some kind of process to develop products, even though 
they may be formalized differently (Ulrich and Eppinger 2011). Ulrich and 
Eppinger (2011) generalize this process as a set of six activities: planning, concept 
development, system-level design, detail design, testing and refinement, and 
production ramp-up.  

3.1.1 Systems Engineering 
The product development process becomes very articulated when the targeted 
solution is complex, consisting of multiple subsystems designed by several 
development teams. In such a context, the challenge is to define the development 
objectives for each of the sub-systems as well as for the product as a whole (Ulrich 
and Eppinger 2011). In this case, specifications or requirements are used to flow down the 
development objectives to the subsystems. One challenge in the flow down process 
is to ensure that the sub-system specifications reflect the overall system 
specifications (Ulrich and Eppinger 2011). The engineering discipline that has the 
goal of facilitating the generation, flow-down and verification of requirements in 
complex systems is Systems Engineering (SE). 

A system is “an integrated set of elements that accomplish a defined objective. These elements 
include products (hardware, software, firmware), processes, people, information, techniques, 
facilities, services, and other support elements” (INCOSE 2006, p.11) 

Systems Engineering has been defined (INCOSE 2006, p.12) as “an interdisciplinary 
approach and means to enable the realization of successful systems”. The function of systems 
engineering is to guide the engineering of complex systems emphasizing its whole 
operational view, as well as its interactions with other systems and the environment 
(Kossiakoff et al. 2011). SE is concerned not only with the engineering design but 
also with identifying and analysing the effects that external factors may have on the 
design. SE also takes a multidisciplinary perspective, meaning that all of the system 
elements cannot be designed independently from each other, but rather the 
development efforts must be coordinated, especially if the elements are developed 
by different organizations (Kossiakoff et al. 2011).  
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The main input for systems engineering is the step-by-step transformation of 
stakeholders’ requirements into specifications for a design (INCOSE 2006). At the 
system level, the acquirer’s and other stakeholders’ requirements are identified. 
Once established, these requirements provide input to the solution definition 
process (also known as system design or system architecting). Requirement 
conflicts, errors/omissions and product characteristic issues (difficulty in meeting 
requirements or ease of providing additional functionality) are fed back to the 
requirement definition process. The output of the process at each level is 
specifications for lower level solution elements or design data for implementation at 
the lowest level (INCOSE 2006). The following phases are a systematic cascading 
of design requirements to lower system levels (Forsberg and Mooz 1991). At lower 
system levels, requirements from the level above are interpreted, collected together 
with other stakeholders’ requirements, and then specifications for a solution are 
defined (Forsberg and Mooz 1991).   

3.1.2 Product-Service Systems 
Complexity in product development further increases when hardware, software and 
services are packaged into a single ‘total offer’ (Alonso-Rasgado et al. 2004). 
Product-Service Systems (PSS) (Mont, 2002) is one of the industrial trends 
embedding the shift in the manufacturers’ strategic focus from selling a physical 
product to selling its performance or availability (Baines et al., 2007; Tukker and 
Tischner, 2006) in order to satisfy more sophisticated needs and expectations 
(Williams 2007). 

Figure 3 shows different types of PSS offers between the ‘pure product’ and the 
‘pure service’ extremes.  

 

Figure 3: Eight types of PSS, including main categories of PSS (Tukker and 
Tischner 2006). 
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Cook, Bhamra, and Lemon (2006) provide a detailed definition of the three 
categories: 

• Product-oriented PSS: The material ownership of the product is transferred to 
the customer and services are offered to ensure the “utility of the product”, 
such as warranties and maintenance. 

• Use-oriented PSS: The service provider retains the ownership of the material 
artefact and the customer pays for the use of the product over a period of 
time or units of service. 

• Result-oriented PSS: The service provider, as in use-oriented PSS, retains the 
ownership rights of the material artefact, but in this case the customer does 
not pay for the use of the product but rather buys an expected outcome. 
For example, instead of leasing a washing machine the customer can sign an 
agreement for receiving clean clothes through a washing service (Cook, 
Bhamra, and Lemon 2006).  

The development of Product Service Systems implies even stronger business-to-
business relationships (Isaksson et al. 2009) than in traditional one-sale models. The 
manufacturer extended responsibility, as well as the need to integrate many 
domains (i.e., product development, service development, recycling, etc.), means 
that organization need to move “downstream” knowledge into the early phases of 
the design process (Johansson et al. 2011).  

Overall, the move towards PSS does not only increase the complexity of the 
system, but also raise the demand for methods and strategies that support 
collaboration and cross-disciplinary integration in design (Morelli 2006; Jørgensen 
and al. 2006). The latter, by stressing the importance of cross-functional, cross-
cultural and cross-business collaboration (Jabbour and Santos 2008), highlights the 
role of knowledge creation and management within the extended design team 
(Johansson et al. 2011).    

3.2 The decision making process in concept design 
Independently from the chosen development processes or methods, all 
manufacturing companies must make decisions about a number of design aspects, 
such as product concept, architecture, configuration, procurement and distribution 
arrangements, project schedule, and more (Krishnan and Ulrich 2001).  

Conceptual design is one of the most decision-intensive phases in product 
development. Its overall objectives are to generate and down select product 
concepts on the basis of the needs of the target market. A product concept is defined 
as “an approximate description of the technology, working principles and form of the product. It is 
a description of how the product will satisfy the customer needs” (Ulrich and Eppinger 2011, 
p.118) or as “an idea that is sufficiently developed to evaluate the physical principles that govern 
its behaviour” (Ullman 2003). 
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Conceptual design can be divided in two phases: a concept generation phase and a 
concept selection phase (Ulrich and Eppinger 2011). Concept generation begins with a set 
of customer needs and target specifications and results in a set of product concepts 
from which the team will make a final selection (Ulrich and Eppinger 2011). As 
suggested by product development literature (Ulrich and Eppinger 2011) “good 
concept generation leaves the team with the confidence that the full space of alternatives has been 
explored”. Concept selection is defined as “the process of evaluating concepts with respect to 
customer needs and other criteria, comparing the relative strengths and weaknesses of the concepts, 
and selecting one or more concepts for further investigations, testing, or development” (Ulrich and 
Eppinger 2011, p.119). This phase is considered to be a convergent process, where 
the team has to focus on detailed analysis of the components of the systems 
(Kossiakoff and et al. 2011). 

3.2.1 Rational decision making 
Mintzberg, Raisinghani, and Théorêt (1976) define a decision as “a specific commitment 
to action” as well as “the set of actions and dynamic factors that begins with the identification of a 
stimulus for action and ends with the specific commitment to actions” (p. 246). 

Creating and selecting a concept not only implies making decisions on the 
specifications and the configurations: often it also impacts extended product 
offerings such as life-cycle services and spare parts (Krishnan and Ulrich 2001). 
Typical questions in this phase are: What are the target values of the product 
attributes? What variants of the product will be offered? Which components will be 
shared across variants of the product? (Krishnan and Ulrich 2001). Engineers 
attempt to make ‘informed decisions’ to answer these questions applying their 
knowledge in a given area. However, these decisions are often based on a poorly 
developed set of information and knowledge about the design problem (Ullman 
2003).  

Making decisions should be based on rational choices. According to Simon (1979), 
rational decision-making: 

“…calls for knowledge of all the alternatives that are open to choice. It calls for complete 
knowledge of, or ability to compute, the consequences that will follow on each of the alternatives. It 
calls for certainty in the decision maker's present and future evaluation of these consequences. It 
calls for the ability to compare consequences, no matter how diverse and heterogeneous, in terms of 
some consistent measure of utility.” (Simon, 1979, p.500) 

However, rational decision-making is rare in practical situations (Simon, 1979). The 
rational choice approach places rather severe demands on the decision maker 
(Simon, 1955), since he or she has limited computational capacity and limited access 
to information, making rational decision-making hard. Rationality becomes 
bounded when all alternatives are not known, when external factors cannot be 
managed, or when consequences cannot be calculated (Simon, 1979). Central to 
bounded rationality is search and satisficing. Satisficing is a portmanteau of ‘satisfying’ 
and ‘sufficing’. Essentially, it describes the selection of something that is good 
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enough (Simon, 1955) or close enough with regards to most needs of the decision 
situation. 

In engineering design, decisions are often based on a poorly developed set of 
information and knowledge about the design problem (Ullman 2003). This makes 
designers to often rely on the “gut feeling”, personal experience and intuition of the 
individuals present in the design team (Johansson et al. 2011).  

3.2.2 Cross-functional collaboration  
Conceptual design is perhaps the stage that demands more coordination among 
functions than any other (Ulrich and Eppinger 2011),  

Work in cross-functional settings brings challenges with regard to collaboration, 
communication and coordination. The diversity of such cross-functional teams 
presents a problematic situation in which “different participants within different object 
worlds with different competencies, responsibilities and interests speak different languages” 
(Bucciarelli 2002, p.220). The notion of object worlds is used by Bucciarelli (1994) to 
refer to the worlds of individual effort where an engineer, working alone for the 
most part, applies his or her expertise to particular tasks appropriate to his or her 
discipline. Designers, with different competencies, skills, responsibilities and 
interests, inhabit different worlds (Bucciarelli 2002). While admittedly working on 
the same object of design, they see the object differently (Bucciarelli 2002). A 
crucial aspect for cross-functional teams is to successfully deal with the process of 
reaching a shared understanding of the domain, the requirements, the object of 
work, the design process itself and the roles and commitments of team members 
(Larsson 2003). Information about the design object, such as design specifications 
and artefact descriptions, is not passively transmitted through the organization, but 
is continuously presented, discussed and made sense of during collaborative 
activities (Larsson 2003).  The process of collaborative sense making is critical to 
successful design, and it also points to the importance of preserving ambiguity, 
providing team members with “the freedom to manoeuvre independently within object worlds 
and providing room for the recasting of meaning in the negotiations with others” (Bucciarelli 
1994, p.178).  

In collaborative design, it is essential to build a shared understanding, or common 
ground, between team members. Common ground must be achieved with respect 
to the relevance and meaning of the information brought forward during collaborative 
design activities (Hill et al. 2001). In order to achieve effective collaboration in 
cross-functional design settings, the notion of a common vocabulary of design is 
appealing (Larsson 2003). The success of design teams relies heavily on the ability 
of participants to “negotiate different design perspectives and specialties”, and “similarities in 
voice” are of particular importance when team members come from different 
disciplines and backgrounds (Hill et al. 2001). However, the notion of defining a 
common language of design seems more or less Utopian. Even though participants 
share a common language, such as English, this language can be used in such 
specific ways that it seems like a participant is speaking a different language 
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(Bucciarelli 2002). This means that cross-functional design teams are facing the 
challenge not only of sharing understanding between, for example, people with 
different language proficiency, but also negotiating understanding between people 
coming from completely different object worlds – depending on, for example, 
cultural and educational backgrounds and professional disciplines (Larsson 2003).  

One of the ways designers negotiate understanding is by telling stories (Larsson 
2003). Even though storytelling does not directly solve a problem, it can help by 
building a shared vocabulary for talking about the design, thereby creating a new 
language capable of describing aspects of the evolving design (Lloyd 2000). Stories 
can enable people with different object worlds to share understanding through a 
commonly agreed upon story, to which they can refer, whether they choose to 
agree or not on a particular subject matter. Stories are concrete examples to which 
people with different backgrounds can relate (Larsson 2003).  

Another way for designers to negotiate shared understanding is to make use of 
representations, which means that they use marks or symbols to do their reasoning 
through the use of those marks (Norman 1993). Similar to the concept of 
storytelling, such representations provide designers with concrete examples that 
better match their thinking about the design task at hand (Larsson 2003). Basically, 
they are using the available tools that best support negotiation in a particular 
moment.  

3.2.3 Design communication and coordination 
Objects are fundamental for design communication since they form part of the pool 
of representations available to designers. These objects can be practically anything: for 
example a pen, a chair, a sketch or a sheet of paper. In conceptual design, these 
objects are important since there is no “shared” object of the design to-be (Tuikka 
and Kuutti 2001). A shared object must be built through collaboration to enable 
conversation around options and tentative ideas.  

An important property of such coordinate artefacts (Schmidt and Wagner 2002) is that 
they are publicly accessible, which means that they can be manipulated, observed 
and made sense of by all the participants in the team (Schmidt and Wagner 2002). 
Shared understanding can be negotiated through the use of a physical object that is 
equally accessible for everyone, rather than attempting to find common ground 
using verbal conversation alone. Furthermore, the use of “quick” prototypes is 
often preferred to the use of more accurate prototypes since they allow a quick 
exploration of the design space. In this sense, prototypes do not have a productive 
purpose, but an inquiring purpose (Schrage and Peters 1999). This means that the 
way we use an object is not only related to the object itself, but also about how it is 
presented (Larsson 2003). Such presentations include, in addition to verbal 
descriptions, elements of pointing, showing, and highlighting (Harper et al. 2001). 
Tang (2001) further acknowledges the importance of non-verbal cues in design 
collaboration: “Gestures, the process of making drawings, concurrent access to the drawing space, 
fluent intermixing of drawing space actions, and the ability to associate the marks with who is 
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making them, all contribute to maintaining effective communication and collaboration” (Tang 
1991, p.258). 

3.2.4 Boundary Objects 
Artefacts can serve as enablers to reach a shared understanding between different 
individuals or groups as they “become the terrain on which conflicts and collaboration occur” 
(Perry and Sanderson 1998). When team members are from different object worlds 
with different interests and goals, artefacts can be used as “boundary objects” (Star 
and Griesemer 1989). Boundary objects have been defined as “objects that are both 
plastic enough to adapt to the local needs and the constraints of the several parties employing them, 
yet robust enough to maintain a common identity across sites” (Star and Griesemer 1989, 
p.393). Their main functionality is to enable “people from different areas of expertise to 
bridge their separate knowledge domains, to create a shared understanding, and improve decision 
making” (Bresciani et al. 2008). Boundary objects “have different meanings in different 
social worlds but their structure is common enough to more than one world to make them 
recognizable, a means of translation” (Star and Griesemer 1989, p.393). Boundary objects 
are thus both plastic enough to adapt to local needs and constraints of the several 
parties employing them, yet robust enough to maintain a common identity across 
sites. They are weakly structured in common use and become strongly structured in 
individual-site use. 

According to Bucciarelli (2002), boundary objects or shared artefacts are essential, 
even in situations where participants are from the same object worlds, since the 
analytic nature of proper language “hardly allows for the kind of experimentation and 
innovative thinking that designing requires”. 

In system design, these artefacts are argued to serve three main key functions 
(Richards et al. 2007). First, artefacts enable effective communication, serving as 
boundary objects in space among stakeholder communities. Second, they serve to 
connect one design effort to the next, serving as boundary objects in time. They 
enable institutional learning and the passing on of experience (Richards et al. 2007). 
Third, boundary objects manage complexity since they reduce the instantaneous 
cognitive load during the design process (Richards et al. 2007). Another important 
aspect is that effective boundary objects “do not need to be accurate to be useful” (Star 
2010, p.613), as long as they enable people to share knowledge and find common 
ground.  

Carlile (2002) studies artefacts used by engineering design teams in their daily 
working activity and derives two main characteristics for the recognition of 
boundary objects. According to Carlile (2002), effective boundary objects are those 
that use a shared syntax to facilitate a process where individuals transform their 
knowledge (Carlile 2002) and learn about dependencies (and specify differences) 
across the organizational boundary. According to Boujut and Blanco (2003), the 
property that characterizes such objects is their ability to move from ‘closed’ to 
‘open’ objects, when the object can actively be accessed and manipulated by the 
various participants during the design process, especially by those who work in the 



Panarotto, M.  
A Model-Based Methodology for Value Assessment in Conceptual Design  
 

22 

downstream activities (manufacturing or aftermarket services). As highlighted by 
Star (2010) a “good communicative device across” which serves as basis for 
conversation and knowledge sharing, should not be demarcating any real territory, 
because its mediational quality resides in the fact it “sits in the middle”. Boundary 
objects rely on the concept of standardization (Carlile 2002; Mark et al. 2007) and 
change into infrastructure and methodological standards as they move back-and-
forth between cooperating groups (Engwall 2005). It should then be possible for 
local groups to adjust them to their own needs, elaborating on them to create 
descriptions able to support work that is not interdisciplinary (Star and Griesemer 
1989). 

3.3 Value and decision making in conceptual design 
Value plays a central role when engineers make design decisions (Ulrich and 
Eppinger 2011). Hence, a value analysis is always run (even if it may not be in a 
formalized fashion) before making decisions on a design concept. In order to aid 
this analysis, different methods and frameworks have been proposed throughout 
the last 50 years. These works formalize definitions of value, even if to different 
degrees of detail. However, at this point in time, a univocal view of what is value 
does not exist, and little knowledge exists on describing how customer and 
stakeholders define the value of an engineering system (Day 2000). 

Miles (1972) first introduced the concepts of value analysis and value engineering 
based on the consideration that a system is providing value by fulfilling a function 
(at a certain degree of performance) and taking a cost for providing this function. 
For Miles, value can be defined as:  

Value = Function
Cost                                                                                         (1) 

Customer value can therefore be increased by either improving the performance or 
reducing the cost. The purpose of the framework is to provide a technique in which 
the system’s output is optimized by crafting a mix of performance (or function), 
(i.e., looking at ways to improve the main function, what “does the job”), and costs, 
(i.e., looking at eliminating or reducing supporting functions or unwanted functions 
by the customer). 

Authors from the marketing and management research fields have attempted to 
define value for many decades. One perspective has taken the view that value is the 
maximum amount that the customer is willing to pay for an offering (Shapiro and 
Jackson 1978). Anderson (1998, p.55) defines value as “the worth in monetary terms of 
the technical, economical and social benefits a customer company pays in exchange for the price it 
pays for a market offering”. This definition assumes that the analyst has full 
information about the product and the competitors’ alternatives (Shapiro and 
Jackson 1978). Another perspective has instead taken the viewpoint that value has a 
more subjective nature, related to experience and extrinsic properties such as 
charm, social status and perceived quality (Zeithaml 1998). Based on this definition, 
some authors have arrived at conceptualizing the notion of ‘value-in-use’ as 
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opposed to ‘value in exchange’ (Vargo et al. 2008). These authors stress the 
importance that value is entailed in dimensions that go beyond product 
performance (Ravald and Grönroos 1996; Vandermerwe 1996; Wikström 1996). 
For example, Lindstedt and Burenius (2003) extend the Miles (1972) operational 
definition of value with the following equation (adapted from Lindstedt and 
Burenius 2003):  

Value = Perceived  Customer  Benefits
Use  of  customer  Resources                                                             (2)                                                      

                                                                       
Where customer resources can be defined as money, time and effort. 

According to researchers who formulated the notion of value-in-use (Vargo et al. 
2008), value is determined only by the beneficiary, and perceived only when used 
within the customer’s operational context (Vargo et al. 2008). In this view, the 
measurement of value has to shift from the amount of value received for the price 
in exchange to “the adaptability and survivability of the beneficiary system” (Vargo et al. 
2008, p.9).  

3.4 Model-based supports for value assessment  
A model can be defined (Neelamkavil 1987) as a simplified representation of a 
system intended to enhance our ability to understand, predict and possibly control 
the behaviour of the system.  

Within the domain of engineering design, different authors in literature have 
proposed approaches for value modelling in order to aid the decision-making 
process. These methodologies implicitly or explicitly base the overall approach on 
the different notions about ‘value’ described in section 3.2.  

3.4.1 Value Engineering 
Based on the Miles (1972) definition of Value Engineering (VE) a set of model-
based approaches has been developed. These methodologies are based on the 
principle that it is possible to compare product functions more readily than to 
compare product parts, because not all of the competitive products use the same 
parts (Clausing 1994). VE is based primarily on a systematic decomposition of the 
parts that constitute the design alternatives. This phase is followed by the allocation 
of the functional contributions to the overall set of output performances and total 
cost (Clausing 1994). The target cost per function is also allocated (Ibusuki and 
Kaminski 2007). In this way, design alternatives can be compared in terms of how 
the different components contribute to delivering the required product 
performance while reducing the overall product cost (Ibusuki and Kaminski 2007). 
VE has been applied successfully for over 50 years (Palmer 1992). The overall aim 
of this technique is to eliminate or modify anything that causes unnecessary costs, 
without damage to essential functions (Tohidi 2011). VE requires design 
information about the sub-system, and VE studies are very challenging to initiate in 
the early phases of a project. Investigations among managers in the UK (Hiley and 
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Paliokostas 2001) report that practitioners distinguish between VE and Value 
Management (VM). VM has been defined as “a systematic, multidisciplinary effort directed 
towards analysing the functions of projects for the purpose of achieving the best value at the lowest 
overall life cycle cost” (Norton and McElligott 1995). VM is considered to be more 
multidisciplinary in nature than VE, and a “softer” methodology to be used in the 
very early phases of the development (Hiley and Paliokostas 2001). It is seen as a 
structured approach to define what value means to a client in meeting a need, by 
establishing a clear consensus about the project objectives.  

3.4.2 Life Cycle Costing 
In order to determine the overall life cycle cost of a product in the early design 
phases, Life Cycle Costing (LCC) and Total Cost of Ownership (TCO) models 
have been developed over the years. These models support comparison and 
optimization of design alternatives, facilitate trade-off analyses of system concepts, 
and demonstrate value for money of investments in the beginning of the design 
phase for a new product or service (Roda and Garetti 2014). TCO and LCC are 
often used interchangeably (e.g., Geissdoerfer et al. 2012), even though the 
literature highlights that TCO focuses more on the operator/user perspective of 
the considered object and all the costs that occur during the course of ownership 
(Thiede et al. 2012). There are different approaches to the development of life cycle 
cost models, such as conceptual, analytical and heuristic (Gupta 1983). Many cost 
estimation techniques are described in literature, such as parametric and analogous 
methods (Curran et al. 2004). The use of Activity Based Costing (ABC) as a TCO 
modelling methodology is increasing in popularity within accounting (Cooper and 
Kaplan 1991). Some researchers assert that ABC allows a clearer traceability of 
indirect and overhead costs incurred as part of the total cost (Park and Kim 1995). 
ABC divides the life cycle in a hierarchy of activities, and it is based on the principle 
that the total cost is determined by the resources consumed in performing each 
activity (Park and Simpson 2005). Each activity is then modelled according to 
activity cost drivers (e.g., running hours, transportation hours) and resource 
consumption rates (e.g., fuel consumption) (Park and Simpson 2005). ABC models 
have been used to determine the manufacturing cost of mechanical products (Park 
and Simpson 2005; Qian and Ben-Arieh 2008) but have been used to account the 
Life Cycle Cost of complex systems as well. For example, Emblemsvåg and Bras 
(1997) use ABC to determine the LCC in the shipping industry, while Wong (2012) 
applies ABC in the life cycle costing of aero engines.  

3.4.3 Value modelling  
When it comes to modelling the “best value achievable”, according to the first part 
of the Value Management definition proposed by Norton and McElligott (1995), 
different modelling approaches can be identified. Quality Function Deployment 
(QFD) (Akao 1994) maps customer needs to functions for the product using 
qualitative correlation factors. QFD does not address value explicitly, even though 
the qualitative nature of the method allows the inclusion of aspects of value that are 
beyond technical and economical properties, such as quality, comfort and image. 
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The same principle is adopted by Pugh matrixes (Pugh 1991) or extensions of QFD 
such as the COncept Design Analysis (CODA) (Woolley et al. 2001). A Pugh 
matrix does not explicitly address the concept of value, rather it compares design 
concepts by benchmarking a set of criteria in order to obtain a qualitative 
assessment of the alternatives. The CODA method implicitly defines value by the 
calculation of a single “design merit” score obtained by mapping customer needs to 
engineering characteristics of the product. The method guides the decision maker 
in the value analysis by the selection of non-linear relationships.  

In the Systems Engineering (SE) domain, the problem of modelling value is 
exacerbated because of the difficulty to easily map the interrelationships between 
subsystem properties to the overall system value provided to the stakeholders 
(Kossiakoff et al. 2011). Model Based Systems Engineering (MBSE) (Wymore 1993; 
Holland 2015) is a Systems Engineering initiative that aims at promoting the 
creation and exploitation of models as the primary means of information exchange 
between engineers. In the domain of value, Tradespace Exploration (Ross and al. 
2004) models the utility of a system, aggregated using multi-attribute utility theory 
(Huber 1974), to the lifecycle cost of the product. A great number of design 
options can be plotted generating Pareto trade curves (where designs are plotted in 
terms of their utility and lifecycle costs) in order to aid concept exploration and 
selection activities (Ross and al. 2004). Tradespace Exploration aims at considering 
also Pareto-dominated designs by evaluating more articulated sources of value 
(labelled as ‘ilities’) such as flexibility, changeability and scalability (McManus and al. 
2004; Ross and al. 2008). In particular, Ross and Rhodes (2008) address the concept 
of ‘value robustness’ as the capability of a system to maintain its value in the 
presence of change. The Epoch-Era analysis (Ross and Rhodes 2008) is a modelling 
framework that intends to capture changeability over time, by modelling a series of 
static contexts (epochs) that change stochastically.  

Value Driven Design (VDD) is a concept formalized by several researchers within 
the Systems Engineering community (Collopy and Hollingsworth 2011). Value 
Driven Design can be seen as a systems engineering strategy that attempts to 
promote a multidisciplinary optimization in design. In the early formalizations of 
Value Driven Design, the concept of optimization is pivotal. Collopy 
Hollingsworth (2011) envision the idea that the best design option can be the result 
of the mathematical optimization of a financial objective function. Such function 
can then be used as a tool for guiding the design trade-offs when making decisions. 
A conceptualization of the VDD framework is presented in Figure 2. A set of 
monetary objective functions is translated into a set of extensive attributes (such as 
performance, weight, safety, and cost). They are combined into a unique value model 
that defines a univocal score for the design ‘goodness’ (Cheung et al. 2012). The 
design team is then asked to create a design that obtains the highest score. In the 
VDD framework, objective functions are then cascaded down to each component 
as substitutes for design requirements, and the status of each component is 
monitored together with the status of the entire system. The evaluation phase is 
argued to be the main difference between VDD and traditional SE approaches 
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(Collopy and Hollingsworth 2011). In this way, the space of the possible design 
being explored becomes expanded. This view intends to replace the use of design 
requirements, since they target ‘point-based’ local optimizations of design solutions 
(Collopy and Hollingsworth 2011). The way VDD deals with extensive attributes 
and objective functions is argued to promote the discussion, understanding and 
awareness of those utilities that were originally understood by experts in world-class 
manufacturing but that, due to the complexity of the product and the supply chain, 
tend to result in isolated requirements that cause a loss of control and management 
of the output of the system as a whole (Curran 2010). 

 

Figure 2: The Value Driven Design framework. Recreated from Collopy and 
Hollingsworth (2011)  

Based on the original ideas and formulations of VDD (Collopy and Hollingsworth 
2011), a number of applications based have been proposed, mainly within the 
aerospace sector (Curran et al. 2012; Hollingsworth and Patel 2012; Butterfield et al. 
2012). These approaches use Surplus Value (SV) and Net Present Value (NPV) 
models for long-term profitability (Cheung et al. 2012; Wong 2012).  

Authors involved in other applications of VDD slightly shift their viewpoints from 
the original formulation of VDD and its orientation towards mathematical 
optimization. Monceaux and Kossman (2012) and Isaksson et al. (2013) stress the 
importance of VDD beyond the use of optimization models, looking at their 
usefulness in the context of the requirement establishment process in a complex 
supply chain such as the aerospace industry. The main challenge described by these 
authors is related to the legal framework between the companies in the Extended 
Enterprise. Contracts traditionally are signed based on a poorly developed set of 
design requirements. As reported by Monceaux and Kossman (2012), VDD 
becomes an enabler to start a joint development of design requirements earlier, 
where no contracts have been signed yet.  Furthermore, the joint development 
would target the assessment of value dimensions that are more qualitative, more 
difficult to quantify and translate into design requirements (Isaksson et al. 2013). 
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VDD is then seen as an enabler to carry over more contextual information about 
the design intent and to jointly translate this information in order to increase the 
level of maturity of the final set of design requirements. 

In such a context, A Value Creation Strategy (VCS) (Monceaux and Kossman 2012) 
approach is proposed to support this cascading process within the Extended 
Enterprise (Isaksson et al. 2013). The VCS aims to collect system characteristics 
which are less formalized and more volatile than requirements, and which carry 
contextual information on solution directions influencing the customer and end 
user perceptions of value. This information shall be iterated across the supply chain 
during the conceptual system design, and shall be used by design teams at different 
levels to reach an agreement on early system features. This information is extracted 
from the needs description and is synthesised in so called Value Drivers (VD). As 
explained by Monceaux et al. (2014), a need can be dissembled into many VDs, 
which, in turn, can have an impact on one or more needs. VDs have been proposed 
as main metrics for “goodness” (Isaksson et al. 2013) because they satisfy the 
independence condition and can be customized for each development, balancing 
stakeholders’ needs and company objectives (Zhang et al. 2013). Applications of 
VDD in this context use an aggregation of CODA matrices (Woolley et al. 2001) to 
map the engineering characteristics of sub-systems to the overall system value. 
(Eres and al. 2014) applies this approach combined with a Knowledge Maturity 
(KM) (Johansson and al. 2011) assessment in order to handle uncertainty in the 
early phases of the design process.   

Due to the relatively novel concept of VDD, many questions need to be answered 
to allow a full implementation of VDD in industry. For this purpose, Soban et al. 
(2011) developed a research agenda in order to summarize such challenges. The 
agenda is intended to be a reference to promote research that would target the 
practical industrial implementations of VDD.  

3.5 Reflections after the State-of-the-art analysis  
Early definitions of value stress the ratio between technical performance and cost 
for a product (Miles 1972) and the customer willingness to pay for an artefact 
(Shapiro and Jackson 1978). Later definitions highlight value as the perceived worth 
in monetary terms by a customer company in exchange for the price it pays 
(Anderson 1998), which reflects the desire to obtain or retain a product/service 
(Kelly and Male 1993). These definitions do not seem to reflect, or reflect only 
partially, new conceptions about value creation driven by the development of 
Product Service Systems. The development of new business offerings such as PSS 
intends to increase companies’ competitiveness in a highly globalized business 
climate, by satisfying a broader and more sophisticated set of needs and 
expectations (Mont 2002), as well as to establish more inclusive relationships with 
customers along the whole lifecycle (Williams 2006). In this context, more recent 
research works emphasize the subjective nature of value, linking it to the personal 
perceptions of each customer (e.g., Grönroos and Voima 2013; Lindstedt and 
Burenius 2003). Other authors from the marketing and management research fields 
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stress the importance for companies to shift their measurements of the value of a 
product to the level in which this product assures “the adaptability and survivability of 
the beneficiary system” (Vargo et al. 2008).  
 
The engineering design discipline is asked to adapt and follow these trends in order 
to deliver more value-adding solutions (Cavalieri and Pezzotta 2012). In particular, 
engineering design should shift its definition from technical improvements and cost 
reduction to a more holistic perspective that targets the satisfaction of a wider set 
of needs and expectations (Sakao and Shimomura 2007). This calls for the 
engineers’ ability to consider a wider perspective when assessing the value of 
different design alternatives, and to consider a wide set of stakeholders who benefit 
from the system (Morelli 2006). For example, the operator of a machine does not 
himself buy an excavator, but is affecting the value the machine provides to the 
company. Designing an operator-friendly machine could hence greatly improve the 
value provided to the buying customer. At the same time, engineers should 
consider the benefit provided to the manufacturer as well. Focusing only on 
maximizing the value for the external stakeholders, engineers may lose awareness 
about what the company could gain from the development of a design solution. 
Engineers are also asked to minimize the resources consumed by a customer in 
order to satisfy needs and expectations. For example, as Lidstedt and Burenius 
suggest (2003), value can be increased by reducing the resources consumed by the 
customer. These resources are not only economical, but also can be related to time, 
and effort (Lidstedt and Burenius suggest 2003). Furthermore, the concept of PSS 
is also targeting resource minimization for the environment and society in general 
(Mont 2002). Hence, a definition for value should also target the resource 
minimization for all the stakeholders that will use the system under development.  
 
After this discussion, the definition of ‘value’ adopted in this thesis, and the one 
that has been the starting point for the development of the methodology is:  

The degree to which a system maximizes stakeholders’ needs and expectations, while minimizing 
the resources consumed by the stakeholders along its lifecycle. 

The perspective taken by the author of this thesis can be related to the concept of 
‘Value Innovation’ (VI) (Kim and Mauborgne 2015). Competitive advantage (Porter 
2008) (Kim and Mauborgne 2015) and sustainability goals (Mont 2002) can be 
promoted if engineers constantly focus their daily design activity on maximizing the 
satisfaction of stakeholders’ needs and expectations while minimizing the resources 
that the system will consume throughout its lifecycle.  

An argument against the use of such definition to support the engineering design 
activity could be that the definition is so general that it becomes impossible to 
compute it using the information available in conceptual design. Given the fact that 
good decisions cannot often be based exclusively on the information that can 
pragmatically be computed (Simon 1979), the risk of speculation-driven design 
cannot be neglected. However, the purpose of a model-based support for value 



3. Knowledge domains 

 29 

assessment should have the scope to enhance awareness of human decision makers, 
without replacing subjectivity in the decision.  
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4 Summary of Appended Papers 
This chapter is intended to provide a summary of the appended papers, their relation to the thesis 
and the contribution provided by the author in relation to the other co-authors’.  

4.1  Paper A 
Panarotto, M., Larsson, T. C., 2012. Towards Value-Driven Simulation of 
Product-Service Systems: a Conceptual Scenario. In: Proceedings of the 12th 
International Design Conference. Dubrovnik, Croatia. May 21st-24th 2012. 

Summary 
The study, predominantly based on a literature review, introduces the problem of 
making design decisions in the early phases of Product-Service System 
development. The study has the aim of describing which dimensions need to be 
considered when evaluating the value of a design concept in PSS development. The 
study first focuses on how PSS encourages a lifecycle perspective and targets the 
satisfaction of more non-technical and non-economical benefits for the customers. 
From the standpoint of making design decisions, this is translated to the need of 
complementing the traditional list of metrics for evaluation (mainly based on the 
quantitative accounting of cost, revenue, risk and performance) with new, more 
intangibles dimensions such as emotions, experience and knowledge reuse.   

Secondly, the study elaborates on how the design process could benefit from the 
application of a model-based approach for value assessment, in order to drive 
decisions towards design solutions that could be more profitable in the long-term. 
One scenario is exemplified taking the automotive industry as a reference. The 
scenario is based on the definition and qualitative weighting of ‘value levers’ that 
would account for different dimensions of value. Design parameters are then 
modelled against these value levers and simulated.   

Relation to the Thesis 
Paper A is reporting the results of the research work carried out in the first months 
of the PhD period of studies. It is related to this thesis since it represents a 
preliminary clarification about the challenges when making design decisions about 
the value of design alternatives. Furthermore, it introduces the concept of 
modelling and simulation of value as a means to increase learning and raise 
awareness at a faster pace than what happens today.  

The work from this research helped me with the research clarification. Also, the 
idea of modelling and simulating customer value from the engineering 
characteristics of a product constitutes an early vision of the approach developed 
and matured later in the research.   

Author’s contribution 
I was the main researcher responsible for the writing of Paper A and, as such, 
carried out most of the literature review and prepared the modelling and simulation 
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approach presented. Tobias Larsson contributed with the initial problem statement 
of the paper (decision making processes in early phases of PSS development, when 
considering value in contrast to costs and risks) and supported the development of 
the paper with comments and feedback. 

4.2 Paper B 
Panarotto, M., Larsson, T. C., Larsson, A., 2013. Enhancing supply chain 
collaboration in automotive industry by value driven simulation. In: 
International Conference on Engineering Design (ICED13), Seoul, South Korea, August 
19th-22nd 2013.  

Summary 
This paper deals with the challenges a design team faces when it must consider a 
wide set of stakeholder needs and expectations in the early stages of product 
development. The study has put emphasis on investigating the link between 
innovative design solutions and the possibility to generate value for customers 
through new business offerings such as Product-Service Systems (PSS). In the 
competitive market of today, it is crucial that designers have a full understanding of 
how to leverage a business offering through the implementation of new technical 
solutions. However, the design process is found to be very oriented towards 
fulfilling requirements and reducing manufacturing costs. This makes it difficult for 
engineers working at lower sub-system levels to have a clear understanding of 
customers’ needs and expectations in order to target more innovative solutions. 
The level of awareness can be increased by an improved collaboration between 
engineers and those in other organizational functions, such as marketing and sales.  

A scenario deployed on the Stage-Gate® process (Cooper 1990) is proposed, 
introducing value as a decision metric. The objective of the process is to 
complement requirements information with more qualitative dimensions that 
reflect the needs and expectations along the lifecycle. The process highlights the 
collaborative nature of the value assessment activity, stressing the synergic work of 
engineers and other parts of the organization. Roles and responsibilities are defined 
in the scenario, taking the automotive industry as example. The paper concludes 
that new methods and tools for the value assessment of different design options are 
crucial in order to promote a shared cross-disciplinary understanding about the 
value of a technical solution.          

Relation to the Thesis 
The paper relates to the thesis as it highlights the limitations of requirements and 
manufacturing costs as decision metrics to develop more value adding solutions. 
The paper investigates the changes that the development of PSS implies for the 
engineering design discipline. In this new context, the paper highlights the need to 
facilitate cross-functional collaboration, and describes challenges related to it. The 
paper proposes a scenario to define how value could be modelled in order to foster 
cross-disciplinary collaboration. At this time on the PhD path, the author was not 
aware about the concept of boundary objects. However, the findings and 
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elaborations of this paper point towards the idea of using value models as boundary 
objects in high cross-functional settings. These preliminary concepts were further 
elaborated in a wider theoretical vision in the following papers.  

Author’s contribution 
I did the fieldwork by interviewing the industrial practitioners, and analysed the 
data on my own. I also ran the literature review and wrote most of the paper. 
Tobias Larsson contributed by suggesting relevant literature and providing 
feedback about the paper structure. Andreas Larsson contributed with feedback 
concerning the structure and the introduction of the paper. 

4.3 Paper C 
Panarotto, M., Bertoni, M., Johansson, C., Larsson, T.C. Value models: 
coordinative artefacts for conceptual design. Submitted for journal publication.  

Summary 
The paper builds on the findings of Paper B by continuing the investigation of how 
decision makers are aware of value in conceptual design. The study extends the 
number of informants by collecting data from three different company partners. 
Data were gathered through semi-structured interviews of 20 professionals, coming 
from different parts of the organization (e.g., marketing, engineering, business 
development, aftermarket).  

The findings of the paper point towards the engineers’ difficulty in having a clear 
picture of the stakeholders’ needs and expectations to be met in order to promote 
more innovative solutions. In a conceptual design phase, where knowledge and 
information are sometimes scarce, designers need to gain this understanding though 
collaboration and communication with professionals from other organizational 
functions. In the study, this process is found to be rarely fully collaborative. Rather, 
the needs and expectations are interpreted by different functions and translated into 
requirements for the product to be developed. Having little understanding of the 
original design intent behind the requirements, engineers tend to follow their 
“normal specifications”, targeting conservative solutions that are potentially less 
prone to corrective rework and unplanned costs. Additionally, the risk in this 
process is that possible trade-offs between product properties and lifecycle values 
are not fully identified, leading potentially to erroneous decisions.  

An important aspect to raise awareness about value is found to lie in the 
opportunity for every member of the team to visualize the design problem from 
his/her point of view, and to challenge the knowledge they believe to possess. This 
kind of conflict is perceived to be fundamental for the negotiation of the design 
problem and to discuss about possible solutions. Building on these findings, the 
paper explores the role of value models as a support for cross-functional 
negotiations. The value model is intended to act as boundary object by 
complementing requirements with additional information able to convey the 
context in which requirements are generated.  A value model would work as a 
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common denominator for the cross-functional team, so that the debate around 
what customers value can be triggered. In this way, assumptions and presumed 
answers can be shared, synthetized and challenged. The role of a semi-quantitative 
value model to act as boundary object is discussed from the findings of preliminary 
testing activities analysed through protocol analysis and ethnography.  

Relation to the Thesis 
The paper relates to the thesis as it investigates the decision makers’ level of 
awareness about value in conceptual design. It describes an issue related to the 
challenge of arriving at a cross-functional elaboration of design requirements in 
product development. It investigates the opportunities to utilize a model-based 
approach for value as support to facilitate cross-disciplinary discussion and 
communication about problems and possible solutions. In conclusion, the paper 
represents one of the milestones in the research since it summarizes important 
findings and collects different case studies in a wider theoretical elaboration.  

Author’s contribution 
I prepared and ran all the interviews with the respondents on my own. I selected 
the method for data analysis and conducted the transcription and codification. I 
handled the experiment’s set-up, execution, transcription, codification and analysis. 
External support (a second and third encoder) for the data analysis was needed to 
validate the consistency of the result, but they did not write any of the paper. I was 
the main researcher responsible for writing the paper. Marco Bertoni provided 
input during the dialogues where the concept of using value models as boundary 
object emerged, and wrote parts of the paper. Christian Johansson provided input 
and knowledge about the research methodology and the empirical findings, and 
also provided feedback during the writing. Tobias Larsson provided input and 
comments regarding the structure of the paper.   

4.4 Paper D 
Bertoni, A., Bertoni, M., Panarotto, M., Johansson, C., Larsson, T.C., 2015. 
Expanding Value Driven Design to meet Lean Product Service 
Development. In: Proceedings of the 7th CIRP IPSS Conference, Saint Etienne, France, 
May 21st-22nd 2015.  

Summary 
The paper discusses similarities, differences and opportunities for cross-pollination 
between the research fields of Lean Product Service Development (LPSD) and 
Value Driven Design. The existing literature concerning Lean Product 
Development, Value Driven Design and Service Engineering was studied in order 
to identify strengths, weaknesses and similarities of the approaches. The paper takes 
the perspective on reviewing how these different research fields interpret the 
concept of value. The paper elaborates on this review and on the authors’ lessons 
learned from the application of VDD methodologies to industrial case studies.  
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The study highlights the opportunity to use VDD methods and tools in LPSD  
since: 1)  Both VDD and LPSD aim to increase decision makers’ awareness about 
the ‘value’ of different design alternatives; 2) Both the areas share the need to run 
such an assessment in a preliminary design stage, when decisions committing the 
major part of the value have to be made; 3) Both areas deal with high levels of 
complexity and cross-functional contexts, intrinsic in the system engineering nature 
for VDD, and generated by the ‘servitization’ challenges in LPSD case. 

To this regard, the authors revisit the original theoretical formulations of VDD by 
highlighting that: 1) in the early design phases, where assumptions and forecasts 
prevail, the use of a more subjective definition of value is more appropriate, rather 
than engaging in a monetary quantification of value; 2) being that PSS development 
is more cross-functional than traditional product development, the use of value 
models in conceptual design resembles the characteristics of a ‘boundary object’ 
rather than representing an instrument for mathematical design optimization. The 
value model becomes the object that can represent what “is valued” in a 
transparent manner and, by being less specific to a single design domain, it can 
represent a common object where individuals from different parts of the 
organization can share knowledge when lack of accurate data prevails.   

The authors emphasize these new theoretical views about the effective use of value 
models in conceptual PSS design by bookmarking the common area between VDD 
and LSPD as Value Innovation (VI).  

Relation to the Thesis 
This paper relates to the thesis since it is the result of a collective effort to revisit 
the theory of Value Driven Design based on the lessons gathered through a 
number of case studies. Here I had the opportunity to discuss the theoretical 
understanding from my empirical studies with other researchers involved in the 
application of VDD methods and tools. The conclusion that in conceptual design 
the use of value models moves from being an instrument for engineering design 
optimization to a ‘boundary object’ which the team can use to share and clarify 
what “is valued” in a more transparent manner represents a formalization of the 
theoretical vision coming from the research findings derived by my work. This 
theoretical vision has been further developed in the discussion and conclusion 
sessions of the thesis.     

Author’s contribution 
As a publication intended to define a research agenda aimed at defining new ways 
forward about Value Driven Design in other contexts outside the aerospace sector, 
all the authors developed the material by collaborating, planning and conducting 
the research. I contributed by providing the data, knowledge and experience from 
the study case in the construction equipment sectors. Alessandro Bertoni did most 
of the writing. Marco Bertoni also took part in the writing. I contributed specifically 
in the discussions about the use of value models as ‘boundary objects’, by providing 
the necessary literature and my theoretical elaborations described in the previous 
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publication. I wrote the parts of the paper related to those aspects. Christian 
Johansson and Tobias Larsson contributed to the paper with input and also 
provided knowledge and feedback in the discussions during the writing.  

4.5 Paper E 
Bertoni, M., Panarotto, M., Jonsson, P. Value-driven product development: 
lessons learned from the road construction equipment industry. Submitted for 
journal publication.  

Summary 
The paper revisits previous research in Value Driven Design (VDD), and 
complements it with the empirical studies described in the previous papers. The 
paper explores and defines a model-based support that aims to raise awareness 
about value in conceptual design. The paper describes the application of a generic 
process and the models in a case study conducted in collaboration with a road 
construction equipment company. The generic process and related value models 
have been applied in a case related to the design of a new sub-system for a double 
drum asphalt roller.   

The proposed methodology transitions between a qualitative and quantitative 
approach. The qualitative methodology is intended to screen a set of possible 
technology candidates using a wide and homogenous set of criteria. The use of the 
COncept Design Analysis (CODA) is proposed to map relationships between 
engineering characteristics of design alternatives against value contributions, using a 
set of non-linear functions. The scope of this activity is to obtain a single qualitative 
score for the value of a design, and to compare designs taking a baseline design as 
reference. The quantitative value model is based on the modelling of the customer 
operational process in scenarios. The development of performance models is 
proposed to model the relationships between design parameters and the operational 
scenarios. The purpose of this activity is to calculate different cost items, aggregated 
in order to produce a single Total Cost of Ownership (TCO) score for a design 
alternative. The value of design alternatives are then compared taking a design 
baseline as reference.  

The paper reports the preliminary feedback from the industrial practitioners on the 
application of the methodology. In particular, it highlights the role of the 
methodology on supporting the decision making process in the early conceptual 
design phases, by increasing the awareness of the design context and intent. 
However, issues remain in the way a value-driven product development shall be 
conducted in industry. Value issues are multi-faceted, often context dependent and 
difficult to condense into a unified way of modelling.  

Relation to the Thesis 
This paper is related to the thesis as it presents the whole approach to work with 
the value assessment methodology presented in this thesis. It presents the lessons 
learned derived from the application of the study in a real case, and it describes the 
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main empirical findings that drove the selection of the single features that compose 
the overall approach. It presents the industry feedback on the application of the 
method, and it suggests further directions for future work.  

Author’s contribution 
I contributed much of the content of the paper, as it is the result of my empirical 
studies at the company partner. Marco Bertoni led the writing of the paper, and I 
contributed by writing some of the text and provided feedback about the paper’s 
structure. Pontus Jonsson contributed with experience and industrial feedback.  
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5 A Model-Based Methodology for Value 
Assessment in Conceptual Design 

This chapter presents the main empirical findings of the thesis. The results are presented and 
discussed along the theoretical frames presented in the previous chapters. This section focuses on the 
role that a model-based approach has as decision support for conceptual design. Furthermore, it 
also outlines the prescribed methodology for value-oriented decision-making, with associated tools 
and methods. This chapter extracts highlights and findings from the enclosed papers, and reference 
to them is made through the text. 

5.1 Awareness of value when making decisions in 
conceptual design 

In order to remain competitive in the fierce business markets of today, companies 
need to find new competitive edges in addition to the traditional technical 
improvements and rationalizations. Paper A shows that designers must have the 
ability to capture stakeholders’ expectations and needs, and interpret them to 
understand what they value in a solution. At the same time they must aim at 
reducing resource consumption as well as the cost and effort of operation. 

As reported in Paper B, when making decisions on alternative design solutions, 
engineers justify the selection of a particular concept referring to the ad-hoc 
evaluation criteria adopted in decision meetings and gates. In the words of one 
respondent, these criteria “set the stage” for decision-making, focusing the concept 
generation and selection activities on their fulfilment. These criteria take the form 
of design requirements, which are measurable properties that must be met by the 
selected final concept. A design is considered satisfactory if the requirements are 
met - i.e. if it can satisfy the thresholds for performance, weight, costs, specific fuel 
consumption and reliability. The objective of a designer is then to develop solutions 
that are as ‘requirement compliant’ as possible, while meeting the target 
manufacturing costs. The empirical study showed that requirements often represent 
the only reference for the engineering design teams’ decision-making and 
coordination of tasks. 

Supposedly transparent (i.e. avoiding mistakes in interpretation) and easily 
communicated requirements were not found to be a “good enough” (Simon 1979) 
decision base to identify the most value-adding concepts. In the two construction 
equipment manufacturers (both OEMs) investigated in Paper C, respondents 
expressed a lack of awareness about the original stakeholders’ needs and 
expectations, which are believed to be crucial for good decision-making in 
conceptual design: 
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Interview excerpt #1: 

“We have had difficulties in having the marketing department writing the need, the real customer 
need, the underlying need […] instead […] they write requirements. And we believe in them, of 
course, but one does not know anyway exactly what the need is.” 

Although the requirement cascading process is carried out “in house”, the 
interpretation of design requirements from the target markets is performed by 
dedicated functions, often with little engineering involvement. An issue here is that 
people see different realities from similar data and make interpretations in different 
directions. All the filters between the collected needs and the requirements are 
claimed to give a skewed understanding about what stakeholders value in the 
solution to be developed. At the same time, a great portion of stakeholders’ values 
may not be captured in the set of design requirements, because they are interrelated 
through a series of information channels - from the customer’s site to the company: 

Interview excerpt #2: 

“It’s a long chain from customer to designer. […] out in the field the machine is used by an 
operator, he is working in a team, he has an opinion and his colleagues have opinions. […] They 
can pass those opinions to a head of unit for the working team, that in his turn on occasion sends 
this information to the purchasing department in the company […] or wait and name it on 
occasion to a service technician of our company… and just then this information is received by our 
organization...” 

When requirements are cascaded down from macro (system) to micro level (sub-
system and components) awareness about the stakeholders’ desires becomes blurry. 
The lack of first-hand information about the stakeholders’ needs, or what the 
stakeholders value in a solution, exposes designers to the risk of developing 
solutions that are not optimal. Designers engage in finding technical solutions to 
fulfil the set of requirements within the cost constraints. Still, little information is 
given to understand which design would be the best fit among all designs that meet 
the requirements or, conversely, whether one requirement could be traded in for 
the benefit of another. To support these decisions, engineers would require 
information about which capabilities are the most valued by customers and 
stakeholders in order to successfully develop the final set of specifications: 

Interview excerpt #3: 

“If you get the real customer need, then you can work on a technical solution that maybe is not at 
all the one that the market department had written at the beginning in the requirements list” 

One issue is that needs and expectations depend on the customer’s operational 
context. To improve decision-making in conceptual design, engineers require more 
information about the original design intent in which the requirements are 
generated. This information is believed to be crucial in order to enhance awareness 
by having the opportunity to place the received requirements in a context. 
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Paper C looked further into the many transformations that requirements undergo 
while being communicated from the OEM to suppliers. In manufacturing 
industries it is common practice to subcontract the design tasks to partners with 
highly specialized expertise. In the conceptual design phases, the latter establishes 
the signed contractual requirements as basis for decision-making, mixing them with 
internal targets. In this process, the communicated set of requirements from the 
system integrators are interpreted and further cascaded down to sub-systems and 
components, generating more requirements. In this interpretation process, 
designers at lower system levels tend to lose awareness about the original design 
‘intent’ of a design – i.e. the original needs and expectations the system must meet. 
This awareness of the initial needs is perceived to be crucial in order to support 
early decision-making towards more value-adding solutions. 

5.2 Cross-disciplinary negotiation to improve decisions 
Paper C highlights that the designers’ awareness about the impacts of their 
concepts on customers’ and stakeholders’ value is positively correlated to the ability 
to communicate with individuals from other disciplines and functions (e.g. 
marketing, aftermarket, finance, business solutions). One fundamental aspect 
emerging from Paper C is the role played by the discussions and negotiations 
among these professionals to unveil what is really behind the face value of the 
requirement checklists: 

Interview excerpt #4: 

“The requirements are very strict and are measurable, but sometimes value is much more about 
discussion and communication” 

Despite working on the same requirement checklist and design representations, 
decision-makers view these artefacts from their own perspective, without seeing 
what the others see. Design team members have different perceptions about which 
requirements to prioritize, and this can lead to erroneous decisions when individual 
design activities trigger the need for engineers to trade those requirements. 

The concept of ‘value’ is introduced to widen the designers’ perspectives by 
conveying more information about the stakeholders’ needs and expectations along 
the lifecycle. This information should give insights into tangible (i.e. performance, 
costs) as well as intangible (or ‘softer’) aspects of value (e.g. image, serviceability, 
perceived quality, environmental friendliness). The latter are particularly challenging 
to capture in the requirement checklist. In a conceptual design phase, these aspects 
are very difficult to quantify due to lack of data and information and tend to remain 
‘afloat’ (Paper C) since they cannot be easily accounted for using existing 
engineering models, which are mainly focused on the evaluation of product 
performances and manufacturing costs (Paper D). 

Value is thus found to encompass tacit notions, and the ability to translate these 
floating targets into design solutions links to the opportunity for team members to 
share cross-boundary knowledge by voicing their perceptions in design meetings. 
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The representations brought up at these meetings are thus fundamental to the 
process. The use of representations emerged as a relevant area to investigate during 
the research, in order to support value-oriented design decisions. Representations 
become a common denominator for the design team, and can be used to visualize 
the status of the design requirements and directions for solutions. Discussions and 
negotiations that should be facilitated through the use of such representations are: 
what values are we targeting with this solution? What values are we not yet targeting 
with this solution? What do we need to design to improve the level of value created 
with our solution? 

5.3 Value models as decision support 
The notion of ‘value models’ is proposed in this thesis to respond to the engineers’ 
desires reported in the previous sections, which are to benefit from a design 
support able to: 1) clarify the context and underlying intent of the received 
requirements, 2) facilitate cross-boundary knowledge sharing about value with 
members working in other areas. 

A preference for a model-based approach for value assessment emerges from the 
cross-case research presented in Paper D. A main reason is that engineering teams 
are used to model problems and generate the necessary information for decisions to 
be taken from them (Paper D). Model-based approaches are already established in a 
number of engineering disciplines, such as manufacturing cost and performance 
analysis. While working practices and roles for these modelling activities are well 
established in the engineering teams, the same cannot be said for value models. On 
the one hand, the creation of deterministic models is found to have little meaning 
in conceptual design (Paper D) due to uncertainty and lack of data. On the other 
hand, as highlighted in Paper C, the goal of such models is not only to calculate the 
exact value of design alternatives. Rather, it is mostly to translate ‘softer’ aspects of 
value that may not be captured in the initial set of design requirements (Paper C), in 
a way that can be traded against more tangible engineering factors, such as 
performances and costs. 

From Paper C, value models are intended to act as coordinative artefacts (Schmidt 
and Wagner 2002) or boundary objects (Star and Griesemer 1989). The cross-
disciplinary design team can share and use such representations to negotiate and 
move the boundaries of their perceptions about the value of design alternatives. 
Value models act as common denominators to communicate value and to make 
design decisions, putting value at the centre of attention. They are intended to 
trigger negotiations, by forcing members to assess their perceptions about the value 
of a design and to discuss where conclusions differ. Importantly, value models do 
not only highlight conflicts between design alternatives and value contribution, but 
also offer support for their resolution. 

For instance, increasing a vehicle’s weight will lead to increased fuel costs, but may 
result in longer maintenance intervals and reduce costs that way. The value model 
should facilitate the collaborative resolution of such trade-off, by giving 
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information that enables team members to discuss which property out of fuel and 
maintenance cost is valued most within the customer’s operational context. 

Furthermore, needs and expectations, or what customers value in a solution, 
depend on the operational contexts. The scales and priorities of these needs depend 
of the different contexts in which the customers operate, and may change 
depending on markets, countries, legislation requirements etcetera. The relative 
importance of needs could also change over time. To consider these dynamic 
environments, value models should be built using a scenario-based approach (Paper 
B) (Paper C). Once a model between engineering characteristics and value 
contribution is developed, experimentation can reveal where ‘what-if’ scenarios can 
run in order to challenge presumed answers (Paper A). 

5.4 A model-based methodology for value assessment 
In Paper E, a methodology was suggested for how design teams should work with a 
model-based approach for value assessment (Figure 4) in conceptual design. The 
methodology proposes both a qualitative and a quantitative assessment loop where 
different model types are used (Figure 4). The goal is to support value discussion 
and negotiation across the entire concept selection activity: from the earliest stages, 
when the quantification of value features a high degree of uncertainty, to the latest, 
when soft value aspects must be eventually traded-off against more factual 
dimensions, such as weight, purchase price, or fuel consumption for a machine 
(Paper C). 

 

Figure 4. Generic process for model-based value assessment (Paper E). 

One aspect emerging from the empirical study in Paper E is that during the earliest 
stages of conceptual design, engineers perceive the calculation of an absolute 
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measure for value cumbersome and not reliable. Due to lack of data and 
information, they expressed a preference for qualitative analysis, where existing 
concepts are benchmarked against a baseline design. The definition of such a 
baseline is a challenging task by itself, however in the studied industrial 
environment it was observed that design concepts are seldom radically new designs; 
rather they are often derived from the improvement of an existing technology 
platform. 

A preference further emerged for having a more quantitative value analysis when 
approaching the latest stages of the conceptual design activity. Due to the 
increasing quality of data (Ullman 2003), monetary quantification becomes possible, 
for example using parametric or analogous estimations (Asiedu et al. 2010). At the 
time of making decisions about the final concept to ‘freeze’ (in order to start the 
detail design activities), practitioners in Paper C highlighted the difficulty of 
influencing decision-makers by leveraging soft value aspects, mainly because 
engineers require ‘numbers’ when making design trade-offs. In this regard, a 
monetary definition of value seems to provide a convenient, practical and 
universally understood metric. Hence, a model-based methodology for value 
assessment should also support design teams to translate the level to which a design 
satisfies needs and expectations along the lifecycle into monetary terms. 

The methodology does not merely spotlight decision events (i.e. gates), rather it 
considers the entire cycle of analysis and synthesis activities conducted ahead of the 
decision meeting (i.e. stage). The suggested model-based representations are 
intended to prepare the decision base for the meeting. This is the point where the 
team can discuss and share their perceptions about value, elaborating on how the 
design alternatives contribute to value, and how the alternatives should be designed 
to contribute even more to value. Using this ‘pool’ of representations, team 
members can negotiate their perceptions, and reach a common awareness about the 
value contributions of the design alternatives presented at the decision gate. 

Also, the transition from qualitative to quantitative assessment suggests another 
interesting aspect in the methodology. The qualitative loop is intended to enable 
informed decisions on actions for the monetary quantification of the value of 
design alternatives, due before the final concept selection gates. The idea here is to 
work with narratives and semi-quantitative measures in order to understand which 
relationships between design alternatives and value contributions can be easily 
accounted for by using existing tools, and which relationships would instead require 
new definitions (i.e. mathematical equations retrieved from manuals, or expert-
defined functions). By making relationships explicit in a qualitative form, the design 
team can trigger the discussion on the appropriate quantification strategy. 
Narratives and qualitative measures highlight important value contributions that 
may not have been quantified in the assessment process, and complement monetary 
quantifications in the final concept selection gates. Mixing information of different 
types is believed to increase room for considering soft and intangible value aspects 
together with factual parameters. 
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The following two sections present the main findings and lessons learned that led 
to the outline of the qualitative and quantitative assessment loops, with the 
associated methods and tools. These methods are mainly derived from concepts 
available from literature, and adapted after the lessons learned were gathered 
through their application in the empirical study presented in Paper E. The two 
assessment loops are exemplified through the application of the methodology to 
the development of sub-systems in a double drum asphalt compactor (Figure 5). 

 

Figure 5. Simplified representation of a small asphalt compactor. 

5.5 Qualitative assessment loop 
An aspect emerging from the interaction with industrial practitioners is the need of 
considering heterogeneous criteria when assessing the value of a design option. A 
qualitative assessment loop was suggested in Paper E to structure the needs of the 
target markets into such criteria for a specific sub-system. 

Industry already applies frameworks and decision tools to map and flow down 
information about needs into measurable characteristics for a product. The most 
popular framework is Quality Function Deployment (QFD) (Akao and Mizuno 
1994), which consists of a set of hierarchal matrices where internal and external 
needs are mapped into measurable technical properties. However, findings from 
Paper C highlight that needs and scales are changing between different markets, 
and change over time. Furthermore, designers expressed the preference for a single 
measure for value (Paper D and Paper E). The methodology intends to consider 
these aspects, in order to facilitate discussion between the stakeholders. In 
particular, the possibility to simulate ‘what-if’ scenarios is believed to foster 
dialogue between the stakeholders, since simulation opens up to faster iteration 
loops, accelerating learning. QFD does not allow obtaining a single value of a 
design, and to run ‘what-if’ analyses where values and scale change. Another major 
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limitation of QFD is that it uses linear relationships, which makes difficult to model 
more complex relationships (Kimita et al. 2009). Furthermore, QFD does not 
accommodate negatives – alternatives that detract from an attribute rather than 
contributing to it (Wooley et al. 2001). The author has hence looked at creating a 
process where needs from the target markets are linked to sub-system properties in 
order to enable simulation, fostering cross-boundary discussion. In Paper A and 
Paper B, the concept of running value simulations was already identified as an area 
that improves decision-making. These concepts were elaborated in Paper E, where 
tools and methods were adopted and preliminary tested in an empirical case study, 
resulting in the qualitative assessment loop presented in this thesis. 

Figure 6 summarises all the steps of the qualitative assessment loop, highlighting 
how the process is run time-wise. Starting from information about system level 
expectations and needs (i.e. machine) the engineering team needs to adapt them to 
the working context at hand (i.e. the sub-system undergoing redesign). This means 
creating own criteria, in the designers’ natural language. Furthermore, the collected 
needs from the field could be too many to be efficiently handled in an assessment 
process. For example, studies have shown an inverted U-shaped relationship 
between the efficiency of the decision-making task and the amount of information 
provided, with 25 criteria for assessment claimed to represent an optimum (Zanakis 
et al. 1998). 

 

Figure 6. Generic process for qualitative assessment loop. 
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The qualitative assessment loop initially includes a set of rank-weighted needs, 
which capture customer and stakeholder preferences at different levels, and reflect 
regulatory requirements and other lifecycle considerations. These rank-weights 
consider the whole system (e.g. asphalt compactor) and usually differ for the 
different markets and customer segments. The initial rank-weighting activity is 
based on the results of focus groups, interviews and surveys with existing or 
potential customers. 

To enable a value assessment at a sub-system level, these needs must be adapted for 
the working context of the design team. The methodology suggests grouping them 
into a constrained set of assessment criteria relevant for the designers working at 
the sub-system level. The methodology adopts the concept of Value Drivers (VDs), 
first proposed by Isaksson et al. (2013), for this purpose. Value Drivers are used to 
group the collected customer needs in dimensions that target preferable directions 
for a design in a given context. They are intended to communicate the original 
intent of a design, reflecting the expectations of external as well as internal 
stakeholders and capturing aspects of value along the entire system/sub-system 
lifecycle. 

Examples of value drivers for the sub-system considered in the empirical study are 
the following: 

• Safety, visibility, precision in compaction, fuel consumption or compaction quality 
capture aspects related to the operational and usage phases. 

• Availability and upgradeability refer to the continuous provision of value over 
time. 

• Transportation and serviceability refer to aspects related to the operational 
support of the equipment. 

• Brand acknowledgement, noise, comfort or environmental friendliness summarise 
dimensions related to customer perception and softer value aspects. 

The initial system level needs may be mapped (n:n) to the local value drivers using 
different approaches. Quality Function Deployment (QFD) (Akao and Mizuno 
1994) was found to match the needs of the engineering team in this activity. In 
QFD numerical values (9-3-1-0) are used to express strong, weak, minimal or no 
correlation between a value driver and the needs. In this way, it is possible to obtain 
rank-weights for the single value drivers expressed in relative percentages (Figure 
5). Since the needs have different rank-weights for the different markets in which 
the customer operates, the value drivers also present different rank-weights. 
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Figure 6: Relative importance of Value Drivers (from Paper E). 

Figure 5 shows an extract of the relative importance for the rank-weighted value 
drivers in two different markets. The figure highlights different preferences that 
emerged from the case study. The first market is more oriented towards aspects 
related to operational support, and emphasises dimensions such as availability, 
transportation, serviceability and upgradeability. The second market is more sensitive 
towards fuel costs, quality requirements, and enhanced operator and environmental 
friendliness. Hence aspects such as visibility, fuel consumption, precision in compaction, 
safety, image and internal and external noise are emphasised. 

This information is used to identify value-driving attributes to support the 
generation of early ideas, taking the current platform as a reference. Solutions will 
be further refined by the engineering team, and detailed in a set of Engineering 
Characteristics (ECs). EC are measurable technical properties that differ between 
solutions. At this point, solutions are evaluated against the value drivers in order to 
make decisions about the most promising designs. From the dialogues with 
industrial practitioners the preference for quick what-if assessment loops emerged, 
which could allow exploring several solution concepts in varying future scenarios. 
By analysing the effect of alternative design options in a number of simulated 
operational contexts (characterized by changing rank-weights for the value drivers), 
designers can identify trends and discuss which aspects contribute to the overall 
value of a design. Several conclusions can be drawn by observing such trends. 
Certain EC may be found to marginally impact value provision even when moving 
between two extremes. Others may be found to be particularly sensitive and cause 
large changes in the overall value provision, even for small excursions. 
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5.5.1 CODA matrix for value assessment  
The empirical study highlighted the predominance of non-linear relationships 
between customer value and changing ECs, a phenomenon well recognized in 
literature (Andersson and Sullivan, 1993, Kimita et al. 2009). The COncept Design 
Analysis matrix (Wooley et al. 2001, Eres et al. 2014) was then chosen to support 
the mapping between VD and EC, mainly for its ability to capture these 
relationships through the use of non-linear functions to obtain a single design 
“merit” for a design concept. 

CODA, which is an extension of Quality Function Deployment (Akao and Mizuno 
1994), adopts four types of “merit functions”: Maximization (Max), Minimization 
(Min), Optimization (Opt) and Avoidance (Avo). In the CODA matrix, a level of 
correlation between VD and EC are also linked by correlation coefficients that can 
be strong (0.9), weak (0.3), minimal (0.1) or non-existing (0). Once relationship type 
and correlation are set, a Design Merit score is computed at each intersection, using 
different mathematical formulas for each function. The Design Merit score 
represent a surrogate indicator for the value of a design and is expressed in form of 
‘percentages’ that varies between 0 (lowest value) and 100% (highest value). 
Aggregating the scores at each intersection, using a weighted average that considers 
the VD rank-weights, a Total Design Merit is obtained that represents the value of 
a design concept.  

One of the aspects that emerged during the application of the CODA matrix in the 
real industrial case presented in Paper E is the difficulty of engineers to capture the 
rationale behind the correlations coefficients and merit functions. This was found 
to limit the ability of using the matrix as discussion facilitator (hence to act as a 
boundary object), since team members do not have access to the rationale that is 
really behind the information provided at each VD/EC intersection. For this 
purpose, the interactions with practitioners suggested the adoption of a “shadow” 
CODA matrix to be used before its numerical computation. This step aims at 
gathering and summarizing all existing relationships between VDs and ECs using a 
narrative form. The purpose is to collect knowledge about the solution from the 
different disciplines involved in the design activity, and to make assumptions 
explicit. The presented methodology complements the CODA matrix with the use 
of this “shadow” narrative matrix, which is believed to better capture assumptions 
and facts from the different professionals involved in the assessment activity. 
Another difference between the version presented in this methodology and the 
original CODA matrix (Wooley et al. 2001) is that it adds the matrix that correlates 
the list of needs and expectations for the different markets to the set of rank-
weighted Value Drivers.    

Figure 7 shows an example of the results from the semi-quantitative value 
assessment run for four design options (in four different markets) during the 
empirical study. The results for the analysis along each value driver can be also 
displayed, allowing a breakdown of the total design merit of the design in order to 
highlight the areas that most contribute to the overall value of the solution. 
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Furthermore, the team has access to the “shadow” narrative matrix to be used as a 
complement to understand the rationale behind the coefficients and functions.  

 

Figure 7: Results from the semi-quantitative value assessment (CODA). 

The results of the semi-qualitative assessment can be used to assess if there is a 
clear-cut preference for an option in the given markets, and if results differ. The 
results along the single value drivers can also be discussed, and complemented with 
the narratives created during the process. The results are assessed and analysed, and 
decisions are made that result in actions about the generation of new options or the 
improvement of the existing ones. Importantly, the matrixes generated serve as 
point of reference for the next assessments as well.  

5.6 Quantitative assessment loop 
From Paper C and Paper E, decision gates in the later stages of the conceptual 
design process are better supported if value aspects are quantified in monetary 
terms. The quantitative assessment loop is intended to support the design teams in 
computing the economic gains (or losses) related to a given design concept. 

The idea of computing design alternatives based on a monetary value function, 
which is able to account for the value delivered by a system, is not new in the 
research community. For example, Value Driven Design (VDD) (Collopy and 
Hollingsworth 2011) is a movement that intends to improve systems engineering 
practices by leveraging the potentials of design optimization through the 
computation of an objective financial function. The possibility of running 
mathematical optimization opens up the possibility to explore and evaluate more 
designs than what a design team is actually capable of considering today, given the 
timeframe of a project (Collopy and Hollingsworth 2011). In the original 
formulation of Value Driven Design, the concept of optimization is crucial to allow 
the possibility to find the ‘best’ design (even an unexpected design) among all the 
feasible designs that meet the requirements. 
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Despite recognizing the potential of the VDD concept, the practitioners involved 
in the research expressed a different preference about the overall aim of the 
modelling activity in order to enhance awareness about value. The application of 
design optimization in conceptual design was found to suffer from a poor level of 
maturity of data and information (Paper D). In this phase, the design team has very 
little knowledge about the design problem (Simon 1979). In this context, it is very 
difficult to trust the results of an optimization model, since it is uncertain if the 
model actually reflects the real design problem at hand. Furthermore, in this phase 
the team has little knowledge about the design alternatives, as they are not 
developed in much detail. To build a reliable model in order to run design 
optimization, the team would have to spend time on acquiring data and information 
about the concepts themselves. In practice, this means that the team has to focus 
on the detailed investigation of a few concepts, which involves design decisions 
about the components that form the sub-system. Hence, the development time to 
dedicate to the exploration of radical design concepts has already passed, resulting 
in the fact that the model built for optimization purposes could only be used for 
the detailed design phases. 

In this regard, practitioners expressed a preference to use the modelling activity as a 
way of learning about the design problem and the alternatives that they generate. 
Designers foresee a situation where they generate concepts, detailed in a few sets of 
engineering characteristics, and use the value models to learn about how the 
solutions impact the design problem. Additionally, the model can be used to 
simulate different scenarios where the problem to be solved changes. This activity 
would enhance awareness, and would result in decisions about the generation of 
new concepts, or about modifying the existing ones. The use of a monetary value 
function as formalized in VDD was more seen as a way to engage all the 
stakeholders in a practical, convenient measure targeting the whole system lifecycle. 

Within the empirical study this measure that accounts for monetary benefits was 
identified in the Total Cost of Ownership (TCO) (Ferrin and Plank 2002) 
definition, as in the construction equipment sector it relates the cost of owning and 
operating a machine over its lifetime to the production output (Kannan 2011). 
TCO makes it easy to compare machine sizes and technological solutions (Kannan 
2011), and is suggested to compare different machines within the construction 
equipment sector (Caterpillar 2015). 

The TCO definition was found to be convenient and a well understood metric for 
concept selection. In order to make a ‘go/no-go’ decision about the concept that 
will pass the final selection gate, decision-makers would require numbers about how 
much the customer will economically gain from it. This means for the decision-
makers interviewed in the empirical study to be aware of the extent to which the 
concept enhances the customer’s capacity to reach the required production output 
(e.g. total kilometres of road to be compacted in construction projects) while 
reducing all aspects of costs during the lifecycle. This measure is not only affected 
by the machine’s main performance, but also by flexibility in operation, the working 
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efficiency of operators, equipment availability etcetera. However, this definition of 
monetary value was adopted within the empirical study and should not be seen as a 
unique answer for the definition of a systems’ value function. Eventually other 
system value functions could be more suitable in other applications outside the 
construction equipment sector. Nevertheless, the potential to adopt a TCO-based 
approach within the empirical study was perceived as a relevant area to investigate. 

The construction equipment industry has already developed models for TCO cost 
control. However, these models are based on machines already present on the 
market, and do not account for variations in sub-system concepts. Additionally, 
such models do not account for the complete cost items that customers incur, such 
as transportation, setup, penalties and fees, and end-of-life costs. Furthermore, they 
do not account for variations in the customers’ operational processes, such as 
different application features (i.e. total amount to be compacted per project, 
percentage of edge following during compaction) that have different impacts on the 
monetary benefits of design alternatives. This aspect is also confirmed by literature 
(e.g. Roda and Garetti 2014; Settanni et al. 2014). Monetary benefits are related to 
the particular scenario in which a new system/sub-system operates. For example, 
an asphalt roller is used for completing different tasks: common applications are 
parking lots, large arterial roads, roundabouts and residential areas. Furthermore, 
compaction performances differ in different countries (which sometimes show 
similarities and are grouped into regions) due to climate, asphalt type, support 
infrastructure etc. The proposed methodology includes these aspects, and adds the 
possibility to account for the different operational scenarios in which the customer 
operates. The first step in the assessment loop is to identify scenario dependent 
parameters that affect the calculation of TCO. These parameters can be related to 
the application type features (e.g. road dimensions, number of roundabouts), 
country (e.g. fuel price, operator wages), or to the company structure, which may 
have an impact on the availability of personnel for service interventions. 

Figure 8 shows a schematic representation of the process for quantitative 
assessment described in Paper E. 
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Figure 8: Quantitative assessment loop. 

One of the aspects emerging from the dialogue with practitioners is the preference 
for assessing value in relative terms, rather than obtaining an absolute calculation 
for the TCO of a solution. The industrial practitioners preferred the possibility to 
assess different concepts based on the TCO saving of different design options 
compared to a concept taken as baseline. 

The quantitative assessment loop (Figure 8) was suggested in Paper E to 
systematically work in order to turn the qualitative relationships from the previous 
analysis into a TCO measure. The quantitative TCO model is based on a 
comprehensive list of TCO elements that intend to cover all the cost items that 
customers incur during the ownership of a product. 

𝑇𝐶𝑂 = !"#$!!"#$!!" !(!"!!"!!"!!"#!!"!!"!!&!)
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!
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                (3) 

The main cost items considered in the TCO model are mainly derived from the 
work of Ferrin and Plank (2002), and adapted to fit the application in the road 
construction equipment industry. Table 1 clarifies the acronyms used in equation 
(3). 
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Table 1: Main items in the TCO model with description. 

Cost Item  Acronym    
Ownership cost    
Depreciation cost  DEPc Refers to the capitalization of the 

acquisition cost of equipment over its 
economic life. 

 

Financial cost FINc Refers to other financial costs such as 
interest on loans and taxation reduction.  

 

Overheads  OH Refers to personnel-related costs (such 
as training, and recruitment), logistic 
costs and insurance costs. 

 

Decommissioning cost DECc Refers to costs sustained by the customer 
to decommission the machine in case it 
is not sold second hand. 

 

Resale value  RV Refers to the cash flow generated by 
selling the machine second hand. 

 

Operating cost    
Fuel cost Fc Refers to the amount of fuel used during 

the compaction operations and relocation 
to other compaction sites. 

 

Operator cost Oc Refers to labour and other costs with 
regards to individuals operating the 
machine and its supporting equipment.  

 

Setup cost Sc Refers to the preparation and inspection 
of the machine before and after work 
shift. 

 

Wearing and maintenance 
cost 

WMc Refers to labour cost, cost of spare parts 
and cost of downtime with regards to 
planned maintenance operations. 

 

Repair cost  Rc Refers to labour costs, cost of spare parts 
and cost of downtime with regards to 
unplanned stops.  

 

Logistic cost Lc Refers to transportation costs, parking 
costs and other costs related to support 
services. 

 

Penalties and fees P&F Refer to delay-related, quality-related, 
accident-related and environmental-
related costs (such as penalties, fines, 
legal actions, absenteeism).  

 

 

To be noted, these TCO items reflect monetary contributions of a design along the 
entire lifecycle, and are intended to “speak the language” of different organisational 
functions (i.e. marketing, engineering, logistic, aftermarket, finance). Furthermore, 
they are independent from the sub-systems solutions being assessed. In particular, 
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not all the cost items need to be quantified in the assessment process. The 
advantage of comparing options to a baseline is that calculation of some TCO 
elements can be neglected if no difference is found between the alternatives and the 
baseline on a specific cost item. Nevertheless, this list of TCO elements and 
equation (3) serve as reference point from which any sub-system assessment can 
begin. Whatever sub-system is analysed, there is always the same understanding of 
the monetary benefit of a solution. This enforces the role of a quantitative value 
model to act as boundary object, since it is easier to use it as discussion facilitator 
between professionals working in different areas. 

In order to enable the calculation of the TCO contributions of sub-system 
alternatives, the methodology suggests design teams to look at all the activities at 
the customer site that could be impacted by the sub-systems under analysis. 

5.6.1 Identification of relevant lifecycle activities and TCO 
drivers     

Since designs are benchmarked to a baseline design, some activities and TCO items 
could be neglected for a specific assessment if no relative difference between 
alternatives is found. At the same time, some activities may require further 
breakdown, if relative differences in TCO are found to be driven by a sub-activity. 
Setting up a process model of the customer’s operations is proposed in order to 
create a shared representation of the operational process (e.g. “a typical day at the 
customer site”). The author made use of a Business Process Modelling Notation 
(BPMN) (Aguilar-Saven 2004) in order to create such representations. The use of 
BPMN is motivated by its popularity in systems engineering for representing 
processes (Aguilar-Saven 2004). The use of these representations is intended to 
support the design team in highlighting the phases in the customer’s operational 
process where value is created, and to discuss if perceptions differ. 

Figure 9 show a simplified representation of a process model used to identify 
relevant activities for the sub-system assessment performed in the empirical study. 
From the qualitative assessment, no clear-cut difference was found between options 
and TCO items related to the setup and parking activities. These have therefore 
been neglected for the TCO assessment of the sub-system under analysis (the 
transparent boxes in Figure 9). Nevertheless, options were found to have different 
impacts on the actual operation phase (i.e. compact asphalt). Different options were 
believed to have an impact on the visibility of the drum edge for the operator, and 
this was found to lead to a better precision in compaction (with less operational 
inefficiencies). However, this need for precision was not impacting the whole 
operational phase, but was found to have a sensible, quantifiable impact only when 
the roller is compacting asphalt following the edges of the laydown pavement. 
Hence, the activity ‘compact asphalt phase’ has been broken down into two sub-
activities, distinguishing between when the roller is compacting asphalt far from the 
laydown pavement edge, and when the roller is following edges. 
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Figure 9: Simplified process model for activity identification. 

When the relevant activities for the assessment have been identified, the design 
team has to identify the TCO drivers that need to be calculated. TCO drivers are 
any factor that causes a change in the cost of an activity (Porter 2008). In the 
empirical study, these drivers have been identified for example in the net utilization 
time for the machine, the number of transport operations between construction 
sites, or the spare part utilization during the machine’s lifetime. 

When TCO drivers and activities are identified, the design team has to model the 
relationships between the sub-system options to the TCO items, in order to enable 
a monetary estimation. The following section summarises the principal steps to 
perform. 

5.6.2 Model relationships between sub-systems and TCO 
drivers   

When TCO drivers are identified, the design team has to adopt a quantification 
strategy in order to calculate the TCO contributions of the sub-system options 
under analysis. This requires the team to first model the relationships between the 
sub-systems to the whole system. Secondly, the system parameters have to be 
modelled and linked to the TCO drivers in order to obtain a single monetary 
measure. 

In Paper E, practitioners expressed the preference to adopt a functional model as 
representation tool in order to model and link sub-system properties to system 
parameters. A sub-system contributes to value by performing functions. One issue 
is that the functions of a sub-system can often not be linked directly to the 
parameters of the whole system, but are connected through a series of sub-systems. 
The use of a functional model was perceived to be a powerful visualization tool to 
establish these relationships, and to quantify these contributions through the 
definition of physical/geometrical functions, adopting the same kind of approach 
used during the current working practice of engineers (i.e. sizing). Another issue is 
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that modifications on a sub-system could negatively impact other sub-systems, 
which in turn perform functions and impact the overall value provided by the 
system. A functional model was believed to be a powerful tool to visualize and 
discuss such relationships, by looking at the value provided by each of the sub-
systems under investigation. 

Figure 10 is intended to exemplify how a team should work with a functional model 
in value assessment. The model used in the industrial case was adopted from the 
Functional Flow Block Diagram (Blanchard and Fabrycky 1990). The example 
shown in Figure 10 is about a design team exploring the possibility to adopt an 
engine with higher power (expressed in kW). The team represents the functional 
model, highlighting the fact that the engine provides functionality by driving the 
hydraulic transmission, which rotates the front drum that compacts the asphalt. 
The parameter selected for the main function provided by the whole system is the 
compaction speed (expressed in km/h). The team proceeds to find other 
relationships between the engine and other sub-systems. The team highlights the 
fact that the engine hood contains the engine. The model highlights a design trade-
off: if the engine power is increased, the size of the engine also increases (in the 
engine under analysis). This results in an increased volume of the engine hood. The 
engine hood however impedes the visibility of the drum for the operator. Hence, an 
increase of the engine hood volume reduces the visibility of the drum for the 
operator. This worsens the overall machine performance (since the operator is 
forced to slow down the roller, or to correct its direction in order to have control 
over the compaction operation). 

 

Figure 9: Simplified functional model for an asphalt compactor. 

The adoption of the functional model is intended to support the design teams in 
two ways. First, it enables discussion and understanding of how to quantify the 
relation between the sub-system parameter (engine power) and the system variable 
(compaction speed). The linking functions (drives, rotates, compacts) can be 
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quantified using functions present in existing engineering models used for engine 
sizing. Second, it helps to highlight the trade-off with the engine hood, which has 
an impact on the value contributions at the whole system level. In this context, the 
model helps to discuss the relationships between the engine hood volume, the 
visibility of the drum and the negative effect of slowing down the roller in the case 
of poor visibility of the drum. The idea is also to highlight the fact that these 
relationships may not be easily quantifiable, and are not accounted for in the 
company’s current engineering models. Hence, design teams have to start 
discussing a strategy (i.e. an expert-defined function) for the quantification of these 
relationships. 

When the relationships between the sub-systems’ parameters and the variables at 
the system level are defined, the team has to define how the systems’ parameters 
relate to the TCO items and the equation (3). 

5.6.3 Develop performance models and calculate TCO  
The information and representations collected in the previous stages of the 
methodology are then integrated in order to calculate and aggregate the different 
TCO items in a single monetary measure. In order to calculate the cost items, 
lifecycle performance models must be developed whenever necessary. These 
performance models take as input the information collected in the previous phases: 

• The relationships between scenario dependent variables and TCO drivers. 

• The relationships between system parameters and TCO drivers, identified 
through the process model. 

• The relationships between engineering characteristics of the sub-system 
under consideration and the system parameters, identified through the 
development of the functional model. 

This part is the most data-intensive and time consuming for the sub-system 
engineering team, and it requires input and knowledge from everyone involved in 
the cross-disciplinary design team. The scope of the analysis in this phase is not to 
obtain an absolute TCO measure of a sub-system solution, but rather to compare 
TCO gains (or losses) taking the baseline design as reference. In this case, 
parametric and analogous estimations can be adopted for the TCO calculation 
(Asiedu et al. 2010). In some cases, general ‘multiplying’ factors between parameters 
could be based on expert opinion. Three performance models have been developed 
in the empirical study presented in Paper E and implemented in MS Excel: 

• An operational (compaction tasks and transportations) model. 
• A wear and maintenance model. 
• A repair model. 

The data gathered in the preliminary design may suffer from a poor level of 
maturity and reliability. One of the aspects emerging from the application of the 
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quantitative assessment in the empirical study is the great number of expert 
judgments and assumptions that have to be made in the calculation of the 
performance models. The quantification of value contributions at these stages 
becomes permeated with uncertainty and ambiguity, as data and facts are often 
lacking. These problems could be mitigated in the value modelling process adopting 
additional strategies and methods. The author will come back to this subject later 
when presenting the future work. 

When the TCO items have been calculated, they are aggregated for the different 
options under analysis. Gains (or losses) in terms of TCO can be highlighted at the 
decision gate. The team has the possibility to break down the TCO calculation by 
tracing the contributions along the different TCO items. The results of the 
quantitative assessment are not only intended to be used within the design team, 
but also to foster the dialogue with customers and stakeholders by presenting the 
results about the most value-adding designs in a given market. 

 

Figure 11: Results from the quantitative assessment loop. 

The model between the operational scenarios and sub-system design parameters 
can enable ‘what-if’ analyses by simulating the impact of future scenarios on the 
most value-adding design options. These future scenarios can take the form of, for 
example, an increase of road construction projects in a particular application type, 
or projected increases in fuel price. Changes in regulatory constraints could also be 
simulated, for example simulating a future scenario where new regulations that 
decrease the thresholds for noise emission are introduced. 

The results of the qualitative assessment can be used to assess if there is a clear-cut 
preference for an option in the given markets, and if results differ. The results 
relating to the different TCO items can also be highlighted. The material from the 
qualitative assessment loop is also presented at this stage, in order to allow room 
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for more subjective decisions. The results are assessed and analysed, and decisions 
are made resulting in actions. If the quantification of value offers a clear-cut, robust 
preference for an option, the conceptual design phase is closed and the winning 
concept is selected for the detailed design activities. In this case, the design team is 
asked to document the results of both the qualitative and quantitative assessment in 
a value report. Otherwise, design teams are asked to run another iteration of the 
quantitative assessment loop. Designers could be asked to improve the options, or 
to test and validate relationships between design parameters and TCO items. 

5.7 Study of the effects of a qualitative value model 
From the descriptive studies in Paper B and Paper C a preference emerged for 
engineers to receive more information that clarifies the underlying context and 
intent of design requirements. Design requirements were found to give only a 
partial indication about the designs with the highest potential from a value 
perspective. Furthermore, the necessity of facilitating cross-boundary knowledge 
sharing was found to be a crucial factor to widen the engineers’ perspectives about 
the needs and expectations to be met. Through studies in Paper C, Paper D and 
Paper E, the use of ‘value models’ was proposed to meet these needs and hence 
improve design decisions. The use of a model-based representation was 
hypothesized to force team members to spend more time on conceptual design, 
discussing the underlying context and intent of design requirements. The studies in 
Paper C and Paper E proposed the use of a semi-quantitative value model to 
support this discussion, acting as boundary object to enable a shared understanding 
of the design problem and possible design solutions. The investigation of the role 
of boundary objects in design is a matter of pointing to “how subtly, fluently and 
effortlessly designers negotiate common ground” (Larsson 2003 p.156). Although this type of 
evaluation may be challenging (Carlile 2002), literature points to the necessity of 
testing and investigating the role of objects in facilitating collaborative work in 
design (Bucciarelli 2002). This need for testing is also stressed by researchers 
involved in the development of value driven approaches (Soban et al. 2011). Soban 
et al. (2011) propose that value is the most intuitive criteria to improve decision-
making in design, mainly because, in the words of Hazelrigg (1988) “values tell 
engineers what you want. Requirements only tell them what you don’t want”. Building on this 
assert, value as decision criteria is intended to change the designers’ cognitive 
behaviour, compared to the use of requirements. These hypotheses would require 
testing and evaluation activities, alongside the development of design supports 
(Collopy 2012). 

The research work has included validation activities in order to gather and analyse 
data about the effectiveness of using a semi-quantitative value model as boundary 
object. Experiments with students in design sessions were organised to evaluate the 
designers’ behaviour when using such models, in comparison to requirement 
checklists. The focus of this study was to evaluate the differences in the designers’ 
behaviours when using a model-based representation for value compared to the use 
of a requirement-based representation. The value model chosen for testing was 
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inspired by the CODA method: simplified Design Merit scores were provided at 
each VD vs. EC intersection. The setup and results of these experiments are 
summarised in Paper C. Here the following two hypotheses were tested: 

H1: Value related information enhances the discussion about the design problem in conceptual 
design, compared to a requirement-based assessment. 

H2: Value models are more effective boundary objects compared to requirement checklists, because 
they facilitate collective discussions in design teams. 

Hypothesis H1 was tested by coding and analysing the experiments with the use of 
protocol analysis (Gero and McNeill 1998). Hypothesis H2 was tested by analysing 
the experiments adopting an ethnographic approach (Anderson 1997) (Larsson 
2003). 

The experiment featured the analysis of design episodes in a laboratory setting and 
involved 22 students from the mechanical engineering, industrial economy, and 
sustainable product-service system innovation Master Programmes. The students 
were randomly divided into six teams and tasked to redesign the front frame and 
drum of a small asphalt compactor. In order to do so, they were given initial 
information about two alternative options, a baseline design and an innovative 
concept. The challenge had a PSS orientation, with the business scenario 
considering a shift in ownership structure from a ‘one-sale’ model to a functional 
offering: here customers pay proportionally for the provided functionality (i.e. 
compacted square metres), while the manufacturer retains ownership of the 
equipment and ensures availability of the function by taking care of maintenance 
and repair operations. The design sessions featured a 20-minute introduction, 
followed by a 25-minute design session where the teams were tasked with analysing 
the design problem and generating solution ideas. The experiment ended with 20 
additional minutes to allow the teams to refine their ideas and document their final 
concept. Audio and video recordings were analysed adopting a modified version of 
the coding scheme proposed by Gero and McNeill (1998). Table 2 shows the final 
coding scheme. 
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Table 2: Micro strategies adopted for the study and their categories. 

Name  Code 
Analysing Problem A 
Analysing a problem  AP 
Questioning a problem AQ 
Justifying a problem  AJ 
Agreeing to a problem AA 
Disagreeing a problem  AD 
Evaluating a problem  AE 
Analysing previous evaluation  AAE 
Analysing previous representations  AAC 
Proposing a Solution S 
Proposing a Solution SP 
Clarifying a proposed Solution SC 
Retracting a previous solution  SR 
Making a design decision SM 
Postponing a design action  SPO 
Looking ahead  SLA 
Looking back  SLB 
Analysing Solution Z 
Analysing a Proposed Solution ZA 
Justifying a proposed solution ZJ 
Justifying a proposed solution through previous 
evaluation  

ZJE 

Calculation on a proposed solution  ZC 
Postponing an analysis of action  ZP 
Evaluating a proposed solution  ZE 
Explicit Strategies E 
Referring to Application Knowledge EA 
Referring to Domain Knowledge EK 
Referring to Design Strategy ES 
Preparing Documentation P 
Making depictions PS 
Look at own depictions PL 
Making annotations PM 

 

As input, all teams received simplified CAD representations of the frame and drum, 
for both the baseline and the new design. The latter differed in terms of six 
engineering characteristics (e.g. material, geometry, lighting power) related to five 
key machine sub-systems (drum, frame, engine hood, scrapers, lights) and because 
of the addition of new components (two video cameras directed towards the drum 
edge). 

Participants received further information in the form of an assessment report, 
which differed among the teams (Table 3). Three teams received as input 
information a requirement checklist (Figure 3-a), while the remaining three groups 
based the assessment on value drivers (Figure 3-b). Both reports featured an initial 
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set of eight customer needs. For the first three teams, these were translated into 
eight target requirements at machine level, and further detailed in 51 target 
requirements for the different machine sub-systems under consideration. For the 
remaining three groups, they were cascaded down into ‘value dimensions’ and 
‘value drivers’, which were generated according to the definitions given by Eres and 
others (2014). Value dimensions, which mapped 1-to-1 on the initial need list, were 
cascaded down to 16 value drivers (e.g. manoeuvrability, energy consumption, 
visibility during day and night). The value contribution of each sub-system along 
each value driver was provided using a one to nine scale. A score between six and 
nine meant that the new design was found to be more value-adding than the 
baseline solution. A score between one and four meant it was less value-adding. A 
score of five meant that no difference was found between the two. Table 3 gives an 
excerpt of the two assessment tables. 

It is important to note that the information contained in the report highlighted 
different directions for the improvement of the design of the frame and drum, 
based on the six engineering characteristics. In the assessment report, the need to 
“increase productivity” was translated into a requirement “the frame shall weight 
more than 800 kg” (Table 3-a). Conversely, the need to “increase compaction 
quality” was translated into the requirement “the frame shall weight less than 400 
kg”. The purpose was to analyse how the teams approached the analysis of this 
trade-off, since the current status of the weight was set to 700 kg. The same type of 
trade-off was highlighted in the value assessment report. The current weight of the 
front frame (visible in the CAD model) has been improved from the previous 
version (500 kg). The information given to the design team in this case was that this 
choice had a positive impact on “increase productivity”, but a negative impact on 
“increase compaction quality”. The purpose of this was to study how design teams 
dealt with the resolution of such trade-offs in the design of the new frame and 
drum. 

Table 3: Excerpts from requirements checklist (a) and semi-quantitative value 
model (b).  

(a) 
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The Frame shall weight more than 800 kg 700 kg

The drum width shall be of 1000 mm 1000 mm

The Frame shall weight less than 400 kg 700 kg

The Drum shell finishing shall be less than 0.02 mm 0.02 mm

The plan (upper) area of the Front Frame shall be of a trapezoidal form 
less than 500000 mm^2 

700000 
mm^2

The width of the rear part of the Frame shall be less than 300 mm 500 mm

The plan (upper) area of the Engine Hood shall be of a trapezoidal form 
less than 500000 mm^2 

663765 
mm^2

The width of the rear part of the Engine Hood shall be less than 300 mm 500 mm

The luminous efficacy of the lights shall be more than 80 lumens / Watt 60 
lumens/W

One light shall point on the compaction point and the drumshell NO

The rear part of the drum shall be of 700 mm 1000 mm

A camera shall be installed pointing to the drum edge and the compaction 
point YES

The cameras shall not impede the movement in operation NO

Current state of the requirement

Increase 
compaction 
quality

The machine shall be 
able to compact asphalt 

with high degree of 
finishing

Reduce 
operational 
inefficiencies

Increase 
productivity

The machine shall be 
able to compact an area 
of 4 square meters and 

50 mm deep in one pass

The driver shall 
perform one 

kilometer 
compaction in a 
narrow city area 

without stops
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(b) 

 

5.7.1 Results from Protocol Analysis  
The experiments show that the teams using value reports spent on average more 
time on the Analysing Problem macro strategy compared to the teams using the 
requirement checklist (+8% in absolute terms). 

Overall, teams using the value assessment report spent significantly more time on 
the following micro strategy: 

• Analysing previous evaluation (+6.6% in absolute terms). 

• Using the assessment report during the analysing problem macro strategy (a 
ratio of 57.9% for the value report, 50.5% for the requirement checklists). 

• Justifying proposed solutions through previous evaluations (+2.9% in absolute 
terms). 

• Referring to design strategies (+3.7% in absolute terms). 

In turn, the teams using the requirements-based report spent more time on 
Clarifying a solution (3.75%) than the team using a value report. 

The author believes that these results support hypothesis H1: the use of value 
related information enhances discussion about the design intent, which is 
considered crucial to generating awareness about the design problem. The teams 
using the requirements-based report seem to show a tendency of ‘jumping into’ 
solutions earlier and spend more time on the clarification and analysis of the 
detailed technical characteristics of a solution, then going back to the problem 
statement, and referring to own application knowledge to reformulate a new 
proposal. This trend can be observed by looking at the time spent by the teams on 
the four macro strategies for each quarter of the session (Figure 12). The teams 
using a requirement-based report had the tendency of proposing and analysing 
solutions during the first half of the experiment, while the teams using value reports 
tended more towards discussing the problem statement in the first half. 
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Increase productivity Compaction 
capacity Square meters compacted 8 5

Increase compaction quality Compaction 
quality Quality of compacted asphalt 3 9

Visibility of drumshell & compaction 
point 9 7 5 9

Visibility of sorroundings during day 
& night 9 6

Manoeuvrability 8 5 2

Reduce operational inefficiencies Operational 
Efficiency
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Interestingly, they still spent more time on analysing the problem in the second half 
of the experiment as well, although they focused more on proposing solutions. 

a) Analysing problem b) Proposing a solution 

  

c) Analysing solution d) Explicit strategies 

  

Figure 12: Trends in activities in the design session quarters. 

5.7.2 Findings from the Ethnographic study  
The transcripts and the video recordings were cross-analysed in order to discover 
the role of the semi-quantitative value model in facilitating cross-boundary 
discussion about value in conceptual design, compared to a requirement checklist. 
From Paper C, this means for the value model to facilitate the collective resolution 
of design trade-offs. 

The ‘engine hood’ transcript reported in Paper C gives an example of how the 
requirement checklist was a good support for the identification of design trade-offs. 
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Simplified transcript #1: Engine hood 
S#3: “let’s see the engine hood [analysing the table]… maybe it is this shape [pointing to 
upper area of the engine hood in the CAD model]… so the area and also the weight… it 
should not weigh more than 100 kilos, and now it is 130 [pointing at table]” 
S#1: “so we could extend this curve further down here [pointing with a pen to the CAD 
model, extending the current profile of the engine hood]” 
S#2: “But as you said, if we do like this profile [mimics the same change in the profile of 
the engine hood in the CAD model], we have less volume… because we have decreased 
the volume also… and it has to be more than 0.8 cubic metres, and now it is 0.6… 
[pointing at requirements checklist]” 
S#1: “oh, yeah, that’s a problem…” 

This team, working with the requirement checklist as a basis, was able to identify 
the trade-off, but the information contained in the requirement checklist did not 
trigger a thoughtful discussion about its resolution. The other team, using the value 
assessment report in the ‘front frame’ example reported in Paper C, showed a 
different pattern of behaviour: 

Simplified transcript #2: Front frame 
S#1: “The quality of compacted asphalt is worse than before [pointing at table] … it [the 
front frame] is now 700 kilos and the compaction quality is worse…” 
S#2: “well, perhaps that one is related to… the weight… we have more weight in the 
front frame now [pointing at CAD model]” 
S#4: “so… the productivity goes up, but the quality goes down [pointing to the 
“compaction capacity” value dimension and the “square metres compacted” value 
driver] … how can we increase the quality?” 
S#3: “…well, by decreasing the weight?” 
S#1: “if we increase the weight… the quality will go down, but the capacity will go 
up…” 
S#4: “but aren’t these rollers used to compact very small areas anyway?” 
S#1: “true. Maybe we should focus on [improving] quality, not capacity…” 
S#4: “So we should go down to 600 kg, go in the middle…” 

Connecting the scores in the assessment report to the ‘value dimensions’ and ‘value 
drivers’ helped the team to place the design trade-off in the customer context. In 
particular, S#4 and S#1 link the value drivers to information received verbally in 
the author’s initial presentation of the session. The fact that the customer uses the 
rollers in “very small areas” (solution-independent context) drives the students to 
prefer compaction quality over capacity and decide to decrease the weight of the 
front frame from its current status. 

The potential of the ‘value dimensions’ and the ‘value drivers’ to act as means of 
translation for engineers to be aware about the capabilities required in a sub-system 
solution was also highlighted in the ‘easy to clean’ and ‘wear resistance’ example 
offered in Paper C. In particular, the value drivers, being independent from sub-
system solutions, and covering many aspects of value seem to have created a 



5. A Model-Based Methodology for Value Assessment in Conceptual Design 
 

 67 

“shared language” (Bucciarelli 2002) (Carlile 2002) between the students. The 
students used this information to guide both the generation and the collective 
analysis about the benefits of the proposed solutions. In the example, the four 
students split in two groups at the 30th minute of the design session. One group 
uses the value model to generate a solution: 

Simplified transcript #3: Easy to clean and wear resistance 
S#1: “what is the problem with the camera? [pointing at table]” 
S#1: “So there is a problem with cleaning… it is hard to clean the camera… and it’s 
hard to maintain this [pointing at table] … so it’s not very reliable… so changing these 
external cameras to internal cameras instead [pointing at CAD model] … when you can 
protect them by placing them inside… it could help…” 

At minute 35, the two groups gather again and use the value model instead to 
collectively analyse the benefit of the proposed solution: 

S#1: “We just came up with the idea of positioning the camera inside the hood instead of 
having it like… sticking out… because this part here [pointing at CAD] will make it very 
hard to clean and it’s not very reliable… and you cannot really steer because it sticks 
out” 
S#3: [pointing at table] “Why did you choose that? I mean… to solve which problem on 
this?” 
S#1: “The manoeuvrability [pointing to “manoeuvrability” in the “value drivers” 
column]… the easiness to clean… this part [moves and points the pen to the “easy to 
clean” value driver]… and this one, the wear resistance [points to the “wear resistance” 
value driver]… so we just came up with an idea” 
S#3: “okay, then we focus on these [pointing at table]” 

Here the value model acts as boundary object, as different members use it for 
different purposes. The model is used both to propose a solution, and to enable a 
collective discussion about its benefits. Interestingly, the students achieved shared 
awareness through the reference to the value drivers, even if the discussions took 
place at different times (the first discussion was at minute 30 and the second at 
minute 35) and the students were working separately on the proposed solutions. 
This enforced the ability of the value drivers to act as boundary objects, as they 
facilitated shared awareness through space and time (Carlile 2002). 

Since the value drivers (e.g. manoeuvrability, ease to clean, wear resistance) are 
independent from the solutions being proposed and analysed, they can serve as 
reference point for the design team. Regardless of which solution is proposed or 
analysed, there is always the same understanding of what creates value for the 
stakeholders. Potentially, the same value drivers (manoeuvrability, ease to clean, 
wear resistance) can also be used to generate and assess other solutions than the 
camera. The same process is difficult to observe using design requirements as 
reference points, as requirements target a specific sub-system solution. 
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5.8 Feedback on the effects of a quantitative value model  
The quantitative value assessment process has been presented to industrial 
practitioners in the form of a focus group. The general process has been described, 
together with the explanation of its main features through the use of examples 
based on a company’s context. The examples took a small asphalt roller as 
reference. Importantly, no theoretical concept about coordinative artefacts or 
boundary objects was mentioned in the presentation. The participants were allowed 
to talk freely; the author subsequently analysed whether the patterns emerging from 
the transcripts matched the hypotheses used for the evaluation of the qualitative 
value model or not. 

5.8.1 General applicability of the methodology 
Current models for TCO assessment used in the company are based on machines 
already on the market, and are mainly used by dealers to simulate, discuss and 
reason with customers in order to guide them to making the right choice of 
machines. They do not account for variations in sub-system designs. Due to the 
additional consideration of sub-system levels, the presented quantitative assessment 
methodology also allows for assessing new solutions, which is not possible using 
current cost control models. 

The quantification based on the generic list of TCO items allows designers to have 
a clear, shared picture about monetary value contributions of sub-system design 
solutions. One of the aspects raised by one of the respondents is the ability of the 
methodology to promote a stronger focus about all the monetary benefits of a 
solution, extending the engineers’ awareness beyond manufacturing costs and 
performance. 

Interview excerpt #5: 

“Here I think we have a little bit to improve, still. So that you could simulate and assess the value 
of different sub-systems […] and to set the selling price after that, rather than setting the price after 
the manufacturing costs. And to do that during the development, not just when you are sitting with 
the customers and motivating the price.” 

Practitioners stressed the potential of the methodology to assess and compare the 
value and manufacturing costs of different sub-systems, in order to direct design 
activities towards the improvement or change of sub-systems with higher potential. 
Sub-systems with low value contribution compared to their manufacturing costs 
can also be highlighted, resulting in design actions to either redesign or remove the 
sub-system or component. This could lead to the decision of increasing the selling 
price for the machine, as it contains solutions that help the customer to save money 
along the lifecycle. However, one of the respondents reported that this may not 
always be the case. While this could be true for components sold as optional extras 
(hence sold upon request), the basic price for a machine is often determined by the 
competitive situation of the market, and is ‘fixed’. This means that improving an 
already existing sub-system (for example through narrowing the shape of the engine 
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hood) may not always be related to an increase in the machine price. Nevertheless, 
this improvement could be necessary to enhance the company’s attractiveness on 
the market, even if it cannot be translated directly into an increase of the machine 
price. This increased attractiveness could eventually result in an increased sales 
volume. Increasing the sales volume by means of adopting more value-adding 
solutions is not modelled in the current methodology, hence designers risk losing 
awareness of this aspect by only focusing on possible TCO savings. The industrial 
practitioners suggested to include this aspect as a further improvement of the 
methodology. 

Nevertheless, an increase in price can be justified by the implementation of 
“technological leaps” (in the words of one respondent), technologies that radically 
increase the value provided to the customer. This is seen as the area where the 
application of the methodology can have the highest potential. The value modelling 
methodology will not target the analysis of small design variations of existing sub-
systems (for example, a difference of 100 millimetres in drum width), in order to 
see differences in TCO through the development of highly sophisticated cost 
models. In conceptual design many uncertainties are present, and to do a detailed 
cost accounting would have little meaning in such a context. 

Interview excerpt #6: 

“The benefit of a method like this it is more in a predevelopment project, not in a machine project. 
[…] It becomes more useful when we try to find those technological leaps we talked about…” 

Designers perceive the methodology to be most effective in specialized and highly 
innovative projects that target the identification of promising technologies to be 
included in subsequent projects. In this respect, an issue with the current 
methodology is that it is based on a functional model, which is built on an existing 
technological platform. When using a functional representation in modelling radical 
solutions, the model could change significantly, as the technological platform is 
subjected to radical modifications. This leads to challenges when handling the use 
of such models, and to adopt them effectively in the course of the design. Platform 
configuration and management is an area that practitioners stressed as a further 
improvement of the methodology. One way forward could be the generation of a 
modular functional model, with defined interfaces. In this way, it would be possible 
to ‘drag and drop’ sub-systems from the current functional model. Practitioners 
reported their interest in assessing the effects on monetary value and manufacturing 
cost by modifications on the overall technological platform. Furthermore, it would 
be appealing for practitioners to identify if a change in platform configuration also 
targets new value contributions compared to the current configuration. 

5.8.2 Quantitative value model as boundary object 
The list of cost items in the TCO model was perceived to provide a reference point 
for a design team in order to assess the value of a design concept from an 
economic point of view. Additionally, the ability to quantify value contributions 
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through the combination of a functional model and an operational scenario model 
is perceived to help the entire team to gather around the same object, and to engage 
the stakeholders in a single design domain: 

Interview excerpt #7: 

“It is more about to be able to reason around that, but you need something where you can see the 
value and the cost today in order to start, then you can consider new technologies, other technical 
solutions, radical changes… and you need to grasp them in a more systematic way… I see that as 
an opportunity for designers. But then it becomes very important to be able to understand which 
items are affected […] maybe not in much detail […] but more as better or worse, with some kind 
of quantification where you can see some changes”. 

The respondent highlights that the value model does not need to be accurate in 
order to be effective. This is very similar to what was reported by Star (2010) about 
the usefulness of ‘true’ boundary objects. The quantifications resulting from the 
modelling activity are not intended to highlight accurate differences in terms of 
monetary value, but should highlight go/no-go areas in terms of ‘better’ or ‘worse’. 
If a solution really represents a ‘technological leap’, these ‘better’ impacts should be 
made visible by the model. The activity of quantification becomes more of an 
enabler to force the design team to define and estimate quantitative functions 
between solutions and value. This is considered to be particularly important to 
grasp and quantify ‘softer’ aspects of value. One practitioner used the aspect of 
‘visibility’ as an example: 

Interview excerpt #8: 

“If you take visibility, and we define that the benefit of having a good visibility on the machine is 
the ability to drive faster when doing compaction following an edge […] then we agreed that it is 
the only thing that plays a role. After that, we can describe an operational case and estimate 
functions for visibility, so you can simulate and see what it can be worth, in terms of money.” 

This activity can be related to the concept of boundary object. The quantitative 
value model seems to become a shared representation, which designers can 
highlight and point their perceptions about value to in order to start negotiations 
(i.e. “we agreed”): 

Interview excerpt #9: 

“It becomes a matter of daring to define them [Author’s note: relationships between 
solutions and value]… then you can always change these relationships, but if you have them 
defined, it becomes easier to point at them. So it is a matter of systematically doing it while you 
work, I think it is a big benefit”. 

In terms of roles and responsibilities, practitioners highlight that the main 
professionals interested in the results of the quantification activity are those 
responsible for the products towards the rest of the company, particularly towards 
the top management. At the partner company, these professionals are working 
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within the marketing department and are responsible “for the whole functional 
model” (in the words of one respondent), even if they have little engineering 
involvement during the design of sub-systems. 

Regarding the implementation scenario, decision-makers foresee that the 
professionals responsible for the whole product should interact with the designers 
who have technical responsibility for the specific engineering group working on the 
sub-system under analysis. The manager who ‘owns’ and is the market responsible 
for the machine should coordinate with the engineer who ‘owns the sub-system’, 
making sure that the modelling activity is carried out correctly. However, 
professionals from the partner company stress that these two professionals should 
not be responsible for the actual value modelling and simulation. A specialist at the 
company should be responsible for this activity. This role, acting as ‘value analyst’, 
is not yet present in the company. This finding has been confirmed by the 
interaction with the other partner companies in the research profile, as highlighted 
in Paper E. 
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6 Discussion 
This section discusses the contribution of this thesis with regard to other theoretical perspectives, as 
well as some complementary aspects derived from the findings of this work. 

Basic principles of systems engineering (e.g., Blanchard and Fabrycky 1990) assume 
that requirements are clear, and that engineering design is a step-by-step 
transformation of requirements into specifications for a solution. In this work, 
design requirements often do not, or only partially, give a clear indication to an 
engineer about the ‘goodness’ of a design from the perspective of the customers’ 
needs and expectations. Needs and expectations, or what stakeholders value in a 
solution, are interpreted by different people from the target markets to engineers 
working at sub-system levels. All these filters between the collected customer needs 
and the developed product are claimed to skew the understanding of what 
customers really value. Engineers engage in finding technical solutions for a set of 
design requirements, but little information is given about which design is the ‘best’ 
among the designs that meet those requirements, or how one requirement could be 
traded in for the benefit of another. In this context, this thesis identifies the 
engineers’ preference for receiving more information that clarifies the underlying 
context and intent of the design requirements. 

The role of cross-disciplinary communication and negotiation when dealing with 
value-oriented design decisions is an interesting finding of this study. More 
information about the lifecycle needs and expectations does not automatically 
enhance the engineers’ awareness of the value contributions of their design 
alternatives. In a conceptual design phase, information about the design intent, the 
requirements, and the design alternatives may not be completely mature (Ullman 
2003). In this context, designers need to collectively make sense (Larsson 2003) of 
the available information. Value awareness still has to be reached ‘‘conversationally’’ 
(Clarkson & Eckert, 2004) by sharing knowledge with people who work in different 
areas (e.g. marketing, aftermarket, finance). One fundamental aspect emerging from 
the research is the necessity for designers to discuss and negotiate about what is 
really behind the face value of the requirement checklists. An issue here is that 
despite working on the same requirements and design representations, decision-
makers view these artefacts from their own perspective, without seeing what the 
others see. In particular, communication and negotiation is hindered by the fact 
that professionals with different backgrounds “do not speak the same language” 
(Bucciarelli 2002). This may lead to a false perception about the relative importance 
of the design requirements, causing erroneous trade-off decisions. Furthermore, 
basing decisions on design requirements limits the capacity of making decisions 
about ‘softer’ aspects of value that are not captured in the specification list (e.g. 
image, perceived comfort, serviceability). Without a support for cross-disciplinary 
knowledge sharing about ‘value’, engineers tend to focus on what can be accounted 
for by using existing engineering models, which are often based on the evaluation 
of technical performances and manufacturing costs. 
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Value models are proposed in this work as decision support for value-oriented 
design decisions. The idea of assessing value using a model-based approach is not 
new in the research community. For example, Collopy and Hollingsworth (2011) 
formalized the concept of Value Driven Design (VDD) as a movement to improve 
systems engineering strategies, by leveraging the potentials of design optimization 
through the computation of a financial objective function. While the idea of 
optimizing the decision-making process with monetary functions is attracting 
widespread attention (Collopy and Hollingsworth 2011) the reliability of 
deterministic models in conceptual design is still debated, due to uncertainty and 
lack of data (Soban et al. 2011) with several authors (Isaksson et al., 2013; 
Monceaux and Kossman, 2012), stressing the importance of more qualitative (or 
semi-quantitative) approaches. The nature of such models and the information that 
they should contain still remains controversial within the scientific community 
(Soban et al. 2011). 

Building on these scientific contributions, this thesis proposes the use of value 
models as boundary objects (Star and Griesemer 1989) in conceptual design. An 
important aspect behind this concept is that value models are not intended to 
calculate the exact value of design alternatives. Rather, the fact that by having to 
assess value and perhaps reaching different conclusions, members from distinct 
organisational functions will have to discuss what is really behind the information 
contained in the requirements. Value models act as common denominators for 
cross-disciplinary design teams to communicate value and to make design decisions, 
putting value at the centre of attention. They are intended to structure a way for 
triggering negotiations, by forcing members to synthesize their perceptions about 
the value of a design and to discuss where conclusions differ. This is intended to 
improve decisions, enabling a cross-disciplinary development of the specification 
lists. 

In this work, designers expressed the preference for a singular measure for value in 
order to enable pragmatic decisions during the final concept selection gates. In 
particular, the preference for a monetary measure of value emerged. At the time of 
making decisions about the final concept to ‘freeze’, soft value aspects are traded in 
favour of more factual dimensions, such as weight or fuel consumption. 
Practitioners in this thesis highlighted the difficulty of influencing decision-makers 
by leveraging soft value aspects, mainly because engineers require ‘numbers’ when 
making design trade-offs. In this regard, monetary definitions of value seem to be 
convenient, practical, and universally understood metrics (Collopy 2012), useful for 
decision-makers to forecast the success of investments (Kipouros and Isaksson 
2014). Hence, a model-based methodology for value assessment should support the 
monetary quantification of value contributions to the farthest extent possible. 
However, the notion of value models as boundary objects is intended to support 
the assessment of value beyond the monetary numbers that will be produced as a 
result of the modelling and simulation activity. In particular, the information 
contained in the value models should also support the definition of actions to 
perform after the decision meetings. Working with value models should support the 
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design teams in highlighting the aspects of value that are sufficiently satisfied by a 
design concept, and to compare them with the value contributions that are satisfied 
to an inferior level, and should be improved. Discussions and negotiations that 
should be facilitated through the use of such value models are: what values are we 
targeting with this solution? What values are we not yet targeting with this solution? 
What do we need to design to improve the level of value created with our solution? 

For these reasons, the proposed model-based methodology for value assessment 
looks at the creation of different types of model-based representations (i.e. 
narratives, qualitative scores, functional models) that are intended to support cross-
boundary discussion during conceptual design. A monetary quantification of value 
may not be possible in the earliest phase of conceptual design, as at that point, data 
and information still suffer from a poor level of maturity. In later phases, when the 
quality of data increases (Ullman 2003), a monetary quantification of value becomes 
possible. The proposed methodology intends to support design teams to share 
knowledge about value since the earliest phases, and to guide them towards a 
monetary quantification of value contributions. For these reasons, the methodology 
proposes a transition from a qualitative to a quantitative assessment loop. The 
loops are intended to display a structured way of aggregating the information 
collected through the proposed model-based representations into two 
computational value models (one being semi-quantitative, the other quantitative). 

Due to the novelty of model-based approaches for value assessment (e.g. Curran et 
al. 2012, Collopy and Hollingsworth 2011, Cheung et al. 2012) there is not an 
extensive body of literature dealing with the validation of their effectiveness in the 
day-to-day industrial practice. The same level of validation maturity is also missing 
for the methodology presented in this thesis. Due to the length and the complexity 
of the design process, and particularly in the development of complex engineering 
systems, a unique evaluation of a new methodology in the design process would 
require several years. Nevertheless, a preliminary validation of the effectiveness of 
the proposed methodology was believed necessary. The author proceeded by 
validating single activities of the proposed methodology, rather than evaluating the 
entire methodology as a whole. Concerning the quantitative assessment loop, 
qualitative feedback was collected by organising focus groups with industrial 
practitioners and decision-makers at the partner company. 

A more advanced stage of validation was reached for the evaluation of the effects 
of the qualitative assessment. Besides collecting feedback from industrial 
practitioners, the author organised experiments to evaluate the effects of a 
qualitative value model in design sessions with university students. Although the 
observation of design teams in a real working scenario would be preferable, the 
sample - designers at the last year of Master in three different engineering programs 
- is considered relevant for the purpose of the study. Master students are advanced 
beginners (Kleinsmann et al. 2012), who understand how to design and take 
situational factors into account. Furthermore, studies comparing the decision-
making of industrial managers compared with students, but with the same level of 
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education, showed no substantial difference (Remus 1986). The experiment was 
conducted in an artificial setting, i.e. with students in a university environment and 
not with practitioners in a real industrial environment, and this might represent a 
limitation to the generalization of the results. Nevertheless, literature shows that a 
big part of the research experiments testing new tools and methods are still 
conducted in artificial settings (Ellis and Dix 2006). Master students can be 
considered the target population for the development of new methods and tools, as 
they are soon becoming novice engineers in industry, and they will be actively 
involved in development projects featuring similar boundary conditions (intensity 
of teamwork, limitations in the knowledge baseline, deadlines) and problem 
statements (Bertoni 2013). 

The investigation of the role of boundary objects in design is a matter of pointing 
to “how subtly, fluently and effortlessly designers negotiate common ground” (Larsson 2003 
p.156). This type of evaluation results are challenging, since collecting data about 
knowledge creation and sharing mediated by objects, and comparison between 
different artefacts, has proven to be difficult (Carlile 2002). In order to focus on 
how individuals negotiate common ground through artefacts, ethnographic 
approaches (Anderson 1997) are the most applied methods for the analysis of 
successful boundary objects (Star and Griesemer 1989) (Carlile 2002) (Larsson 
2003) (Engvall 2005). For this reason, the author decided to conduct an 
ethnographic study, despite recognizing the limits in the generalizability of the 
results (Yin 2013). The choice can also be justified by the long tradition of applying 
ethnography to study system design practices (Anderson 1997). 

Both the qualitative and quantitative assessment proposed in the methodology are 
based on a great portion of assumptions and expert estimations that need to be 
made. Given the high uncertainty and ambiguity that characterizes the early design 
phases, several challenges are posed to the reliability of the value scores obtained, 
both from the qualitative and the quantitative assessment. In particular, two main 
aspects concern the reliability of the assessment scores. One is related to the fact 
that the data gathered in preliminary design may suffer from a poor level of 
maturity. It is therefore important for designers to understand to what extent they 
can trust the available information, and what actions they need to take in order to 
improve the information base (Johansson et al. 2011). The other aspect is related to 
the fact that professionals are able to recognize only a part of the possible patterns 
within the available data, even if they are very experienced (Mitchell 1997). This 
makes expert assessment a suboptimal estimation strategy at times (Mitchell 1997). 
The presented study did not address these aspects, but the author considers them 
very relevant for further improvements of the methodology. In the future work 
chapter, the author will come back to these issues. 
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7 Conclusions 
This chapter presents the final conclusions of the thesis along the research questions presented in the 
introduction. 

The research presented in this thesis had the primary aim of improving the value 
assessment capabilities in conceptual design by raising awareness about the value 
contributions of different design alternatives. 

The research has been guided by two research questions. The first question had a 
more descriptive purpose, aiming to understand how designers today deal with 
value in conceptual design. The second research question had a more prescriptive 
purpose with the intention to describe how design alternatives should be assessed 
in order to identify more value-adding concepts in high cross-functional settings. 

In relation to the first research question, being “how aware are decision-makers of value 
in conceptual design?” the research highlighted that: 

• Although the competitive market of today requires decision-makers to 
have a more holistic perspective about customer needs and expectations 
when evaluating a design concept, the awareness of value in conceptual 
design is often limited to the fulfilment of design requirements. These 
requirements target technical product performances, and manufacturing 
costs. 

• More articulated aspects of value, such as intangibles, serviceability, or end-
of-life dimensions remain ‘floating’ and are not fully captured by the set of 
design requirements. Designers are not much, or only partially, aware of 
the relations between their design solutions and these aspects of value. 
Many links between design and value remain ‘hidden’ (or are ‘blurry’) 
during the decision-making process, because they are not reflected in the 
evaluation criteria used in decision meetings. 

• Engineers are also not fully aware of aspects of value that go beyond their 
technical horizon, and that are more familiar to other functional areas (e.g. 
marketing, aftermarket, finance). This limits their capacity to adopt a whole 
lifecycle perspective when making decisions. 

In relation to the second research question, “how can deliberation about value in 
conceptual design be supported by a model-based approach?”, the present research has 
highlighted: 

• Deliberation about value can be supported by front-loading the conceptual 
design process with additional information able to clarify the context and 
underlying intent of design requirements. The study highlights the engineers’ 
preference for a model-based approach able to structure and visualize such 
information. 
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• Deliberation about value in conceptual design is also found to be related to 
the engineers’ ability to make sense of the available information by sharing 
knowledge with other organisational functions. The concept of using the 
‘value model’ to facilitate cross-boundary discussion was proposed in this 
research. The value model is intended to act as a boundary object, being a 
point of reference to relate the decisions made in conceptual design to needs 
and expectations. 

• Decision-makers require quantitative measures to make the final 
deliberation about a design concept. A preference for adopting a monetary 
definition able to account for the value of a design emerged from the study. 
The methodology proposed a quantitative assessment loop to support the 
quantification of the monetary benefits of design concepts. 

• However, quantification of value is found to be affected by uncertainty and 
ambiguity in the earliest phases of conceptual design. Hence, a 
quantification of value is of little meaning in the earliest phases. A qualitative 
assessment loop was therefore proposed to support deliberation about 
value, when data for monetary quantification is still immature. Furthermore, 
the results of the qualitative assessment can be used to complement the final 
concept selection gates to support more subjective decisions. 

• The use of these qualitative assessment criteria can support deliberation 
about value by creating a shared vocabulary among designers. They facilitate 
a more thoughtful discussion about the design problem in conceptual 
design, rather than having designers ‘jumping into’ solutions early, causing 
design rework. 

The last conclusion is supported by the findings from experiments carried out 
during the research. These experiments show that the information contained in a 
value model increased the discussion about the design intent, and created a shared 
vocabulary among the team members. 
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8 Future research  
This chapter summarizes future research directions that are considered to be relevant for the 
extension and improvement of the findings presented in this thesis.  

8.1 Ethnographic study of systems engineering practices  
The findings of this research could be further detailed by investigating the current 
naturalistic in-situ behaviours (Anderson 1997) of engineers dealing with design 
requirements and making value-conscious decisions. The use of ethnographic 
methods (Blomberg et al. 1993) to investigate the current systems engineering 
micro-strategies (Houseman et al. 2008) is considered a relevant future research 
area. Studying ethnographically how engineers currently are doing the requirements 
elicitation and flow down of requirements would gain insights about how to 
improve value-modelling approaches. The originality of this research area is driven 
by the fact that the intersection between social sciences, cognitive design and 
systems engineering is currently an unexplored territory (Collopy 2012). 

Studying ethnographically engineers at work during - and in between - decisions 
meetings would also gain insights about what design actions need to be supported 
by a model-based methodology. This area is particularly relevant given the 
perspective of a value model as a boundary object. The idea is to study 
ethnographically how engineers currently make reference and use different types of 
objects (e.g. QFD, requirements lists, process blueprints, cost models), what 
decisions are made, and what design actions and activities result after the decision 
meeting. The idea is to undertake further investigations similar to those performed 
by Carlile (2002) under the analytical lenses of value.    

This area of research becomes relevant for the further development and testing of 
the proposed methodology for value assessment. It is appealing to think about 
testing the adoption of the methodology in a case study encompassing different 
decision meetings. It would be interesting to evaluate how a design team 
collectively uses the information contained in the value models, what actions 
results from these decisions, and what individual actions are taken after the 
decision meeting. Also, it would be interesting to investigate the discussions are 
triggered by the preparation of the information necessary to populate the value 
models. In this way, the results of these studies could be compared with the use of 
current representations adopted in conceptual design.     

The objective of these studies will be to understand which features value models 
should contain to become “best” boundary objects to improve decision-making. In 
particular, an interesting aspect could be to understand which features should be 
used as “base” in a decision meeting (e.g. functional model, value scores), and 
which parts should lie in the background and called “on demand” (i.e. effects on 
the customer’s process model). The purpose of this activity will be to study the 
enabling environment for the effective use of value models as boundary objects.  
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8.2 Coupling Knowledge Maturity scales to Value Models 
The population of the value models presented in this thesis require designers and 
decision makers to make a great portion of estimations. In a conceptual design 
setting, data and information often are characterized by a low level of maturity and 
reliability. This affects the decision-makers’ confidence in the results coming from 
these value models, since results are affected by uncertainty and ambiguity. One of 
the mitigating strategies to support decision in such a context is to make 
uncertainties and ambiguities explicit using a narrative approach (Johansson et al. 
2011). In particular, Johansson et al. (2011) suggest the use of a Knowledge 
Maturity scale to facilitate the discussion about the trustworthiness of the available 
information. Important to note, the scale does not intend to promote decisions 
towards the option with the most reliable information base. In fact, the reliability 
of information about a mature technology is likely to be higher than a technology 
never tested before. The scale is intended instead to highlight the sources of the 
unreliability of information. This would trigger discussions about actions to take in 
order to improve the knowledge base of the options with inferior level of maturity. 
The idea behind the Knowledge Maturity scale is promote a strategy in order to 
arrive at decision meeting gates with the same level of knowledge about the 
options.  

A future research area is related to the use the Knowledge Maturity scale in order 
to complement the quantitative value model presented in this thesis. The KM 
would support designers to communicate and understand how they can trust the 
information that populates the model. The idea is to couple the Knowledge 
Maturity Scale to the quantitative functions between parameters established during 
the assessment activity. For example, the relationship between the engine power 
and the asphalt compactor speed could be calculated using existing models 
currently used at the company. This relation could be flagged by a high level of 
knowledge maturity, since calculation is based on verified facts and established 
methods. Conversely, the quantitative function that links a feature in the cabin 
environment to an operator efficiency parameter could be affected by more 
uncertainty. The role of the Knowledge Maturity will be to highlight the source of 
ambiguity behind this function. The team can flag the source of unreliability 
behind this relationship and discuss an appropriate strategy in order to improve the 
knowledge base (for example, by running a quick prototype and test with  
operators).     

8.3 Coupling Data Mining and Machine Learning to Value 
Models 

Both the qualitative and quantitative approaches presented in this thesis require 
human decision makers to model relationships between design properties and 
value. Particularly, it requires two distinct modelling activities. The first is to link 
design parameters to value contributions along the lifecycle. Secondly, it requires 
modelling how the value contributions are influenced by variables dependent on 
the customer operational context (e.g. mix of applications, climate, availability of 
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service personnel). These variables drive customers to prefer different attributes in 
the machine. In such a context, it requires the professionals to recognize patterns 
between parameters based on previous experience. Even more challenging, it 
requires professionals to predict patterns of future relationships, if the modelling 
activity is targeting the assessment of a new feature. A challenge here is related to 
the ability of human decision makers to define and make these patterns explicit. In 
particular, human decision makers (even if very experienced) are able to recognize 
only a subset of the all the possible patterns (Mitchell 1997). For example, it could 
be intuitive to relate the geometrical dimensions of an asphalt roller to the road 
dimensions in which the machine operates. A more difficult task could be to 
discover an existing pattern between the climate in a specific country and distinct 
design features of the operator cabin.  

An interesting future research track is related to the use of data mining (Witten and 
Frank 2005) techniques to support decision makers in populating the value models. 
It is appealing to think about using data mining algorithms to automatically 
discover patterns in databases and make predictions. The opportunity is opened up 
by the large amount of data that is nowadays logged continuously by devices 
installed in vehicles around the world. However, the use of data mining is not only 
directed towards making predictions from data. An interesting aspect is related to 
the ability of expressing the discovered patterns as transparent boxes that reveal 
the structure of the decision to be made. Here, the use of techniques from the 
scientific discipline of machine learning (Witten and Frank 2005) could be used to 
organize patterns in order to transparently map the decision structure. The idea is 
to use patterns in data not only to predict the data and to populate the model, but 
also to build structures (e.g. decision trees) to complement the information from 
the value model. This information is intended to foster the collective discussion 
between human decision makers.  

In this context, the use of data mining and machine learning techniques could fulfil 
two different purposes. The first is to understand the usage patters of systems 
working in different applications and countries. These data could be mined and 
used to populate the value models. The second purpose is to use data mining 
techniques to capture relationships between design properties and “softer” value 
aspects, such as image, charm and perceived quality. In this context, the 
combination of data mining and modelling approaches available in literature to 
capture intangible attributes, such as Kansei Engineering (Yang 2011), is an 
appealing future research path. 

8.4 Coupling Platform Modelling to Value Models 
The industrial feedback on the quantitative assessment loop is related is related to 
the challenge of analysing multiple, very different technological platforms. This 
requires the generation of multiple functional models, which can be very different 
from one other. The problem is related to the management and integration of the 
functional models, and to connect all the generated functional models to the TCO 
model.   
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A future research path could be to integrate approaches for technology and 
product platform development (Levandowski et al. 2013) to the quantitative 
assessment approach. The idea is to study how the different platforms should be 
modelled to facilitate the comparison of very radical technological solutions. The 
purpose is to improve the management of the functional models used in the 
assessment process, by standardizing the interfaces between the sub-systems. In 
this way, sub-systems could be inserted or removed depending on the assessment 
under investigation. Additionally, current investigations are taken at the company 
partner in order to integrate the value assessment methodology with existing 
engineering models (e.g. FEM). An approach for platform modelling would enable 
the results from different engineering software to automatically populate the 
quantitative value model. The study of the enabling engineering environment is 
currently on-going with the company partner.  

 

 

 

 

 

 

 

 

 





Panarotto, M.  
A Model-Based Methodology for Value Assessment in Conceptual Design  
 

84 

 

9 References 
Aguilar-Saven, R.S., 2004. Business process modelling: Review and framework. International 

Journal of Production Economics, 90 (2), 129-149. 
Aitken, R. C., 1969. Measurement of feelings using visual analogue scales. Proceedings of the 

royal society of medicine, 62(10), 989.  
Akao, Y., Mizuno, S., 1994. QFD: The customer-driven approach to quality planning and deployment. 

Tokyo: Asian Productivity Organization. 
Akao,Y., 1990. Quality Function Deployment: Integrating Customer Requirements into Product Design.  

Cambridge: Productivity Press. 
Alonso-Rasgado, T., Thompson, G., Elfström, B.-Ö., 2004. The Design of Functional 

(total Care) Products. Journal of Engineering Design, 15 (6), 515–540. 
Anderson, E.W., Sullivan, M.W., 1993. The antecedents and consequences of customer 

satisfaction for Firms. Marketing Science, 12(Spring): 125-143. 
Anderson, J.C., Jain, D.C., Chintagunta, P.K., 1993. Customer value assessment in business 

markets: A state of practice study. Journal of Business-to-Business Marketing, 1, 3–30. 
Anderson, James C., and James A. Narus. Business marketing: understand what customers 

value. Harvard business review 76: 53-67. 
Anderson, R. J. 1997. Work, Ethnography and System Design. Encyclopedia of Microcomputing. 

Vol. 20. pp. 159-183. 
ANSI/EIA632, 1998. Processes for Engineering a System. ANSI/EIA-632. 
Asiedu, Y., Gu, P., 1998. Product life cycle cost analysis: state of the art review. International 

journal of production research, 36(4), 883-908. 
Avison, D.E., Lau, F., Myers, M.D., Nielsen, P.A., 1999. Action research. Communication 

of ACM, 42(1), pp. 94-97. 
Baines, T.S., Lightfoot, H.W., Evans, S., Neely, A., Greenough, R., Peppard, J., Roy, R., 

Shehab, E., Braganza, A.,  Tiwari, A., 2007. “State-of-the-Art in Product-Service 
Systems.” Journal of Engineering Manufacture, 221 (10), 1543–52. 

Bertoni, A. (2013). Analyzing Product-Service Systems conceptual design: The effect of 
color-coded 3D representation. Design Studies, 34(6), 763-793. 

Blanchard, B.S., Fabrycky, W.J., 1990. Systems Engineering and Analysis, Vol. 4. Englewood 
Cliffs : Prentice Hall.  

Blessing, L. T., Chakrabarti, A., 2009. DRM: A Design Research Methodology. London: 
Springer. 

Blomberg, J., Giacomi, J., Mosher, A. and Swenton-Wall, P. 1993. Ethnographic Field 
Methods and their Relation to Design. In Schuler, D. and Namioka, A. (Eds.). 
Participatory Design: Principles and Practices. Hillsdale, NJ: Lawrence Erlbaum. pp. 
123-155. 

Boujut, J. F., Blanco, E., 2003. Intermediary objects as a means to foster co-operation in 
engineering design. Computer Supported Cooperative Work (CSCW), 12(2), 205-219.  

Bresciani, S., Blackwell, A. F., Eppler, M., 2008. A Collaborative Dimensions Framework: 
Understanding the mediating role of conceptual visualizations in collaborative 



9. References 

 85 

knowledge work. In: Hawaii International Conference on System Sciences, 
Proceedings of the 41st Annual (pp. 364-364). IEEE. 

Bucciarelli, L. L. 2002. Between thought and object in engineering design. Design studies, 
23(3), 219-231. 

Bucciarelli, L. L., 1994. Designing Engineers. Cambridge, MA: MIT Press. 
Butterfield, J., McEwan, W., Han, P., Price, M., Soban, D., Murphy, A., 2012. Digital 

methods for process development in manufacturing and their relevance to value 
driven design. Journal of Aerospace Operations, 1(4), 387-400. 

Carlile, P. R., 2002. A pragmatic view of knowledge and boundaries: Boundary objects in 
new product development. Organization science, 13(4), 442-455.  

Castagne, S., Curran, R., Collopy, P., 2009. Implementation of Value-Driven Optimisation 
for the Design of Aircraft Fuselage Panels. International Journal of Production Economics, 
117, 381-388.  

Caterpillar, 2015. Caterpillar Performance Handbook, v.45. Caterpillar, Peoria, Il. 
Cavalieri, S., Pezzotta, G., 2012. Product–Service Systems Engineering: State of the art and 

research challenges. Computers in Industry, 63(4), 278-288.  
Charnley, F., Lemon, M., Evans, S., 2011. Exploring the process of whole system design. 

Design Studies, 32(2), 156-179.  
Checkland, P., 1981. Systems Thinking, Systems Practice. Chichester, UK: Wiley. 
Cheung, J., Scanlan, J., Wong, J., Forrester, J., Eres, H., Collopy, P., Hollingsworth, P., 

Wiseall, S., Briceno, S., 2012. Application of Value-Driven Design to Commercial 
Aero-Engine Systems, Journal of Aircraft, 49, 688-702. 

Clarkson, J., Eckert, C., 2010. Design process improvement: a review of current practice. London: 
Springer. 

Clausing, D. P., 1994. Total quality development. New York: The American Society of 
Mechanical Engineers.  

Coley, F., Houseman, O., Roy, R., 2007. An introduction to capturing and understanding 
the cognitive behaviour of design engineers. Journal of Engineering Design, 18(4), 311-
325.  

Coley, F., Lemon, M., 2008. Supporting multiple stakeholders in the design of more 
sustainable and systemic solutions: the case of the sustainable sports car. Design 
Principles and Practises: An International Journal, 2(2), 27-34. 

Collopy, P., 2012,. A research agenda for the coming renaissance in systems engineering. In 
American Institute of Aeronautics and Astronautics Symposium, Reston, VA (pp. 
2012-0799).  

Collopy, P.D., Hollingsworth, P.M., 2011. Value-Driven Design. Journal of Aircraft, 48 (3), 
749–759. 

Cook, M.B., Bhamra, T.A., Lemon M., 2006. The transfer and application of Product 
Service Systems: from academia to UK manufacturing firms. Journal of Cleaner 
Production, 14, 1455-1465.  

Cooper, R., Kaplan., R. S., 1991. Profit priorities from activity-based costing. Harvard 
Business Review, 69.3: 130-135. 

Cooper, Robert G, 1990. Stage-gate systems: a new tool for managing new products. 
Business horizons, 33.3 (1990): 44-54. 



Panarotto, M.  
A Model-Based Methodology for Value Assessment in Conceptual Design  
 

86 

Curran, R., 2010. Value‐Driven Design and Operational Value. Encyclopedia of Aerospace 
Engineering. 1-12. John Wiley & Sons. 

Curran, R., Raghunathan, S., Price, M., 2004. Review of aerospace engineering cost 
modelling: The genetic causal approach. Progress in aerospace sciences 40.8: 487-
534. 

Day, V., 2000. Leadership development: A review in context. The Leadership Quarterly, 11(4), 
581-613. 

DiCicco-Bloom, B., Crabtree, B. F., 2006. The qualitative research interview. Medical 
Education, 40(4), 314–321. 

Doyle, P., 2000. Value-based marketing. Journal of Strategic Marketing. 8(4), 299-311. 
Du, W. Garcia, H.E., Binder, W.R., Paredis, C.J.J., 2014. Value-driven design and sensitivity 

analysis of hybrid energy systems using surrogate modeling. Renewable Energy 
Research and Application (ICRERA), 2014 International Conference, 19-22 Oct. 
2014, pp. 395 – 400, Milwaukee, WI. 

Eisenhardt, K. M., 1989. Building theories from case study research. Academy of management 
review, 14(4), 532-550. 

Elliott, J., 1991. Action research for educational change. Milton Keynes England, Philadelphia: 
Open University Press. 

Ellis, G., & Dix, A., 2006. An explorative analysis of user evaluation studies in information 
visualisation. In: Proceedings of the 2006 AVI workshop on BEyond time and 
errors: novel evaluation methods for information visualization (pp. 1-7). ACM, 
Venice, Italy. 

Emblemsvåg, J., Bras, B., 1997. An activity-based life-cycle assessment method. In: 
Proceedings of DETC. Vol. 97.  

Engvall, M. Kling. R., Werr, A., 2005. Models in action: how management models are 
interpreted in new product development. R&D Management, 35.4: 427-439. 

Eres, M. H., Bertoni, M., Kossmann, M., & Scanlan, J., 2014. Mapping customer needs to 
engineering characteristics: an aerospace perspective for conceptual design. Journal of 
Engineering Design, 25(1-3), 64-87. 

Ericsson, K.A., Simon, H.A., 1993. Protocol Analysis Verbal Reports as Data. Cambridge, MA: 
MIT Press. 

Fellows, R. and Liu, A., 2002. Research methods for construction. Malden, Mass: Blackwell 
Science, 2nd  edition. pp. 133-141. 

Ferrin, B.G., Plank, R.E., 2002. Total cost of ownership models: an exploratory study. 
Journal of Supply Chain Management, Vol. 38, No. 3, pp.18–29. 

Forsberg, K., Mooz, H., 1991. The relationship of system engineering to the project cycle. 
In: INCOSE International Symposium, Vol. 1, No. 1, pp. 57-65. 

Geissdoerfer, K., Gleich, R., Wald, A., Motwani, J., 2012. Towards a standardised approach 
to life cycle cost analysis. International Journal of Procurement Management, 5(3), 253-272. 

Gero, J., Mc Neill, T., 1998. An approach to the analysis of design protocols. Design Studies, 
19, 21-61. 

Ghaye, T., Melander-Wikman, A., Kisare, M., Chambers, P., Bergmark, U., Kostenius, C., 
Lillyman, S., 2008. Participatory and appreciative action and reflection (PAAR)– 
democratizing reflective practices. Reflective practice, 9(4), 361-397. 



9. References 

 87 

Grönroos, C., Voima, P., 2013. Critical service logic: making sense of value creation and 
co-creation. Journal of the Academy of Marketing Science, 41(2), 133-150. 

Gupta, Y. P., 1983. Life cycle cost models and associated uncertainties. In: Electronics 
Systems Effectiveness and Life Cycle Costing, NATO ASI Series, Vol. F, J. K. 
Skwirzynski. Berlin: Springer. 535-549. 

Harper, R., Procter, R.N., Randall, D. Rouncefield, M., 2001. 'Safety in Numbers': 
Calculation and Document Re-Use in Knowledge Work'. In: Proceedings of 
GROUP’01, Boulder, CO, USA, ACM Press. 

Hazelrigg, G., 1998. A Framework for Decision-Based Engineering Design. Journal of 
Mechanical Design, 120(4): 653-658. 

Heilala, J., Helin, K., Montonen, J., 2006. Total cost of ownership analysis for modular final 
assembly systems, International Journal of Production Research, vol. 44, no. 18–19, pp. 
3967–3988. 

Hiley, A., Paliokostas, P. P., 2001. Value management and risk management: An 
examination of the potential for their integration and acceptance as a combined 
management tool in the UK Construction Industry. In: Proceedings of the RICS 
Construction and Building Research Conference (COBRA 2001), Glasgow 
Caledonian University (Vol. 1, pp. 27-36). 

Hill, A., Song, S., Dong, A. Agogino, A. M., 2001. Identifying Shared Understanding in 
Design Teams Using Document Analysis. In: Proceedings of the 13th International 
Conference on Design Theory and Methodology, DETC2001/DTM-21713, 
Pittsburgh, PA, USA. 

Holland, O. T., 2015. Model-Based Systems Engineering. In: Loper, M. (Ed). Modeling and 
Simulation in the Systems Engineering Life Cycle. Springer London.   

Hollingsworth, P., Patel, D., 2012. Development of a surplus value parameter for use in 
initial aircraft conceptual design. Journal of Aerospace Operations, 1(4), 343-358. 

Houseman, O., Coley, F., Roy, R., 2008. Comparing the cognitive actions of design 
engineers and cost estimators. Journal of Engineering Design, 19(2), 145-158. 

Huber, G. P., 1974. Multi-attribute utility models: A review of field and field-like studies. 
Management Science, 20.10: 1393-1402. 

Ibusuki, U., Kaminski, P. C., 2007. Product development process with focus on value 
engineering and target-costing: a case study in an automotive company. International 
Journal of Production Economics, 105(2), 459-474. 

INCOSE, 2015. INCOSE Systems Engineering Handbook: A Guide for System Life Cycle Processes 
and Activities. Hoboken, NJ: John Wiley & Sons.  

Isaksson, O., Kossmann, M., Bertoni, M., Eres, H., Monceaux, A., Bertoni, A., Wiseall, S., 
Zhang, X., 2013. Value-driven design: a methodology to link expectations to 
technical requirements in the extended enterprise. In: Proc. of the 23rd INCOSE 
International Symposium, Philadelphia, PA. 

Isaksson, O., Larsson, T. C., Rönnbäck, A. Ö., 2009. Development of product-service 
systems: challenges and opportunities for the manufacturing firm. Journal of 
Engineering Design, 20(4), 329-348.  

Jabbour, C. J. C., Santos, F. C. A., 2008. Relationships between human resource dimensions 
and environmental management in companies: proposal of a model. Journal of Cleaner 
Production, 16(1), 51-58. 



Panarotto, M.  
A Model-Based Methodology for Value Assessment in Conceptual Design  
 

88 

Johansson, C., Hicks, B., Larsson, A. C., Bertoni, M., 2011. Knowledge maturity as a means 
to support decision making during product-service systems development projects in 
the aerospace sector. Project Management Journal, 42(2), 32-50.  

Jørgensen, T. H., Remmen, A., Mellado, M. D., 2006. Integrated management systems–
three different levels of integration. Journal of cleaner production, 14(8), 713-722. 

Kannan, Govindan, 2011. Field studies in construction equipment economics and 
productivity. Journal of Construction Engineering and Management., Vol. 137 (10), 823-828.  

Kelly, J. and Male, S., 1993. Value Management in Design and Construction.  London, UK: 
Routledge.  

Khamuknin A.A., Bertoni, M., Eres, M.H., 2015. Avoiding Resonant Frequencies in a 
Pipeline Application by Utilising the Concept Design Analysis Method. In: 
International Conference on Engineering Design. Milan, July 27-30. 

Kim, W. C., Mauborgne, R., 2015. Blue Ocean Strategy: How to Create Uncontested Market Space 
and Make the Competition Irrelevant. Boston: Harvard Business Review Press. 

Kimita K, Shimomura Y, Arai T., 2009. Evaluation of customer satisfaction for PSS design. 
Journal of Manufacturing Technology Management, 20(5), 654-673. 

Kipouros, T., & Isaksson, O. (2014). Integrating value assessment into the computational 
engineering design cycle. In: International Conference on Engineering and Applied 
Sciences Optimization, Proceedings (pp. 2446-2455). National Technical University 
of Athens. 

Kleinsmann, M., Deken, F., Dong, A., Lauche, K., 2012. Development of design 
collaboration skills. Journal of Engineering Design, 23(7), 485-506. 

Kossiakoff, A., Sweet, W. N., Seymour, S., Biemer, S. M., 2011. Systems engineering: principles 
and practice. Hoboken, New Jersey: John Wiley & Sons. 

Krishnan, V., Ulrich, K.T., 2001. Product Development Decisions: A Review of the 
Literature. Management Science, 47(1), 1-21. 

Larsson, A., 2003. Making sense of collaboration: the challenge of thinking together in 
global design teams. In: Proceedings of the 2003 international ACM SIGGROUP 
conference on Supporting group work (pp. 153-160). ACM.  

Levandowski, C., Corin Stig, D., Bergsjö, D., Forslund, A., Högman, U., Söderberg, R., and 
Johannesson, H., 2013. An Integrated Approach to Technology Platform and 
Product Platform Development. Concurrent Engineering, 21(1), pp. 65-83. 

Lindahl, M., Sundin, E., Sakao, T., Shimomura, Y., 2007. Integrated product and service 
engineering versus design for environment—A comparison and evaluation of 
advantages and disadvantages. In: Advances in Life Cycle Engineering for 
Sustainable Manufacturing Businesses (pp. 137-142). Springer London. 

Lindstedt P, Burenius J., 2006. The Value Model: How to Master Product development and Create 
Unrivalled Customer Value. Nimba, Sweden. 

Lloyd, P. Storytelling and the Development of Discourse in the Engineering Design 
Process, Design Studies, Vol. 21, No. 4, 2000, 357-374. 

Mark, G., Lyytinen, K., Bergman, M., 2007. Boundary objects in design: An ecological view 
of design artifacts. Journal of the Association for Information Systems, 8(11), 34. 

Mc Neill, T., Gero, J.S., Warren, J., 1998. Understanding conceptual electronic design using 
protocol analysis. Research in Engineering Design, 10(3), 129-140.  



9. References 

 89 

McManus, H.M., Richards, M.G., Ross, A.M., Hastings, D.E., 2007. A Framework for 
Incorporating “ilities” in Tradespace Studies. In:AIAA Space 2007, Long Beach, CA. 

Meier, H., Roy, R., Seliger, G., 2010. Industrial Product-Service Systems - IPS. CIRP 
Annals-Manufacturing Technology, 59 (2), 607–27. 

Miles, L.D., 1972. Techniques of Value Analysis and Engineering. New York: McGraw Hill. 
Miles, M. B., Huberman, A. M., 1994. Qualitative data analysis: An expanded sourcebook. 

London: SAGE Publications Ltd. 
Mintzberg, H., Raisinghani, D., Theoret, A., 1976. The structure of "unstructured" decision 

processes. Administrative science quarterly, 246-275.  
Mitchell, T. M., 1997. Machine learning. Burr Ridge, IL: McGraw Hill. 

Monceaux, A., Kossmann, M., 2012. Towards a Value‐Driven Design Methodology–
Enhancing Traditional Requirements Management Within the Extended Enterprise. 
In: INCOSE International Symposium (Vol. 22, No. 1, pp. 910-925). 

Monceaux, A., Kossmann, M., Wiseall, S., Bertoni, M., Isaksson, O., Eres, H., Bertoni, A. 
Rianantsoa, N., 2014. Overview of Value-Driven Design Research: Methods, 
Applications, and Relevance for Conceptual Design. Insight, 17(4), 37-39.  

Mont, O., Tukker. A., 2006. Product-Service Systems: reviewing achievements and refining 
the research agenda. Journal of Cleaner Production, 14 (17), 1451-1454. 

Morelli, N., 2006. Developing new product service systems (PSS): methodologies and 
operational tools. Journal of Cleaner Production, 14(17), 1495-1501. 

Neelamkavil, F. (1987). Computer simulation and modelling. Hoboken, New Jersey: John Wiley 
& Sons. 

Norman, D. A., 1993. Things That Make Us Smart. Reading, MA, USA.: Addison-Wesley 
Publishing Company.  

Norton, B. R. McElligott, W. C., 1995. Value Management in Construction: A practical guide. 
London: Macmillan. 

Palmer, A., 1992. An investigative study of value engineering in United states of America 
and its relationship to United Kingdom cost control procedures. PhD diss., 
Loughborough University of Technology. 

Park, C.C., Kim, G.T., 1995. An economic evaluation model for advanced manufacturing 
system using activity-based costing. Journal of Manufacturing Systems, 14 (6), 439–451. 

Park, J., Simpson, T. S., 2005. Development of a production cost estimation framework to 
support product family design. International journal of production research, 43.4: 731-772. 

Perry, M. Sanderson, D., 1998. Coordinating Joint Design Work: The Role of 
Communication and Artifacts. Design Studies, Vol. 19, No. 3, 273-288. 

Porter, M. E., 2008. Competitive advantage: Creating and sustaining superior performance. New York: 
Simon and Schuster. 

Price, M., Soban, D., Mullan, C., Butterfield, J., Murphy, A., 2012. A novel method to 
enable trade-offs across the whole product life of an aircraft using value driven 
design. Journal of Aerospace Operations, 1, 359–375. 

Pugh, S., 1991. Total Design: Integrated Methods for Successful Product Engineering. Wokingham: 
Addison-Wesley Publishers. 



Panarotto, M.  
A Model-Based Methodology for Value Assessment in Conceptual Design  
 

90 

Qian, Li, Ben-Arieh., D.,  2008. Parametric cost estimation based on activity-based costing: 
A case study for design and development of rotational parts. International Journal of 
Production Economics, 113.2: 805-818. 

Ravald, A., Grönroos, C., 1996. The value concept and relationship marketing. European 
journal of marketing, 30(2), 19-30.  

Remus, W., 1986. Graduate students as surrogates for managers in experiments on business 
decision making. Journal of Business Research, 14(1), 19-25.  

Richards, M. G., Shah, N. B., Hastings, D. E., Rhodes, D. H., 2007. Architecture 
Frameworks in System Design: Motivation, Theory, and Implementation. In: 
INCOSE International Symposium (Vol. 17, No. 1, pp. 981-990). 

Robson, C., 2002. Real world research (Second Edition). Oxford: Blackwell Publishing,  
Roda, I., Garetti, M., 2014. TCO Evaluation in Physical Asset Management: Benefits and 

Limitations for Industrial Adoption. In: Advances in Production Management 
Systems. Innovative and Knowledge-Based Production Management in a Global-
Local World (pp. 216-223). Springer Berlin Heidelberg. 

Rolls Royce, 2009. Rolls-Royce invests in research and factories to support future growth. 
Available at: http://www.rolls-royce.com. Accessed 31 Jan 2013. 

Ross, A. M., Rhodes, D. H., 2008. Using Natural Value‐Centric Time Scales for 
Conceptualizing System Timelines through Epoch‐Era Analysis. In: INCOSE 
International Symposium. Vol. 18. No. 1. 

Ross, A.M., Hastings, D.E. Warmkessel, J.M., 2004. Multi-Attribute Tradespace 
Exploration as Front End for Effective Space System Design. Journal of Spacecraft and 
Rockets, 41(1), 20-28. 

Ross, A.M., Rhodes, D.H., Hastings, D.E., 2008. Defining changeability: Reconciling 
flexibility, adaptability, scalability, modifiability, and robustness for maintaining 
system lifecycle value. Systems Engineering, 11(3), 246-262. 

Sakao, T., & Shimomura, Y., 2007. Service Engineering: a novel engineering discipline for 
producers to increase value combining service and product. Journal of Cleaner 
Production, 15(6), 590-604. 

Schmidt, K., Wagner, I. (2002). Coordinative artifacts in architectural practice. In: Fifth 
International Conference on the Design of Cooperative Systems (COOP 
2002)/Cooperative Systems Design: A Challenge of the Mobility Age. Amsterdam, 
NL, IOS Press. 

Schrage, M., & Peters, T., 1999. Serious Play: how the world's best companies simulate to innovate. 
Boston, MA: Harvard Business School Press. 

Settanni, E., Newnes, L.B., Thenent, N.E., Parry, G., Goh, Y.M. et al., 2014. A through-life 
costing methodology for use in product–service-systems. International Journal of 
Production Economics, 153, 161-177. 

Shapiro, B.P., Jackson, B.B., 1978. Industrial pricing to meet customer needs. Harvard 
Business Review, November-December, 119–127. 

Shimomura Y, Arai T., 2009. Service engineering–methods and tools for effective PSS 
development. In: Introduction to Product/Service-System Design (pp. 113-135). 
Springer London.  

Simon, H. A., 1955. A behavioral model of rational choice. The quarterly journal of economics, 
99-118. 



9. References 

 91 

Simon, H. A., 1979. Rational decision making in business organizations. The American 
economic review, 493-513. 

Soban, D., Hollingsworth, P., Price, M., 2011. Defining a research Agenda in Value Driven 
Design: Questions that need to be asked. In: Proceedings of the 2nd International 
Air Transport and Operations Symposium, TU Delft, Netherlands. 

Star, S. L., Griesemer, J. R., 1989. Institutional ecology,translations' and boundary objects: 
Amateurs and professionals in Berkeley's Museum of Vertebrate Zoology, 1907-39. 
Social studies of science, 19(3), 387-420.  

Star, S.L, 2010. This is Not a Boundary Object: Reflections on the Origin of a Concept. 
Science, Technology, & Human Values, 35 (5), 601-617. 

Tang, J. C., 1991. Findings from Observational Studies of Collaborative Work. In Baecker, 
R. M. (Ed.). Readings in Groupware and Computer-Supported Cooperative Work: 
Assisting Human-Human Collaboration. San Francisco, CA: Morgan Kaufmann, 
251-259. 

Thiede, S., Spiering, T., Kohlitz, S., Herrmann, C., & Kara, S., 2012. Dynamic total cost of 
ownership (TCO) calculation of injection moulding machines. In Leveraging Technology 
for a Sustainable World (pp. 275-280). Springer Berlin Heidelberg. 

Tohidi, H., 2011. Review the benefits of using value engineering in information technology 
project management. Procedia Computer Science, 3, 917-924. 

Tuikka, T., Kuutti, K. 2001. Thinking Together in Concept Design for Future Products - 
Emergent Features for Computer Support. Cognitive Technology, 40-54. 

Tukker, A., & Tischner, U., 2006. New business for old Europe. Productservice Development, 
Competitiveness and Sustainability. Sheffield, UK: Greenleaf.  

Ullman, D.G., 2003. The mechanical design process. New York: McGraw-Hill.  
Ulrich, K., Eppinger, S., 2011, Product design and development (5th edition). New York: McGraw-

Hill. 
Van Someren, M.W., Bardard Y.F., Sandberh, J.A.C., 1994. The Think Aloud Method: A 

Practical Guide to Modelling Cognitive Processes. London: Academic Press. 
Vandermerwe, S., Rada, J., 1989. Servitization of Business: Adding Value by Adding 

Services. European Management Journal, 6 (4), 314–324. 
Vargo, S. L., Maglio, P. P., & Akaka, M. A., 2008. On value and value co-creation: A service 

systems and service logic perspective. European management journal, 26(3), 145-152. 
Wenger, E., 1998. Communities of Practice: Learning as a Social System. Systems Thinker.  
Whyte, W. F., Greenwood, D. J., Lazes, P., 1989. Participatory action research: Through 

practice to science in social research. American Behavioral Scientist, 32(5), 513-551. 
Wikström, S., 1996. Value creation by company-consumer interaction. Journal of Marketing 

Management, 12, 359–374. 
Williams, A., 2007. Product service systems in the automobile industry: contribution to 

system innovation?. Journal of cleaner Production, 15(11), 1093-1103.  
Witten, I. H., Frank, E., 2005. Data Mining: Practical machine learning tools and 

techniques. Burlington, MA: Morgan Kaufmann. 
Wong, J. S., 2012. Whole life cost methods for aero-engine design. PhD diss., University of 

Southampton. 



Panarotto, M.  
A Model-Based Methodology for Value Assessment in Conceptual Design  
 

92 

Wood P., 2006. FLAVIIR – An Integrated Programme of Research for UAVs. In: Proc. of 
the 3rd AIAA Flow Control Conference, San Francisco, 5-7 Jun 2008. 

Woolley, M., Scanlan, J.P., Eveson, W., 2001. Optimising the development of a medical 
device using formal engineering design techniques and the coda-system. In: Proc. of 
7th International Conference on Concurrent Engineering, Bremen. 

Wymore, A.W., 1993. Model-based systems engineering. Boca Raton, FL: CRC Press. 
Yang, C. C., 2011. Constructing a hybrid Kansei engineering system based on multiple 

affective responses: Application to product form design. Computers & Industrial 
Engineering, 60(4), 760-768. 

Yin, R. K., 2013. Case study research: Design and methods. Thousand Oaks, CA: Sage 
publications.  

Zanakis, S.H., Solomon, A., Wishart, N, Dublish, S., 1998. Multi-attribute decision making: 
a simulation comparison of select methods, European Journal of Operational Research, 
107: 507-529. 

Zeithaml, V.A., 1988. Consumer perceptions of price, quality, and value: a means-end 
model and synthesis of evidence. Journal of Marketing, 52, 2-22. 

Zhang, X., Auriol, G., Eres, H., Baron, C., 2013. A prescriptive approach to qualify and 
quantify customer value for value-based requirements engineering. International 
Journal of Computer Integrated Manufacturing, 26(4), 327-345. 



 
 

 

 

PAPER A 
 

Panarotto, M., Larsson, T. C., 2012. Towards Value-Driven Simulation of 
Product-Service Systems: a Conceptual Scenario. In: Proceedings of the 12th 
International Design Conference, Dubrovnik, Croatia. May 21st-24th 2012. 



 



1 
 

INTERNATIONAL DESIGN CONFERENCE - DESIGN 2012 
Dubrovnik - Croatia, May 21 - 24, 2012. 

TOWARDS VALUE DRIVEN SIMULATION OF 
PRODUCT-SERVICE SYSTEMS: A CONCEPTUAL 
SCENARIO 

Massimo Panarotto, Tobias C. Larsson 

Keywords: Value engineering, product-service systems, simulation-
driven design 
 

1. Introduction 
Since the development of mass consumption and traditional product-oriented business strategies as a 
means for society’s growth, the exchange of physical artefacts between a providing company and a 
receiving customer has for many years been a key mediator for customer value. The more products the 
company could sell, the more revenue it generated [Tan 2006]. 
In the last decade there has been increased interest and awareness among research community, 
industry and policy makers on the potential of Product-Service Systems (PSS), or functional-oriented 
business models; especially in order to make a shift towards a sustainable society [Mont 2002]. By this 
type of business model, the emphasis is on the ‘sale of use’ rather than the ‘sale of product’, with the 
intent of leading to a dematerialization and life-cycle view of the entire production and use system, 
hence having possibilities to achieve sustainability goals.  
In literature review of opportunities and challenges of the PSS business model are available. Benefits 
from a producer perspective are; opportunities to deliver a higher value offer and to provide a more 
differentiated and customized offer, and from the customer side; the possibility to receive higher and 
‘suited’ values at lower prices since the ownership is now on the producer’s hands. For society this 
approach increase the chance to provide benefits for people while reducing the environmental impact.  
Shifting from traditional business model to PSS requires new definitions of value [Tan et al. 2006] as 
well as new methodologies for taking it into account within product development. Furthermore, since 
its recent development and its characteristics of new paradigm as business model, it requires for a 
company new and increased innovation capabilities.  
The implications for design and development, when using a PSS frame, are; making the correct choice 
in the preliminary design phase impacts the entire product life cycle in an order of magnitude that 
could span from making the product being a success, to generating, instead, a total business failure 
[Browning 2002]. This statement gains more and more relevance when the product is characterized by 
a long life-cycle, when the technology is highly capital-intensive and when later life-cycle 
modifications imply huge expenditures in terms of money and labour. In the effort of being 
competitive in the globalized market, a common and intuitive strategy for companies is to cut costs 
while increasing structure efficiency [Stahl 1997]. However, this approach does not always lead to 
success. Cost competition does not ensure long-term value added, because of the real risk of engaging 
in a cost-based competition against market followers [Lewitt 1966]. So far, what becomes a real target 
to any company who wants to lead, or keep on leading, the market, is to provide the highest value to 
the system in which the company is competing. This concept should be considered not only from the 
final product seller focusing on end user, but also by all those companies that are relevant business 
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partners in the supply chain. Collopy [Collopy 2009] stated that for a product to be successful it should 
maximize the value generated for the customer and for the system; how the profit is then divided 
between companies is instead decided by the market. 
 
The question that arises seems natural: how can a company re-define its consideration of value 
provided when meanwhile increasing its innovation capabilities in order to “jump into” the new 
paradigm, and how can early design phases of PSS be treated? 

2. Objectives 
The main objective of this paper is to discuss existing challenges when considering value in PSS 
conceptual design and the potentials of using a value simulation approach as a means to succesfully 
deal with the wider design space that such a business model implies. Furthermore, a conceptual 
scenario based on a case is presented in order to strengthen the paper and provide a base for further 
development.  

3. Research methodology 
The approach emerges from the analysis of real industrial problems together with theoretical studies 
on the corresponding phenomena. The initial problem statement has been defined in collaboration with 
a Swedish automotive manufacturer and its supply chain of some 30 partners.  
However, the research approach has been a literature review of current practices of value driven 
simulation in conceptual design, both in traditional product development and in PSS; and by 
workshops run with project teams, and students, that framed the example presented in this paper.  

4. What is the problem: Value consideration in PSS developement 
The highest possibility for the designer to improve artefacts in order to increase the business’s success 
probabilities relies in the early phases of development. In an ideal scenario, companies should always 
select design concepts able to increase the added value for their customers and stakeholders. Being 
able to calculate a priori, in a transparent and repeatable way, the value of a given solution is, 
however, not a straightforward process. As stated by Anderson and Narus [Anderson and Narus 1998] 
remarkably few firms have the knowledge and capability to actually assess value and, by consequence, 
gain an equitable economic return for the value delivered to customers, and this especially becomes a 
problem in the preliminary design stages [Browning et al. 2002].  
Lindstedt and Burenius [Lindstedt and Burenius 2006] argue that the creation of an unrivalled 
customer value leads to a Business Success. They define customer value as:  

                                                                                             (1)                        

The model proposed by the authors is divided into three processes. The project has to create value by 
(ibid.): 

• Maximizing the business opportunity (result: the contented sponsor) 
• Developing products with unrivalled customer value (result: the satisfied customer) 
• Deepening relationship and knowledge (result: the successful team) 

 
The same conclusion is drawn as well by Allee [Allee 2000], that argues that the partners involved in a 
business (provider, supply chain, customers etc.) exchanges value in three “currencies”: 

• Goods, services and revenue 
• Knowledge: Exchanges of strategic information, planning knowledge, process knowledge, 

technical know-how, collaborative design, policy development, etc., which flow around and 
support the core product and service value chain) 
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• Intangibles: Exchanges of value and benefits that go beyond the actual service and that are not 
accounted for in traditional financial measures; such as sense of community, customer loyalty, 
image enhancement, co-branding opportunities 

 
The author also highlights that in the business there is always value provided and value returned 
between the actors. For example, providing a service to a customer a company may get feedback about 
the service itself, so enhancing the know-how about it.   
Even though these can be considered as a too general definitions from a practitioner perspective, they 
can be used as a base to discuss what kind of values a company needs to focus on; and what should be 
the main pillars that a corporation should be based upon. 
In order to clarify what the main issue is when considering value in the design of PSS solution, a little 
discussion about how products are developed in industry is necessary. Even if hybrids exists, the 
common framework for product development management is the Stage-Gate® process by Cooper 
[Cooper 2008]. In this framework the process is divided into Stages, where the product development 
team performs all the activities necessary to the development of the product; and the Gates, where the 
project is reviewed by decision makers that has to take decisions about if the project can go ahead, 
what is rejected, and what needs to be reworked. This paper is particularly focused on the preliminary 
phases, thus Stage-Gate 0, 1 and 2, when the preliminary ideas are discovered, sorted out and when at 
the end several product concepts are built upon.  
What usually happens is that decision makers, having detailed analysis in order to consider costs/risks 
of the concept but lacking of informations about the benefits provided by the radical concept (such as 
customer loyalty, cost cutting opportunities in the future, brand image etcetera), often unintentional  
“kill” the idea with the most potential for creating a unique selling point for the company, and to 
overtake the competitors in the challenge. [Chesbrough 2003] This since something new never pass 
the requirements analysis that matches the exisiting solution. Hence sub-optimizing existing soultions 
always have the upper hand on new solutions, because the evaluation criteria are set in such a way.    
This happens particularly when designing a Product-Service System solution, due to the relatively 
recent development of this type of business model, and lack of evaluation mechanisms for PSS. 
So there are highest risks nowadays for the PSS solution to be “killed” in the early decision gates, 
preferring more conservative but eventually less successful solutions.  
Isaksson et al. [Isaksson et al. 2009] argue that the innovative concept of PSS requires a higher 
integration of product aspects as well as service aspects in the design process, in the past designed 
independently between each other. The authors highlight also the need to involve more the customer 
into the design process, a global development with partners and suppliers as well as modelling and 
simulation of all the PSS aspects early in the design process. Moreover, the need for new methods and 
tools in order to model, simulate and communicate value in the early design stages is considered a key 
factor in order to design successful PSS solutions.  
After considering these aspects, can then be concluded that the problem is that the companies know 
already that they should provide higher value for the customer, and that they should consider value in 
a broader perspective in order to achieve benefits in a longer timespan, and that new methods and tools 
are needed.   

5. Possible solution: Value Simulation approach 
The Value Driven Design (VDD) concept grew after almost 50 year research quest on Systems 
Engineering mainly around the Aereospace industry [Collopy 2009]. The main objective of the 
approach is that engineers should select the best design from a value perspective, rather than the 
design that “merely” meets the requirements. In the framework there is no requirement set a priori, 
neither on a system level nor on a component level, instead an objective function is given to the design 
team, which converts the set of design attributes into a score. The design team is then asked to develop 
the design that provides the higher score.  
The main benefits stated by the developers of the approach are: it enables optimization, since the focus 
now is on o find the “best design”, where a higher score indicates that the design is best; it prevents 
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Design Trade conflicts and it avoids cost growth and performance erosion, since the approach enables 
a system optimization rather than a local optimization driven by the strive of meeting requirements.  
Even though the approach is quite new in literature, interesting industrial cases have already been 
made. 
Curran [Curran 2010] presents a case when Value Driven Design is used in order to address the 
structural configuration for an aircraft fuselage panel. The work focuses on combining design 
parameters and operational value, such as direct operational costs and manufacturing costs. The case 
demonstrates the application of VDD in terms of an aircraft manufacturer’s profit. 
Another interesting approach is proposed by Bertoni et al. [Bertoni et al. 2011] The idea is mainly to 
use qualitative scores to assess the value of design components, in the specific case within the 
aerospace sector. The approach uses baseline values (value that a component at least needs to fulfill) 
and target values (highly ambitious values that the component might have). The idea is then to 
communicate value through color coding integrated in the copany’s CAD system. Even though the 
approach is very interesting, the authors highlight the need of quantitative “back-up” data for the value 
calculation in order to give reasoning to make trade-offs during the different decision gates. 
The preliminary analysis of current methodologies has shown that interesting approaches on value 
simulation and communication are available. Mainly they can be considered divided into three 
categories. For value simulation; approaches that try to model value using mathematical functions 
composed of partial differential equations and qualitative approaches in which the team has to define 
baseline values and target values, and when it is the team itself that decides the value of a certain 
concept based on its experience and knowledge. For value communication, the authors have found the 
approach of using color coding systems integrated into CAD models interesting. 
However, these approaches are still in a development phase, and the authors consider that probably a 
combination of them will be the best solution in order to achieve good results in the current project. 

6. Value modeling of Product-Service Systems 
In order to build a model for the assessment of value in early product development a preliminary 
classification of what constitutes value for a company is necessary. This section propose a 
classification that has been made after an extensive literature analysis, and the description is followed 
by the references taken as base for the rationale.  
However, this framework is not intented to be an “operative” classification of value, since it is still too 
general. The company itself must decide what parameters might increase the value provided, 
according to its strategies, market, competitional environment. Furthermore, a preliminary and general 
classification of what constitutes value is necessary in order to provide a base for the discussion 
around the value provided by a Product-Service System offering.  
The proposed model is based on the equation (1) and the authors divided value into five dimensions 
(or “currencies”): two for the “denominator” side, and three for the “numerator”. Regarding the latter, 
the authors devided benefits following the “value model” proposed by Lindstedt and Burenius 
[Lindstedt and Burenius 2006], seeking what benefits are considered as value by the three main actors 
of a PSS project: the sponsor, the customer and the development team.  
This section has the purpose also to describe them more in detail, to give a rationale in order to explain 
the reasons for their inclusion in the model, and how a PSS can increase value along these dimensions.    
As will be argued in detail in the next paragraph, methodologies in order to considered costs, risk and 
revenue have been consolidated during the past years in both research and industry environments. 
Therefore, these will be tretead briefly in this paper, citing only main reference methodologies 
developed in the area. Attention and discussion will instead be dedicated to intangible value perceived 
by the customer and the knowledge gain achieved by the company, since a lack of research still exist 
and that will be the authors’ main future work. 

6.1. Cost, risks and revenue evaluation 
The cost and revenue evaluation is probably the most well defined part of the equation (1). In industry 
many methods are broadly applied. Among the most used are the cash-flow analysis, the net present 
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value, adjust present value, and internal rate of return calculation, just to cite a few. All these tools are 
very useful and mainly these analysis are conducted by finance departments and cost managers. 
These methods have been rather consolidated over the past fifty years, and different methods has been 
developmed in order to plot costs and revenues over the product’s lifetime. Among the most used, it is 
possible to cite the return map.   
Naturally, the risk associated to a product concept is a important factor that must be assessed during 
the preliminary design phase. Literature presents different methodologies in order to estimate risks in 
early product development. Bertoni et al. [Bertoni et al. 2011] summarizes the most used 
methodologies developed during the last decades, and can be used as a reference for a deeper 
investigation.  

6.2. Intangible benefits perceived by the customer 
For intangible benefits is meant all those benefits the customer perceives as value but not strictly 
related to any intrinsic value or no material being. They are not easy to define and formulate. Some 
examples are customer loyalty, sense of community, brand image, co-branding opportunities.  
A Product Service System solution can in theory reach great opportunities for intangible value such as 
Customer loyalty. This type of business model can enhace a more trustwhorty relationship between the 
customer and the provider.  
Steiner and Harmon [Steiner and Harmon 2009], highlight how increasing the customer’s perceived 
intangible value can positively affect the business’s level of success. The authors also divide the 
intangibles into three categories: Knowledge (related to the customer’s perception of the company and 
its products), Emotions  and Experience. They provide also a good taxonomy on how these values can 
be divided in sub-categories. Even with a rather clear definition of what constitutes intangible value, 
the authors highlight the current lack of how intangibles can be considered in product development 
and positively evaluated by managers and decision makers.   
However, the paper divides customer value into three layers: Product layer, Service layer, and 
Intangibles layer. Even though this classification is quite common, in our opinion when considering 
the customer perception of a product it should be considered always from the intangibles’ perspective. 
This is true even in traditional product context, considered as merely tangible by many authors. 
Almost all the values perceived by the customer are intangibles.  For instance, how much do we buy a 
watch just because it will tell us the time? Or do we buy it because we like its design or because we 
recognize its brand? 

6.3. Knowledge gain 
For knowledge is meant all the exchanges of strategic information, planning knowledge, process 
knowledge, technical know-how, collaborative design, policy development, etc., within the company 
and between all the partners of the value chain involved in the product development process. [Alee 
2000] 
This parameter is seldom considered, but extremely important in order to increase the knowledge 
“wallet” of the company to increase the possibility for cutting cost, gaining innovation cababilities 
etcetera. This is becoming extremely important in the recent years when the tendency is to more and 
more first tier and second tier supplier into the product development process.  
This is particulary experienced by the authors in the current project, that is developed in collaboration 
with some 30 companies, suppliers of a Swedish car manufacturer. In some cases, these suppliers do 
not have research & development department (due to the dimension of the company) so that they 
considered really an added value to gain knowledge by the development’s activity. 
The potentials for knowledge gains are especially high when designing a PSS. In fact, when changing 
the ownership from the customer to the Original Equipment Manufacturer (OEM) the latter is 
motivated to design a solution in  a long-term perspective, having time to continuously improving the 
solution, and also having continuously feedbacks from the customer, due to the more trustworthy 
relationship between the partners.   
As well as the intangibles values perceived by the customer, also knowledge is a benefit still difficult 
to assess and evaluate in the early stages of the development process.  
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One interesting approach to deal with knowledge transfer in product development is the Knowledge 
Maturity scale proposed by Johansson [Johansson 2011] Even though the scale is intented to deal with 
the problem of how much the decision maker can “trust” the different design solutions proposed by the 
team, one interesting opportunity seems to integrate such a scale into the value simulation approach. In 
this way, the simulator can give a score on how much knowledge will be gained by the company with 
that particular concept (i.e if we include a “customer help us” feature to continuously improve our the 
software we offer to the customer). 

7. Conceptual example: Value simulation into practice 
In order to provide an example on how Value Driven Simulation could become an approach when 
dealing with Product-Service System development, a conceptual case is presented. Although the 
authors have tried to be rather accurate in order to provide a good base for the discussion, the present 
example is based on gross assumptions, and it cannot be considered a representation of a real 
industrial case. The example has emerged from discussions and workshops with students and 
industrial partners in the automotive supply chain project. 

7.1. Example presentation  
The example presented is based on a car sharing system. Let us consider the case of a car 
manufacturing company that wants to move from manufacturing and selling cars towards a car sharing 
system, in which the company manufactures the cars it needs and then it provids a “total system 
offering” being responsible of filling fuel, maintenance of the cars etcetera. (the slogan in Swedish is 
moving from “köp en bil”, buy a car; towards “köp en mil” buy a Swedish mile, 10 Km). 
With the students it has been decided to skip the part of customer identification, deciding a priori to 
take as customer target young middle-class Swedish singles or couples, with a possibility to spend for 
transportation by car less than 500 SEK (ca. 50 €) per month. 

7.2. Preliminary Value model, main assumptions and data gathering 
The preliminary Value model follows the approach adopted by Curran et al. [Curran et al.2010] using 
a differential- additive valuation manner. As stated by the reference, it is more reasonable to relate the 
value of one design option to another, rather than trying to measure an absolute value. Furthermore, 
there is a need to normalize parameters that otherwise, because composed by different units of 
measure, will completely blow the result, making impossible any comparation between options.  
In the example the value levers that have been decided to incorporate are presented in equation (2) and 
consist of: profitability (revenue-costs) and customer experience. 
 

              (2)                      
 
Where the parameters  are the weights by which the design team decides to allocate more 
importance according to experience, competitive market etcetera.  are the different dimensions that 
composed the single value lever, also decided by the design team. The concept will be clearer 
throughout the example  are the weights given by the team to the overall value 
lever, in other words how much that value lever added value to the general system. For the sake of 
simplicity, it has been decided to place the two weights of 1. As previously stated, the value of every 
configuration is related to the value of a benchmark option, indicated in the equation with the subscript 
0. As benchmark, the authors decided to adopt a Toyota Corolla used in a car sharing case in Sweden, 
which was possible to gather some data by Zhang [Zhang 2008]. Other data have been collected from 
the manufacturer’s website, and other data about car sharing system has been collected through 
websites using Car sharing companies in North America.  
Without going deeper into the calculation, Profitability has been valuated by the difference of revenue, 
Direct Operative Costs (only Fuel Cost), Cost manufacturing and Costs of Maintenaince. Since this 
calculation has been considered correct out of the assumptions made, the value lever will therefore just 
one, and the weight will be considered 1 for the sake of simplicity.  
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The Customer experience lever has been valuated according to five dimensions, taken after a Kano 
model analysis with the students and with the weights given empirically accordingly to the importance 
stated during the discussions.  

• Price/Km: the cheaper it is, the higher means for the customer, w=8; 
• Must-be requirement: warmth in the sitting system, w=1 
• Performance requirement: the bigger is the sitting area, more important is for the customer 

(considered as means for comfort), w=2; 
• Satisfaction requirement: the bigger is the baggage area, the better it is for the customer (since 

the students considered that one main use of car sharing might be transporting furniture or 
other equipments for the users), w=3;   

• Risk that the car brakes during one travel: the higher is the risk, the lower is the value added to 
the system, w=5; 

Regarding the latter, the risk has been grossly considered inverse proportional to the weight of the car, 
when the weight has been considered the main means for robustness. The higher is the weight of the 
car, longer will be the Mean Time Between Maintenance (MTBM). So, in other words, the lighter is 
the car the shorter will be MTBM (with of course an impact on Costs of maintenaince), but also with a 
higher risk of making customer unhappy with a less robust car that eventually will breake during the 
trip. MTBM has been one of the main assumptions by the authors. It has been considered merely 
depending linearly by the weight of the car, and calculated linearly from the MTBM and the weight of 
the benchmark car.    
The equation for the customer experience Value lever is then: 
 

 

7.3. Conceptual scenario: Value Driven Simulation  
Due to the dimension of the paper, it is not possible to clarify all the assumptions made in the model 
(that, once again, are many but accuracy esule to the scope of the example). The authors decided to 
maintain similar all the parameters between the benchmark concept and the options, and to change 
only four parametrs: ;  length of the sitting system,  length of the baggage,  
weight of the car. The timespan has been considered along 8 years, with the hypothetical case of one 
year of manufacturing all the cars that will then use along the timespan, with regular maintainance 
every MTBM. Table 1 presents the simulation of four different design options in terms of added value. 
 

Price/Km 
(€/Km) 

s (mm) b (mm) Weight (kg) dV 

0.35 1200 1300 1500 17.73 
0.2 1000 1200 1700 19.94 
0.5 1100 1400 1800 18.35 

0.22 800 800 1200 15.71 

Table 1. Value simulation using four different configurations 
 
By the simulation it can be seen that providing a cheap but rather “robust” car (second row) is the best 
design option out of the four configurations taken into account (even though in the model important 
parameters such environmental impact, cost of resources has not been modelled). Another interesting 
reflection might be in the third case, if we provide a good customer experience, price eventually will 
not considered so important. Or opposite, in the fourth case, a cheap but “ugly-not functional” car (and 
not so robust, so with high risks that it will abandon us on the way) is not the best design choice either.  
It has also been simulated the value added to the system by modifying for instance  and 

, maintaining all the other parameters unchanged, using MATLAB. Figure 2 shows the results 
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of the simulation. It is then possible to see area of interest in terms of value added to the system. 
Figure 1 presents the results of the simulation. 

  
Figure 1. Value simulation depending on Price/Km and Weight 

By the simulation, the design team can highlight potentially good design options together with 
business considerations (i.e the area in the corner down to the right seems interesting by the simulator, 
but totally out of the customer target taken into focus) or technical requirements (the team can decide 
that it is imposible to provide a safe car under 1000 kg). For instance, the team might see that if they 
want to remain around 1800 Kg and with cheap price, then it is better to increase weight (and so 
robustness); that will maintain the company profitable but also will provide a better customer 
experience, since the risk of technical failure during the travel will be lower. With more complex 
models than the one presented on this paper will also be possible to show areas of local optimization 
between business parameters (such as price) and parameters depending on design (such as weight).  

6. Conclusions and future work 
The paper discussed potentials and existing challenges of considering Value when designing a 
Product-Service System offering. The main problem has been identified on having new methods and 
tools that can help designers to consider every design option from a value perspective (possibly based 
on a longer timespan). Nowadays mainly revenue, costs and technical risks analysis are taken into 
consideration and boiled down into monetary terms in a rather short period. This often caused the 
“killing” of more radical ideas (that could potentially bring more benefits if seen in a longer time 
perspective) at the various decision gates during the project. So at the end, everybody talks about 
value, but actually money is what people look at in the end.  
The paper discussed how a Value simulation approach can provide benefits in terms of compared 
different design solutions from a Value perspective. With such an approach it is possible to take into 
consideration the value of aspects like intangibles perceived by the customer (provide the best 
customer experience as possible) or knowledge gained by the company during the business. An 
example has been presented in order to discuss how Value simulation can be effectively a strength 
when dealing with the wider design space that the PSS development implies. Another main benefit is 
that such a  tool will enable engineers to have at least “reasoning” in order to sponsor more radical 
concepts. Thirdly, the tool can enable optimization and increase innovation, since the team can look at 
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why the model has low value in a certain lever, and starting to brainstorm possible solutions of how to 
increase it.  
However, the approach is still in its infancy and future work needs to be done. First of all, the 
weighting phase is crucial since it will profoundly affect the model. Further research will focus how 
the design team can place define weights in a qualitative but effective way, in order to take the major 
benefits from a “lightweight” qualitative approach and the simulation based on mathematical 
equations.  
Secondly, work has to address how intangibles and knowledge can affect monetary parameters, such 
as the price of the offerings or costs (making the intangibles tangible, so to say). This will require 
further research, but it has been seen as a great opportunity of making a step further in the topic, since 
the uncovered areas realted intangibles and knowledge are still many.      
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ABSTRACT 
This paper presents a computer-based approach for conceptual design that aims to enhance 
collaborative supply chain development in the automotive sector when dealing with product-service 
development or radical innovations. The focus of the research has been to design a simulation 
approach that will enable designers and managers to simulate and evaluate the value of different 
design options for the different stakeholders involved in the development process and to have insights 
about the implications between business model innovation and the engineered aspects of the solutions 
early in the conceptual phase. 
The approach is presented using a case study within the current project, after following a team 
responsible for the car cockpit. Four possible scenario have been simulated and evaluated using a 
commercial simulation software. 
The main advantage of the proposed approach is to enhance the awareness among designers and 
managers of the value of different design options, and allow them to explore further how business and 
design aspects profoundly affect each other, in order to support early decision-making in the design 
process. 
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1 INTRODUCTION 
Manufacturing companies have traditionally focused their design and development activities on 
realizing technical and engineering aspects of physical artefacts. The changed business climate due to 
increased competition on the global market have forced these companies to continuously innovate their 
product portfolios as well as exploring new type of business models (Tukker and Tischner, 2006). This 
has led to an increased attention of creating radical innovative product concepts as well as initiatives as 
Total Offers, Functional Products, Product-Service Systems and Integrated Product Service 
Engineering, hereafter named as PSS in this paper (Meier et al., 2010) (Baines et al., 2007) (Alonso-
Rasgado et al., 2004). 
The automotive industry is experiencing this changing context. Car manufacturers and their suppliers 
have in recent years explored new ways of providing customer value, including new types of business 
models (such as functional provision, car renting, car sharing, car pooling) (Katzev, 2003). The market 
has evolved rapidly, largely driven by the consumers’ needs to make a more sustainable choice for 
their transportation habits as well as increased requests for well-being (Botsman and Rogers, 2010) 
besides the classic feature improvements. New actors are currently taking market shares that 
traditionally belonged to car manufacturers and dealers, such as car sharing platforms (Shaheen et al., 
2009). Peer-to-peer car sharing represents a recent phenomenon in the arena (Hampshire and Gaites, 
2011). Customers are spontaneously experimenting with new business models using the car as a 
platform, a process though which a person either rents a vehicle from someone else, or conversely, 
rents their own vehicle to someone else, usually by the hour or day, via a third-party operator that 
facilitates the exchange (Lewis and Simmons, 2012).  
Some car manufacturers are reacting to this evolving situation, introducing new services in order to 
exploit the opportunities offered by the new market. Recent examples include the partnership between 
General Motors and a US based peer-to-peer car sharing platform. Car owners who subscribe to GM’s 
OnStar system will be able to rent their vehicles out to other drivers. GM’s OnStar system makes use 
of satellite-connected on-board services, but its capabilities have up till now been used mostly to call 
for assistance in case of emergency. Under this new partnership, the peer-to-peer sharers that 
subscribed to the platform can use the OnStar system to reserve a car and lock and unlock the door via 
a mobile app. 
From the standpoint of a car Original Equipment Manufacturer (OEM) and its suppliers 
collaboratively working on the development of new models and technologies, it is extremely important 
to gain a better understanding of the consequences of their design decisions on the overall system (e.g. 
the customer journey), the value for the different stakeholders or a new function’s impact on future 
scenarios.  
In this context, the satisfaction of the design requirements does no longer assure that the design will 
create an “uncontested customer value”, and thus there is a need to integrate the design requirements 
with more qualitative measures that link the product features to the stakeholders’ needs and 
expectations, and increase the ability of the design team to make design decisions taking into 
consideration future trends as well as new business models. 
The main objective of this paper is to provide an understanding of the challenges that a design team 
faces when dealing with the consideration of the value contribution of different design alternatives in 
the conceptual phases. Special emphasis has been given to the consideration of the impacts on 
customer and the supply chain value provided by a design option in relation to new business models, 
and how technical design and business model design mutually affect each other.  
The paper also describes a conceptual approach aiming at overcoming the underlined challenges at the 
preliminary design stages. The approach is described in terms of key elements, actors involved and 
activities performed.  

2 RESEARCH APPROACH 
The work reported in this paper is part of a research project within the automotive industry. A Swedish 
car manufacturer works along with 30 companies works in a supply chain structure. The aim of the 
project is to explore new opportunities for the automotive industry for 2021, both in terms of hardware 
and new business models; hence the PSS context is relevant.  
The authors have observed and participated in a total of nine design workshops within the project in an 
18 month timespan, being responsible directly for two workshops on the topic of value creation. 
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During these workshops and follow-up meetings the authors have collected data by informal 
dialogues, which contributed to frame the core problem statement and subsequently the approach 
presented in this paper. 
A case study approach (Yin, 2008) has been chosen to empirically identify the challenges when 
dealing with value assessment in conceptual design and the consideration of the design’s implications 
on future scenarios. A design team responsible for the design of the cockpit has been followed closely 
during a four-month period, and the case reported in the paper is mainly focused on the development 
of new technologies for a car’s dashboard.  
The findings of the study have been iteratively discussed and refined together with the project 
participants, and the vision for the value simulation approach has been developed and verified in 
collaboration with the project members. 

3 ASSESSING VALUE IN THE CONCEPTUAL DESIGN PHASE 
A new car’s development is guided by project management practices (Midler, 1995), usually with 
several gates where specific decisions have to be made, and with strict timelines to adhere to. This 
model is often referred to as a Stage-Gate® process (Cooper, 2011), commonly used to drive the 
development process from idea to product launch. The elements of the model are the stages, where 
information-gathering activities are condensed in project deliverables and gates, where the information 
is assessed and decisions are made.  
Empirical studies in the aerospace industry (Johansson et al., 2011), an industry with complex and 
long development projects, which have similarities with the automotive industry, have shown that 
value-related information is usually not reported at gates in a clear manner, thus vale-conscious 
decisions are difficult because of lacking documentation to support the design choice. 

3.1 What is value? 
Today the “greatness” of a design solution in the development in a new car model is mainly expressed 
as technical performances and cost. One of the participants in the project has described: “what you 
present is usually geometrical specifications, technical functions and costs”. Furthermore, knowing 
what is going to be expected by the decision makers early set the mindset for the design team on what 
is expected to be outcome. “You already know the set, so you prepare yourself. You know you have to 
put numbers on how much it weighs, and how much it costs”. 
In literature there are many definitions on what constitutes value, and what value a design team should 
consider in their decision-making process.  
Lindstedt and Burenius define customer value with the following expression (Lindstedt and Burenius, 
2003):  

Customer Value  Perceived customer benefits
Use of customer resources

   (1) 

Where customer resources can be interpreted as money, time and effort.  
However very clear from a theoretical perspective, the definition needs to be turned into a more 
concrete and operational state. Business is also said to be all about customer value, or actually the 
organizations ability to create unrivalled customer value. Some people have the ability of 
understanding and making value-oriented decision, by experience, instinct, or training. However, 
based on their experiences with product development processes in Swedish and International 
companies, Lindstedt and Burenius state (p.14) “The capacity of a whole organization to make correct 
decision demands more than good instincts of a few individuals. To succeed, the concept of customer 
value must be turned into a concrete, measurable element that can be put to practical use, thereby 
providing a guiding light in all aspects of work”. 
The concept of Value Driven Design (VDD) is a Systems Engineering strategy that has been 
developed in the recent years mainly in the aerospace sector (Collopy and Hollingsworth, 2009). The 
main goal of the approach is to find the design through a value analysis, rather than a design that “just” 
meets the requirements. In the framework, no requirement is set a priori, but instead the team is asked 
to maximize an objective function that converts the different design attributes into a value score. 
Literature unfolds the main benefits of VDD, stating that the framework would help to achieve system 
optimization and to reduce cost erosion (Curran, 2010).  
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VDD (Richardson et al., 2010) assigns numerical scores to an objective function (Value model) so that 
if an alternative is better than one other receives a higher score. The attributes of the system (Value 
attributes) describe what the design has to deliver to the relevant stakeholders (defined as the outer 
environment of the design), whereas the design parameters of the system (Design attributes) are 
primarily of interest for engineers and describe the inner environment of the design. In complex 
system characterized by a long lifecycle, value is dependent by the tangible components of the system 
(e.g. the vehicle) and dynamic operational context (e.g. the customer journey). Value is then 
considered as the capability of maintaining and improving the functions in the presence of change 
(Ross et al., 2008). Tradespace exploration (Ross et al., 2004) considers customers in the relation to 
the customer process context. 
In sectors such as the car market value is often considered intangible and highly related to the 
customers’ perception of the self as well as related to past memories and it is highly affected by group 
dynamics (Norman, 2007) (Andriessen et al., 2000) (Daum, 2003). Conceptual models to assess the 
intangible value exist (Steiner and Harmon, 2009), even though the complexity of the subject is in 
need of more research (Sullivan and McLean, 2007).  

3.2 Models, simulations, prototypes 
The use of modeling and simulation techniques is well established in traditional mechanical 
engineering processes to efficiently analyze the physical behavior of a complex system, since the use 
of computers opens up to faster iteration loops and assessment (Sellgren, 1999). In the innovation 
engineering domain, “Serious play” (Schrage, 1999) brings real-world examples of how the World’s 
best organizations model, simulate and prototype in order to innovate. It is argued that the most 
important value of modeling and simulating activities does not reside in the results that these models 
or simulations generate, but rather in the discussion, arguments, consultations they generate and 
trigger. The main idea is that the prototypes that the organization creates reflect their perception of 
reality, as well as the organization’s own internal assumptions about risk and reward. Additionally, 
what the company choose not to model is equally important, since it might reveal internal taboos or 
assumptions unconsciously left out because they are the most threatening to their sense of themselves 
(Schrage, 1999). The process of early modeling and simulating turns the innovation cycle inside out: 
instead of using the innovation process to come up with a finished prototype, modeling and simulating 
“quick and dirty” prototypes will lead the innovation process, building upon the existing prototypes, 
enabling the capacity of raising questions and to generate new solutions and business models. 
Literature highlights and suggests the importance of modelling and simulating the current and future 
state of a company, in order to avoid negative impacts of early design decision too late in the product 
development process (Barton et al., 2001) (Nergård et al., 2009). The whole idea is to setup and run 
simulations of a product-service system’s performance (in all aspects, i.e. economic, ecologic, social, 
technical, intangible etc.) early in the design cycle and base design decisions on the simulation 
outcomes. This Simulation Driven Design approach (Bylund et al., 2004) is in contrast to using 
simulation towards the end of the design cycle, prior to prototype and testing or even just prior to 
design release, to validate and verify performance of the system. Hence, there are great possibilities to 
drive, rather than merely verify, innovative design concepts.  
Business Process Modeling (BPM) (Scheer, 2000) is a Systems Engineering methodology that has the 
purpose of representing processes within an enterprise, in order to improve process efficiency and 
quality. Modeling and simulation in BPM allows pre-execution of “what-if” analysis (Laguna and 
Marklund, 2005) (Tumay, 1995), with the purpose to seek for an optimization of the process. 

4 SCENARIO EXAMPLE: VALUE SIMULATION OF A CAR DASHBOARD 
In the conceptual phase of a new car development, the vehicle is broken down in sub-systems (such as 
cockpit, chassis, door), broken down into the components of the system, following techniques 
commonly used in Systems Engineering (Schlager, 1956) practices. Figure 1 presents an instance of 
such decomposition, and the position of the dashboard in the breakdown can be visualized. 
Furthermore, the OEM and its suppliers that are involved in the design of the cockpit are involved in 
different markets, and the stakeholders that influence their business, and the stakeholders they refer 
and are interested to might be different.  
The car market is a highly evolving industry, where the OEM primarily acts in Business to Consumer 
(B2C) markets. The car provides value along a customer journey where the customer has complex 
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interactions with other individuals, organizations, services or physical artifacts that are within or 
without the control domain of the OEM. Customer attributes value on they customer journeys not only 
on the performance features of the car but also on emotional and conditional feelings. The B2C 
markets are characterized by rapid changes over time, and in some cases customers spontaneously start 
new business models using the car as a platform, as in the case of peer-to-peer car sharing. 

 
Figure 1. Instance of the breakdown of a vehicle 

Suppliers develop products together with the OEM but are at the same time actively involved in other 
B2C or B2B (Business to Business) markets. In some cases, they are interested to use the component 
or the technology they are developing as a platform to increase sales in markets that do not belong to 
the automotive industry.  
The Value Network (Allee, 2000) is thus complex and different stakeholders are involved.  
Figure 2 shows an instance of the Value Network taking for the sake of simplicity the case that the 
OEM and two suppliers are involved actively in the actual design of the dashboard in the conceptual 
phase. The Value Network comprises other seven stakeholders, and the interests are different between 
the different companies. For example, the first and the second supplier would like to open business 
opportunities with construction equipment companies with the new technologies that will be enabled 
in the dashboard (e.g. Augmented Reality). 
New groundbreaking features are expected to be present in the cars of tomorrow. Many of these 
technologies are competing with each other and it is very difficult to predict which will be the winner.   
Cars are expected to have autonomous drive, to turn electric and to communicate with other vehicles in 
the surrounding infrastructure and hence acting as a safety means. Cars will also be able to track our 
use habits in order to automatically customize the interior and exterior based on our preferences.  
Given this context, it becomes challenging for the design team responsible for the design of the cockpit 
to understand how the design of a component (such as the dashboard) could contribute to the highest 
value in five or ten years in the automotive or construction equipment industry. It is even more 
difficult to understand the impact of the components in relation to new business models. Revisiting the 
example provided in the introduction, an add-on feature such as GM’s On Star system used for 
emergency calls becomes now crucial to determine the success of a new business model (such as peer-
to-peer car sharing) and then open up entirely new opportunity for the car company to be a firs-mover 
in the new market.  
For a design team designing new technologies and features for the dashboard becomes less intuitive to 
position the component in the overall system, and considering the stakeholders’ needs in the view of 
new business models. For example, in a traditional business model a touchscreen and Augmented 
Reality might provide customer delight and thus the great value. The combination of the dashboard 
with a system of sensors and software that is able to mine data and give information about the state of 
the car (state of maintenance etcetera) displayed trough the dashboard might help the user to lend the 
cars to other people and to attract “skeptic car borrowers” (people that would like to borrow the car but 
are afraid of not knowing how the car has been used). Conversely, in a traditional business the user 
might not perceive the information so valuable, since she knows the state of the car and how it is has 
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been used, since she is the only user of the car. Thus the software might be perceived only as costs and 
an unwanted function.   

 
Figure 2. Value Network and stakeholders involved in the development of a car 

dashboard 

Considering the complexity and the challenges involved in the design decisions, it appears clear that 
considering value-oriented issues becomes challenging for an Engineering design team.  Collaboration 
in conceptual phases with other professionals working closer to customers (such as Marketing and 
sales) is often lacking (Damian, 2007). The importance of this cooperation has been pointed out by one 
of the participants in the project: “without sales and marketing and such, it is very difficult to get 
important feedback into the project from potential customers”. Commercialization aspects of a new 
technology are perceived to be taken too late in the downstream process. The considerations of these 
issues in the early stages are difficult, since Engineers usually do not have enough competence in those 
domains, or the competences and documentation requested to Engineers are expected to be too broad 
that at the end they become very difficult to manage within the project timeframe. Another participant 
in the project has pointed out on this regard: “at the end, it becomes more paper work and Powerpoint 
than Engineering”. Hence, the value consideration for the different stakeholders is often left to the 
individual’s own capability to make the right decisions.  
Additionally, time to dedicate to customer-value related activities and thoughts is often scarce, and one 
of the crucial factors is considered to be the ability of the project team to trust the work in an open 
way, and increase the degree of freedom.  
These reflections suggest a need for an approach that integrates traditional design requirements with 
more qualitative dimensions being able to assist a design team in taking more value-oriented decision 
in the conceptual design phases. The authors have developed a conceptual scenario using the 
development of a car dashboard as a case study.  
Figure 3 shows the actors involved in the project, the series of activities and the documentation needed 
in the scenario. The phases can be considered to be mapped alongside the activities usually performed 
in the Stage-Gate ® process (Cooper, 2011). 
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Figure 3. Scenario phases 

3.1 Scenario generation/personas 
The scenario begins with creative workshop within the design team. These workshops assume the form 
of multi-disciplinary work where designers are integrated with professionals (called “Business model 
Innovators” in the scenario), coming from other departments, such as marketing and sales. Tools and 
methods used in this phases are Scenario-Based Design (Carroll, 2010), Kano Model (Kano et al., 
1984) or Business Model Canvas (Osterwalder and Pigneur, 2010). The objective of this work is to 
identify possible customers, their real needs and expectations and possible actors involved in the 
process. The objective of this phase is also to have a general and shared view of what can be possible 
both from the business and technical side. The teams are encouraged to work with a high degree of 
freedom. The phase ends with a generic description of the possible scenarios; the teams can share the 
canvas and the personas in an easy way (though the use of games displayed with a smartphone app, for 
example) and have this generic information tangible in the walls of their offices.  
In 2nd phase two experts; one Business expert and one Technical expert are assigned as responsible for 
the value assessment process, and their purpose is to mutually collaborate making sure that the process 
is performed, while supporting each other, showing what is possible from the two different sides.  

3.2 Define Value models and attributes 
Value models for the different personas are then defined based on generic needs related that the 
customer has along her/his journey. A list of eight of this needs for the car buyer can be performance, 
driveability, safety, durability, security, reliability, customer image, profitability. The need 
profitability is consider one “exciter” for the car buyer in the scenario, considered a young customer 
with the willingness of earning money with the car. The project leader together with the Business and 
Technical expert list also the current cost drivers that the customer has along his journey: Fuel, 
insurance, depreciation, financing charges, maintenance and reparation. Different needs are more 
important than others, thus the team has to assign weights on needs and on costs, based on their 
impacts on customers.  The project leader and the managers can then define a list of Value Attributes, 
both for the designers and the Business Model Innovators. Value Attributes are generic life-cycle 
oriented parameters applicable to products and business of different kinds. The team of managers has 
also to assign weights on the different Value Attributes based on their ability to satisfy the customer’s 
needs.   
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3.3 Gathering Information/Knowledge 
In this phase, The Business and the Technical experts jointly start to gather value-related information 
from stakeholders and other relevant sources for the Value Analysis. This information cannot be 
considered only based on cost and sales information, but has to contain prevision trends (such as the 
estimation of peer-to-peer users in 2020), or customer acceptance based on customer surveys or direct 
feedback. Technical information about new technologies is fundamental, as well as information about 
new regulation in terms of emissions.   
This information is very dispersed along the supply chain, and trust and cooperation between the 
different partners in needed. In the automotive industry, is very important that the OEM supports and 
drives the process, since usually is the main stakeholder and usually is also the actor with the highest 
resource capability in the Value chain.  
If information is difficult to gather because of privacy, security and IPR issues the two experts can ask 
for a qualitative feedback based on given set criteria. 
Where needed, Business Process Modeling simulations are performed, and the Business expert can 
request the aid of the Business Innovators that had participated in the scenario generation phase. 

3.4 Computing Value models 
The project leader, the Business model expert and the Technical expert assist the design team of 
assessing the value contribution of the different design alternatives comparing the different scenarios 
generated in the idea generation phase. The output of the value analysis is given in form of scalar from 
1 to 9, which tells the degree to which the design moves itself to a baseline score (considered to be 
related projects characterized by incremental improvement) and the target score (considered to be 
customers “feel free to dream” expectations expressed during the feedback moments or based on long-
term forecasts). This way of considering and computing value has been studied, tested and 
implemented in recent studies within the aerospace industry (Bertoni, 2012). The value analysis is then 
given to the designers and suggestions for future improvements (as well as appreciations for highly 
value-oriented designs) are discussed and defined.   

3.4 Value reporting and analysis at the gate 
The value contribution of the components in relations to the different scenarios is then collected in a 
Value Report, which summarizes the most relevant information for the decision makers, and the 
degree of confidence of the data collected.   
The report is then enclosed to the common technical deliverables and forwarded to the management 
team, who will analyze them in the gate meeting. In this phase, the project team will review the 
material and discuss together with the project team and the two experts who acted as Value analysts 
about the value contribution of the different options, and additional analysis is requested if needed. 
Eventually the gate is opened and the expectations for the next gate are communicated to the project 
manager and resources are allocated.  

5 CONCLUSIONS AND FUTURE WORK 
Supply chain collaboration and involvement in the preliminary stages of the design of a new car model 
is very important in order to achieve a better and more effective way of working.  
However, in a rapidly changing environment such as today’s automotive industry, it is very difficult 
for a design team to consider the impact of their design choices on the value for the different 
stakeholders, as well as to consider the design’s value in relation to future scenario and business 
models. 
Compliance to technical and cost requirements are the main deliverables requested to engineers at 
decision gate meetings, and it is also difficult to map, discuss and consider the contribution of the 
design to the value for the complex constellation of stakeholders.  
Cooperation with other professional working closely to customers, such as marketing and sales, is 
often scarce at these stages, and the time to dedicate to value-related activities is considered limited. 
This calls for an approach that puts more qualitative measures alongside the technical requirements, in 
order to give a better understanding and awareness to the designer of the impact of their design 
decisions on the overall system, as well as the value for different stakeholders and in future scenarios. 
This paper has presented an approach aiming at overcoming the underlined challenges. A conceptual 
scenario has been described pointing out the key elements and actors involved. The main idea of the 
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scenario is that the assessment of the design in relation to future scenario and business models is 
driven by gathering value-related information during the stage activities, and the activities are 
coordinated by the synergic work of a Technical expert and Business expert.  
Future work will be to test the approach in real case application, and to integrate the approach with 
more quantitative data. 
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1. Introduction 
 
Contemporary society brings with it a growing responsibility for manufacturing 
companies to deliver sustainable and innovative solutions able to cope with 
increasingly sophisticated customer demands (Mont, 2002). At the same time, 
conventional cost leadership strategies are becoming riskier and less attractive, 
because they engage companies in a continuous battle with market followers from 
low-cost growing economies, not granting long-term added value (Doyle, 2000). This 
suggests business organizations to gain closer relationships with customers, by 
offering solutions able to deliver an integrated customer experience throughout the 
product lifecycle, creating unique value (Ravald & Grönroos 1996). The Rolls-Royce 
TotalCare® package (Harrison, 2006), and Volvo’s strategy (Isaksson et al., 2009) are 
a few examples of this trend in industry.  
Modern, holistic and integrated approaches to design stress, among others, the 
importance of trans-disciplinary work (Coley & Lemon, 2008; Charnley et al., 2011), 
with different organizational functions (e.g., marketing, engineering, aftermarket, 
business development), customers and stakeholders, involved in the co-creation of 
design solutions (Morelli, 2006). Developing and delivering a successful solution 
becomes a matter of maintaining shared understanding of data, information and 
knowledge from all parts of the value chain already from the preliminary design 
stages (Isaksson et al., 2009; Johansson et al., 2011).  
The notion of ‘customer value’ is considered pivotal to build such common 
understanding (Baines et al. 2007; Shimomura & Arai, 2009). Instead of focusing on 
requirements fulfilment and cost analysis, design decisions should be based on the 
value generated along the entire lifecycle of a product or service (Isaksson et al., 
2009; Bertoni et al., 2013). Recent literature suggests the use of ‘value models’ to 
clarify design trade-offs (Collopy & Hollingsworth, 2011) and select the most 
valuable design option among a set of possible alternatives (Price et al, 2012). Model-
based approaches for value are believed to be beneficial for decision makers (Collopy 
et al. 2012), but the nature of such models remains controversial (Soban et al., 2011). 
While the idea of frontloading the design process with value models based on 
quantitative monetary functions is attracting widespread attention (Collopy et al. 
2012; Bertoni et al. 2014), several authors (Isaksson et al., 2013; Monceaux & 
Kossman, 2012) stress the importance of more qualitative (or semi-quantitative) 
approaches able to facilitate knowledge sharing and collaborative decision-making.  
This paper aims at contributing to the discussion about the use of value models as 
decision support in preliminary design, focusing the two research questions: 
  
RQ1: How aware are decision makers of ‘value’ in conceptual design? 
 
RQ2: How can deliberation about value be supported by a model-based approach? 
 
RQ1 has a descriptive purpose and targets the understanding of how decision makers 
from different knowledge domains collectively deal with ‘value’ in conceptual design. 
RQ2 is forward-looking and aims at investigating how a model-based approach for 
value could support decision-making when developing products encompassing 
hardware, software and service aspects. 



 
2. Method 
 
The research process features both a comprehensive review of the literature, under the 
domains of product development, Product Service Systems (PSS) design and Systems 
Engineering, as well as the analysis of empirical data coming from 3 major Swedish 
manufacturing companies. 
 

• Company A is a road construction equipment manufacturer, part of a global 
multinational company that has experience with different types of bundled 
product-service offerings. 

• Company B is a construction equipment manufacturer that is currently 
investing in the development of integrated customer solutions alongside 
traditional financial contracts.  

• Company C is a first tier supplier of aero structures and engine products, 
whose business is equally focused on military and civil markets, where 
different types of PSS-like offers are proposed. 

 
The main aspects of interest in the data collection were to understand the respondents’ 
perceptions of how they deal with ‘value’ when making design decisions, and the role 
‘value’ has in the collaboration between different parts of the organization (i.e., 
marketing, engineering, aftermarket, service solutions).  
A total of 20 practitioners were interviewed in the empirical data gathering stage. 
Most of them hold managerial positions at the system level, both in R&D and new 
business development while few hold more technical ones. The primary mode of data 
collection was semi-structured interviews (Yin, 2013), with questions being modified 
or added according to the respondents’ roles as far as the dialogue proceeded (Miles 
& Huberman, 1994). All interviews were recorded, transcribed, and validated by the 
respondents.  
The theoretical constructs of ‘bounded rationality’ (Simon, 1979), ‘coordinative 
artefacts’ (Schmidt & Wagner, 2002), ‘boundary objects’ (Star & Griesemer, 1989), 
and ‘value models’ (Collopy and Hollingsworth, 2011) were used as analytical lenses 
to make sense of ‘value’ in cross-functional decision making. 
Coding schemes as proposed by Strauss & Corbin (1990) were used to categorize the 
empirical data into themes. The authors coded the excerpts from the transcripts by 
‘conditions’, ‘interaction among actors’, ‘strategies and tactics’, and ‘consequences’. 
After categorizing the data, the analysis was done using a ‘noting patterns technique’ 
(Miles & Huberman, 1994; p.245).  
The results from the descriptive study indicated features that characterize decision 
support based on value. Such features were collected and discussed with the 
practitioners to create a preliminary prototype for a ‘value model’ working as 
coordinating artefact for conceptual design. This prototype was tested in design 
experiments to answer RQ2. The experiments featured audio and video recorded 
design episodes, involving 22 students from the Master Programme at the authors’ 
university, who were randomly divided into six groups. Protocol analysis (Gero & Mc 
Neill, 1998) was applied to analyse the data and identify patterns.  



The authors made use of ethnography (Anderson, 1997) to analyse the designers’ 
behaviour and complement the results from the protocol analysis. The researchers did 
not physically take part to the experimental session (i.e., they were in a different 
room); they neither told students what was the underlying research purpose of the 
activity, nor stressed any of the features of the different supports received by the 
teams. The authors cross-analysed the transcripts, the video recordings and the 
sketches made during the sessions in a later phase. The technique adopted for 
analysing the data in the ethnographic study was a pattern-matching logic (Yin, 2013; 
p.16). A pattern was defined based on studies about effective objects for cross-
functional collaboration (e.g., Carlile, 2002; Larsson, 2003). 
 
3. Literature review 
 
3.1. Rational Decision making and value modelling as support 
Mintzberg et al. (1976) define a decision as “a set of actions and dynamic factors that 
begins with the identification of a stimulus for action and ends with the specific 
commitment to actions” (p.246). Rational decision-making is related to rational 
choice theory (Scott, 2000): the latter is based on the idea that all actions are rational 
and that actors calculate the costs and benefits of everything they do beforehand. This 
calls for a complete knowledge about problems (Scott, 2000), about consequences of 
alternatives (Simon, 1979), and about decision rules by which to select a single 
alternative of action (Scott, 2000). In the design field, this view is aligned with the 
basic principles for Systems Engineering (Fabrycky & Blanchard, 1991), which 
assumes that requirements are clear, and engineering design is a step-by-step 
transformation of requirements into specifications for a design. 
However, others (e.g., Durugbo & Riedel, 2013) find this view too simplistic and not 
reflecting the reality of complex systems development. Under the assumption that 
design problems are ‘wicked’ (Rittel & Webber, 1973) or ‘ill-defined’ (Cross et al., 
1996), it is difficult to know all about the alternatives. The decision makers’ 
rationality becomes ‘bounded’ (Simon, 1979) by the informational quality of the 
requirements, and this cannot assure optimal decisions for the whole system (Chen et 
al., 2012). Engineers may be aware of the feasible design space set by the 
requirements, but very little is known about which is the ‘best’ design or how a 
requirement should be traded off for the benefit of others (Collopy & Hollingsworth, 
2011). Decision-making should rather be based on the maximization of an objective 
function (Browning 2003), which gives information on how much customers ‘value’ 
certain capabilities over others (Wierzbicki et al., 2000).  
 
3.2. Value modelling to enhance decision-making in cross-company settings  
In product development, value plays a central role when engineers make design 
decisions (Ulrich & Eppinger, 2011). Similarly, research on PSS (Shimomura & Arai, 
2009; Vasantha et al., 2012; Cavalieri & Pezzotta, 2012) stresses the need for 
evaluating customer value in early stages of the design process when targeting a 
lifecycle commitment. In Systems Engineering research, Price et al. (2012) claim that 
‘cost’ alone does not allow a designer to understand the benefits of a design, leading 
to false perceptions. For instance, increasing a vehicle weight will lead to increased 
fuel costs, but may result in longer maintenance intervals and reduce costs that way. 



They conclude that ‘value’ can provide awareness beyond manufacturing and 
performance. Value extends further beyond cost, to encompass subjective and 
intangible aspects – such as, ilities (McManus et al. 2007), emotional factors 
(Grönroos and Voima, 2013), and sustainability integration (Hallstedt et al. 2015). As 
explained by Price et al. (2012), the definition of a holistic value modelling 
methodology and function is the first step towards enabling all components of a 
system to be designed (and optimized) with a view on the total value generated. 
Value Driven Design (VDD) (Collopy & Hollingsworth, 2011) is one of the most 
popular processes in this respect. Several authors (e.g.: Castagne et al. 2009, Curran et 
al. 2010, Cheung et al., 2012) have demonstrated the use of VDD mathematical 
optimization models to identify the combination of attributes that produces the ‘best’ 
overall economic result for a system in a lifecycle perspective. Still, the low reliability 
of deterministic models is debated in the VDD community. Optimization models are 
claimed to be data-intensive and difficult to build in early design phases (Soban et al., 
2011). In turn, they impede communication among decision makers (Collopy, 2012), 
and this diminishes VDD potential usefulness (Soban et al., 2011). When qualitative 
data prevail, a more qualitative assessment of the ‘goodness’ of a design is preferred 
over numerical (and monetary-based) valuations (Soban et al., 2011). This suggests, 
looking for more qualitative (or semi-quantitative) approaches able to place the 
received system requirements in a context (Isaksson et al., 2013). This process is 
intended to foster an iterative, collaborative cross-company development of design 
requirements, long before the legal specifications are signed between the partners 
(Monceaux & Kossman, 2012).  
 
3.3. Cross functionality in decision making and social phenomena 
Holistic and integrated development approaches stress the need for cross-disciplinary 
work (Isaksson et al., 2009; Coley & Lemon, 2008; Charnley et al. 2011). The 
concurrent integration of different organizational functions (Prasad, 1996) brings to 
the emergence of social phenomena in design (Larsson et al., 2010; Bertoni et al., 
2011). Engineering is a social process that is carried out ‘‘conversationally’’ 
(Clarkson & Eckert, 2004) and is intertwined with technical results (Minneman, 
1991). Teamwork and social interaction are fundamental for good decision making 
(Kleinsmann et al., 2012), in particular within concept selection (Toh & Miller, 2015).  
Cross-functional work raises collaboration, communication and coordination 
challenges to a new level, and affects the company decision-making capabilities. 
While admittedly working on the same object of design, team members see the object 
differently (Bucciarelli, 2002). A crucial aspect for cross-functional teams is to reach 
a shared understanding of the domain, the requirements, the object of work, the 
design process itself, and the roles and commitments of team members (Larsson, 
2003). One way to negotiate understanding is to tell stories (Larsson, 2003). Another 
way is to make use of representations for reasoning (Larsson, 2003).  
Objects are fundamental for design communication because they form a ‘pool’ of 
representations for designers. An important property of such ‘coordinate artefacts’ 
(Schmidt & Wagner 2002) is that they are openly accessible. When team members are 
from different object worlds (Bucciarelli, 2002) with different interests and goals, 
artefacts can be used as ‘boundary objects’ (Star & Griesemer, 1989). Boundary 
objects are defined as:  



 
“objects that are both plastic enough to adapt to the local needs and the constraints 
of the several parties employing them, yet robust enough to maintain a common 
identity across sites” (Star & Griesemer, 1989; p.393).  
 
Boundary objects are weakly structured in common use and become strongly 
structured in individual-site use (Star & Griesemer, 1989). According to Bucciarelli 
(2002), shared artefacts are important also in situations where participants are from 
the same object world. According to Carlile (2002), effective boundary objects use a 
shared syntax to facilitate a process where individuals transform their knowledge 
(Carlile, 2002) and learn about dependencies and differences across organizational 
boundaries. Literature highlights physical objects (Larsson, 2003), scales (Johansson 
et al., 2011) and process models (Engwall et al., 2005) as boundary objects. 
An open question is how model-based approaches for value could be a support for 
collaborative decision-making when developing holistic solutions, and how this 
information would influence designer behaviour? 

4. Value awareness and coordination in design  
 
This section presents the results from the empirical study related to the research 
questions. Each section ends with a brief summary highlighting the major finding 
derived from the empirical investigations.  
 
4.1. RQ1: How aware are decision makers of value in conceptual design? 
The empirical study confirms that the objective for designers is mainly to develop 
solutions as much as possible ‘requirements-compliant’. Requirements often represent 
the only reference for any task and decision within the engineering team. A design is 
considered satisfactory if the requirements are met, which is if it can satisfy 
performance, weight, specific fuel consumption or reliability thresholds.  
The study at Company C showed that contractual requirements are at this stage 
indicative at best, and this poses a challenge for the designers dealing with sub-
systems to be integrated into the final solution. In aerospace applications, it is 
common practice to subcontract design tasks to manufacturers with highly specialized 
expertise. When requirements from the above levels are interpreted and used to 
generate more requirements, subcontractors tend to lose awareness of the original 
needs, as well as of the initial ‘intent’ of a design. The latter is considered crucial to 
raise awareness on the value creation opportunity embedded in different designs, and 
thus to support early stage decision-making. Being aware of the initial needs, of the 
capabilities that are valued in a solution, is believed to be a fundamental yet 
challenging task, as reported by a Project Manager working at Company A: 
  

“We have had difficulties in having the marketing department writing the need, the 
real customer need, the underlying need […] instead […] they write requirements. 
And we believe in them, of course, but one does not know exactly what the need is.” 

 



A similar issue is highlighted at Company B; when design activities are cascaded 
down from the macro- (system) to micro-level (sub-systems and components), the 
notion of ‘customer desire’ becomes blurry, as pointed out by one of the respondents: 
 
“The biggest problem we have had within our organization is that it is really crucial 
that you understand the customer process, the chain from the market […] all the way 
to us (engineers). (This chain) is global and is very long, and every part of the chain 

has different priorities […]. 
 
The lack of first-hand information about customer needs exposes engineers to the risk 
of working with technical solutions that are not optimal. Lacking a ‘sound basis’ for 
decision-making, engineers tend to avoid opening up the design space, but rather 
follow their ‘modus operandi’, targeting conservative solutions. At the same time, 
change management is an issue; sub-systems and components may feature long 
development lead times, and customer preferences may vary along the way. The fact 
that such changes are not well managed in today’s systems engineering practices is a 
concern highlighted by one of the respondents at Company B:  
 

“It’s not always the case that we are aiming for the right things, because the 
priorities and the stories are changing when you have so many steps in between the 

market and the development.” 
 
The interpretation of requirements is rarely a fully collaborative activity. Rather, it is 
performed by dedicated functions with little engineering involvement. As a 
consequence, the design team engages in finding technical solutions for the received 
set of requirements. The risk in this process is that trade-offs between product 
properties and lifecycle values cannot be fully identified due to the translation 
process: 
 

“If you get the real customer need, then you can work on a technical solution that 
maybe is not at all the one that the market department had written at the beginning in 

the requirements list” 
 
Different people see different realities from similar data and make personal 
interpretations. All these filters between the collected customer needs and the 
developed product are claimed to skew the understanding of what customers really 
value. The opportunity to complement requirements checklists with other 
descriptions, which highlight the overall design intent and the context in which the 
checklist is generated, is often highlighted during the interviews: 
 
“It’s a long chain from customer to designer […] and we can shorten this chain very 

powerfully if we have a way of working also.”  
 
Finding 1: value awareness in the engineering design decision-making process is 
often limited to requirements (or specifications), whose definition is rarely a fully 
collaborative process. The design team often does not have first-hand information 
about what capabilities are valued in a solution. For this reason a preference is shown 



towards design support that clarifies the context and underlying intent of the received 
requirements. This is claimed to facilitate dialogue and contextual knowledge sharing 
across all disciplines involved in the design activity. 
 
4.2. RQ2: How can deliberation about value be supported by a model-based 

approach? 
The empirical study further showed that a great portion of stakeholder needs and 
values remain ‘floating’ and is not captured as design requirements. Identifying these 
floating targets and relating them to characteristics for the product is critical to 
achieving a shared understanding between the participants. 
The study at company B illustrates the necessity of challenging the understanding of 
what customers value, and how this relates to design solutions. As highlighted by one 
of the respondents, asking continuous ‘why:s’ and challenging the design 
requirements is fundamental to trigger a negotiation process to improve the 
specification list. 
 

“To me the biggest benefit is that we from the engineering department, get a much 
stronger understanding about what is lying behind the requirements we get from our 
marketing department. […] So, theoretically we can gain a lot by understanding it. 

Why, why… not just to accept it.” 
 
An important aspect here is to have every member of the team to visualize the design 
problem from their points of view, and to challenge the knowledge they believe to 
possess, iteratively learning about the ‘value’ of a design. This kind of intervention is 
perceived to be fundamental for the negotiation of the design space. As highlighted by 
one of the respondents at Company B, only if every team member synthetize his or 
her conception of the design problem to the other team members’, negotiation can be 
triggered, knowledge can be created, and better decisions made: 
 
“The requirements are very strict and are measurable, but sometimes value is much 

more about discussion and communication” 
 
In this discussion, while the translation of tangible values – such as, operational 
performances – is intuitive, the task is more difficult when setting requirements and 
assessing solutions for aspects that are more difficult to quantify – such as, brand 
acknowledgment or sustainability – as a marketing manager at Company A stated: 
 

“To value a feature is tricky. It is difficult. Often it becomes very vague […] no, 
everything cannot be expressed in figures, that is tricky.” 

 
For instance, it is intuitive to relate how weight reduction for a machine and its 
components reduced fuel consumption. However, it is more difficult to understand 
how these choices impact aspects such as brand, image, serviceability, and production 
line commonality. Marketing and service managers were found not to always have the 
full technical background to know how detailed engineering properties impact these 
aspects of value, even if familiar to their domain. Conversely, engineers do not often 



have the full financial, marketing, or sustainability insights to know how technical 
characteristics in their domain impact needs and expectations at this level. 
At the same time, the efficiency of the process has also to be preserved, avoiding the 
risk of speculation, or ‘off-topic’ discussions in the decision meeting (Kleinsmann et 
al., 2012). Company C highlighted that it is important to ensure that soft value aspects 
– such as sustainability or usability – are not discussed exclusively. At the time of 
making design decisions, these are traded-off with more factual dimensions, such as 
(for an aero-engine) weight, purchase price or fuel burn. The empirical data highlight 
the difficulty of influencing decision makers by leveraging soft value aspects, mainly 
because engineers require numbers and ‘hard facts’ when weighting design trade-offs: 
 

“If you do not have a trade factor between two things, then it is my experience that 
where you have a number on, it wins… If we cannot set a quantitative measurement 
for something during conceptual design, it sinks down simply. When we talk about 

qualitative measurements; there is a tendency to ignore them.”  
 
Engineers are used to modelling problems to generate the necessary information for 
decisions to be taken. Appling a model-based thinking is, therefore, crucial for 
successful decision-making. A drawback related to quantification models is that they 
are built on static data, and not considering the dynamic operational context where 
preferences and values change. Given the high uncertainty of information in 
conceptual design, value modelling activities are better conducted using a scenario-
based approach, where a number of ‘possible futures’ are simulated and assessed 
early. Furthermore, once a model is available, experimentation with ‘what-if’ 
scenarios can be performed to gain insights about assumptions and challenge 
presumed answers. 
 
Finding 2: The different object worlds (Bucciarelli, 2002) of the professionals 
involved in the cross-functional team can be synthetized and aggregated in a single 
‘value model’, where people can gather around, voice their different perspectives and 
concerns, and take appropriate actions. A model-based approach is a preferred means 
in this respect. A model is a common denominator for the cross-functional team, 
where the discussion about different perceptions of customer value is facilitated. The 
value model acts as a ‘boundary object’, keeping the cross-functional team focused on 
voicing their concerns about stakeholder value, without bringing up unnecessary 
information. 
 
5. Experiments: value models and design behaviour 
 
Experiments were conducted to further investigate the initial research questions. 
These activities had the objective to assess the effectiveness of value models as 
coordinative artefacts during design episodes, by comparing them with traditional 
design representations – such as requirements checklists. The value model chosen for 
testing is derived and simplified from existing approaches in literature, specifically 
the Concept Design Analysis (CODA) method proposed by Eres et al. (2014) and the 
EVOKE approach described by Bertoni et al. (2013). These methods build on Quality 
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Function Deployment (Akao, 1990), one of the most widely used tools for Value 
Modelling (Collopy, 2009).  
The aim of the experiment was to test two hypotheses: 
 
H1: Value-related information enhances the discussion about the design problem in 
conceptual design, compared to a requirements-based assessment. 
 
H2: Value models are more effective boundary objects compared to requirements 
checklists because they facilitate collective discussions in design teams. 
 
The experiment featured the analysis of design episodes in a laboratory setting and 
involved 22 students from the mechanical engineering, industrial economy, and 
sustainable product-service system innovation Master Programmes.  

 

Figure	  1:	  The	  old	  version	  (left)	  and	  the	  current	  version	  (right)	  of	  the	  frame	  and	  drum. 

The students were randomly divided into 6 teams and tasked to re-design the front 
frame and drum of a small asphalt compactor (Figure 1). In order to do so, they were 
given initial information about two alternative options, a baseline design and an 
innovative concept. The challenge had a PSS orientation, with the business scenario 
considering a shift in ownership structure from a ‘one-sale’ model to a functional 
offering: here customers pay proportionally for the provided functionality (i.e., 
compacted square meters), while the manufacturer retains ownership of the equipment 
and ensure availability of the function by taking care of maintenance and repair 
operations.  
The design sessions featured a 20-minute introduction, followed by a 25-minute 
design session where the teams were tasked with analysing the design problem and 
generating solution ideas. The experiment ended with 20 additional minutes to allow 
the teams to refine their ideas and document their final concept. Even if a longer 
concept generation period would be beneficial for the study, previous research (Tsenn 
et al., 2014) shows that 50-min sessions are able to produce high novelty and quality 
solutions. 
Audio and video recording were analysed using an adapted version of the coding 
scheme proposed by Gero & McNeill (1998). Their three original macro strategies 
were expanded by adding the Analysing Problem one, as proposed by McNeill and 



others (1998). An additional strategy named Preparing Documentation was also 
considered, to stress the difference between physical actions and conceptual cognitive 
actions (Suwa et al., 1998). Five micro strategies were added to those originally found 
in the literature; Making depictions, Look at own depictions, Making annotations were 
borrowed from Suwa and others (1998). Analysing previous evaluation and Analysing 
previous representations were defined by the authors to distinguish between the use 
of requirement/value information and the use of the provided CAD models. Table 1 
shows the final coding scheme. 

 

Name  Code 
Analysing Problem A 
Analysing a problem  AP 
Questioning a problem AQ 
Justifying a problem  AJ 
Agreeing to a problem AA 
Disagreeing a problem  AD 
Evaluating a problem  AE 
Analysing previous evaluation  AAE 
Analysing previous representations  AAC 
Proposing a Solution S 
Proposing a Solution SP 
Clarifying a proposed Solution SC 
Retracting a previous solution  SR 
Making a design decision SM 
Postponing a design action  SPO 
Looking ahead  SLA 
Looking back  SLB 
Analysing Solution Z 
Analysing a Proposed Solution ZA 
Justifying a proposed solution ZJ 
Justifying a proposed solution through previous evaluation  ZJE 
Calculation on a proposed solution  ZC 
Postponing an analysis of action  ZP 
Evaluating a proposed solution  ZE 
Explicit Strategies E 
Referring to Application Knowledge EA 
Referring to Domain Knowledge EK 
Referring to Design Strategy ES 
Preparing Documentation P 
Making depictions PS 
Look at own depictions PL 
Making annotations PM 

 
As input, all teams received simplified CAD representations (Figure 1) of the frame 
and drum, for both the baseline and new design. The latter differed in terms of 7 
engineering characteristics (e.g., material, geometry, lighting power) related to 5 key 
machine sub-systems (drum, frame, engine hood, scrapers, lights) and because of the 
addition of new components (two video cameras directed towards the drum edge). 
Participants received further information in form of an assessment report, which 
differed among the teams. Three teams received as input information a requirements 
checklist, while the remaining three groups the assessment based on value drivers. 



Both reports featured an initial set of 8 customer needs. For the first 3 teams, these 
were translated into 8 target requirements at machine level, and further detailed in 51 
target requirements for the different machine subsystems under consideration.   
For the remaining three groups, they were cascaded down into ‘value dimensions’ and 
‘value drivers’, which were generated according the definitions given by Eres and 
others (2014). Value dimensions, which mapped 1-to-1 to the initial need list, were 
cascaded down to 16 value drivers (e.g., manoeuvrability, energy consumption, 
visibility during day and night). The value contribution of each sub-system along each 
value driver was provided using a 1-9 scale. A score between 6 and 9 meant that the 
new design was found to be more value adding than the baseline solution. A score 
between 1 and 4 meant it was less value adding. A score of 5 meant that no difference 
was found between the two.  
Importantly, the authors decided to maintain constant the number of assessments 
present in the two tables (a total of 51). This means that an assessment on the 
requirements checklist table corresponded to an assessment for the same component 
on the table of value drivers. The rationale was to keep the amount of information 
provided constant among the groups, to evaluate the effects of the different 
assessment logics presented in the tables. 
 
5.1. Results from the experimental activities 
The sessions were transcribed and separately coded by three encoders. The final 
version of the coding was obtained by comparing the three protocols and by 
discussing the non-aligned judgments. Initially, the authors analysed how the macro-
strategies were impacted by the adoption of the value assessment report. Figure 2 
shows (bold continuous line) that the teams using value reports spent on average 8% 
more time analysing the problem compared to the teams using the requirements 
checklist. This may indicate that these teams had a more thoughtful discussion about 
the problem statement. 
 



 

 

Figure 3 summarizes the percentage of time spent on each micro strategy (filtering out 
those discussed less than 1% of the time). Several trends are noticeable: compared 
with their counterpart, the teams using the value assessment report: 

• have spent significantly more time on the analysing previous evaluation micro 
strategy (+6.6% in absolute terms) and also more time (+2.9%) using the 
assessment report to justify proposed solutions;  

• have spent more time on referring to design strategies (+3.7%). 
  
In turn, teams using the requirements-based report have spent more time on clarifying 
a solution (3.7%) than those using a value report. These teams seem to show a 
tendency of ‘jumping into’ solutions earlier and spend more time on the clarification 
and analysis of their detailed technical characteristics, then going back to the problem 
statement, and referring to own application knowledge to reformulate a new proposal. 
 



 

 

It is also noticeable that teams using the value assessment report feature a more 
uniform distribution of time spent on assessing the report (10.6%, 29.8%, 22.6%) 
while their counterparts show a more variable distribution (36.3%, 0.97%, 5.9%). 
This observation was the main input for the ethnographic study because observing 
extreme behaviours can provide useful insights from a qualitative perspective (Yin, 
2013). Observing the time spent on the assessment report in relation to the average 
time spent on analysing problems, a change in the team behaviour can be observed. 
The value model teams have spent 57.3% of the total time allocated to the Analysing 
problem macro strategy to analyse the value report (i.e., in the Analysing previous 
evaluation micro strategy), while the teams using the requirements checklists have 
spent 50.5% of the time on the same activity.  
 
5.1.2 Results from the ethnographic study  
 
This section presents four excerpt transcripts from the design experiments that 
directly refer to H2, which is to the role the value model report plays in facilitating 
cross-boundary discussions in conceptual design. The first excerpt highlights why the 
provided reports can be considered boundary objects for conceptual design. The 
remaining three examples shows why the value model report can be considered a 
more effective boundary object than the requirement-based report.  



 
Role of the assessment report as boundary object: making sense of ‘visibility’ and 
‘manoeuvrability’ 
In this situation, the team is in the 2nd minute of the experiment and is exploring areas 
of improvement for the asphalt compactor. Three students are analysing the 
information contained in the value assessment report. The story is about the newly 
proposed video cameras colliding with a pole while the machine is in operation. 
 
Simplified transcript #1: Visibility and manoeuvrability  
 
S#3: “…this one has good results on everything” [moving pen along the entire 
“visibility of drum shell and compaction point” value driver] 
S#2: “visibility of surroundings during day and night [pointing to the value driver in 
the report] … yeah, because the lights are better now [looking at CAD model] …” 
S#3: “but how can the camera be worse here? [pointing to score in the report]”   
S#1: “but what does it affect? Ah, manoeuvrability…” [pointing to score between 
“camera” and “manoeuvrability”] 
S#2: “it should be better…” 
S#1: “but maybe the camera is in the way when you drive it [the machine]… if there 
is a pole or something like that… [gesturing] yeah, it is sticking out of it [pointing at 
the camera in the CAD model] …”   
S#3: “so maybe it will be better to have the camera here, between the lights [pointing 
to the centre of the frame in the CAD model]” 
S#2: “Yes, but then you do not see this [pointing to drum shell edge on the CAD 
model] … they want to see this…” 
S#3: “that’s true, but the camera is always sticking out, if there is a pole or 
something like that…”  
 
The three design team members make different use of the value model information. 
S#2 uses the report to assess the ‘goodness’ of the lighting system in providing 
‘visibility during day and night’. S#3 uses the scores in the report to voice her concern 
about the camera. S#1 connects this score to the correspondent value driver and tells a 
story about what he thinks is the reason why the camera has a negative impact on 
manoeuvrability. S#3 proposes to place the camera in the front of the frame, but S#2 
stresses the negative impact this choice has on the visibility of the drum edge and of 
the compaction point. Interestingly, she is pointing to the same value driver 
highlighted by S#3 at the beginning of the transcript, which had “good results on 
everything”. S#2 seems to follow the same line of thoughts: she does not want to 
move the camera from the current position since it is pointed to the side of the drum. 
However, S#3 raises her concern about the cameras having a negative impact in 
operation. Interestingly, she uses the same story about the pole told by S#1. The pole 
‘in the way’ seems to be a commonly agreed story (Larsson, 2003) to explain to other 
team members the reason why the video cameras have a negative impact on 
manoeuvrability.  
 
 



Role of value model as effective boundary object: making sense of ‘easy to clean’ 
and ‘wear resistance’ 
In this situation, the team is in the 30th minute of the design session and is 
brainstorming solutions for the frame and drum. For this purpose, the four students 
decided to split in two groups. In one group, S#1 and S#4 are analysing the value 
model and focus on the position of the camera in the current configuration.  
 
Simplified transcript #2: Easy to clean and wear resistance 
  
S#1: “what is the problem with the camera? [pointing at table]”  
S#1: “So there is a problem with cleaning… it is hard to clean the camera… and it’s 
hard to maintain this [pointing at table] … so it’s not very reliable… so changing 
these external cameras to internal cameras instead [pointing at CAD model] … when 
you can protect them by placing them inside… it could help…” 
 
At minute 35, the two groups reconvene to discuss the generated solutions and how 
they could be integrated into a single concept. One member of the other group (S#3) 
talks to S#1.    
 
S#3: “so if you have better ideas about the camera… that we can add…” 
S#1: “yeah! We just came up with the idea of positioning the camera inside the hood 
instead of having it like… sticking out… because this part here [pointing at CAD] will 
make it very hard to clean and it’s not very reliable… and you cannot really steer 
because it sticks out” 
S#3: [pointing at table] “Why did you choose that? I mean… to solve which problem 
on this?” 
S#1: “The manoeuvrability [pointing to “manoeuvrability” in the “value drivers” 
column]… the easiness to clean… this part [moves and points the pen to the “easy to 
clean” value driver]… and this one, the wear resistance [points to the “wear 
resistance” value driver]… so we just came up with an idea” 
S#3: “okay, then we focus on these [pointing at table]” 
 
In this sequence, two members of the team used the information contained in the 
value model for different purposes. S#1 uses the value model to assess the design 
problem and to generate a solution. When S#3 asks about the rationale for having the 
video cameras inside the engine hood, S#1 uses a verbal explanation and makes 
reference to the CAD model. However, S#3 does not seem to have fully understood 
this verbal explanation. In order to anchor this understanding, and to be able to assess 
the contribution of the solution, S#3 uses the value model to inquiry S#1’s decision. 
S#1 further hooks to the model to explain his choice. Interestingly, he makes 
reference to three value drivers (manoeuvrability, easy to clean, wear resistance) in a 
single sentence. The value drivers seem to have provided a shared vocabulary 
between the two students, who eventually find agreement at the end of the transcript. 
The use of a shared vocabulary is one of the advocated features of effective boundary 
objects (Carlile, 2002). Providing ‘similarities in voice’ among team members is of 
particular importance when team members come from different disciplines and 
backgrounds (Larsson, 2003).  



 
 
Comparison with requirements checklist: ‘engine hood’  
In this situation, a team using the requirements checklist is in the 19th minute of the 
experiment and is analysing the requirements for the engine hood to find areas for 
improvement. S#3 analyses the report and finds the requirement “the upper area of the 
engine hood shall be less than 500.000 square millimetres”. 
 
Simplified transcript #3: Engine hood 
 
S#2: How about the engine hood? I think a lot can be improved there…” 
S#3: “let’s see the engine hood [analysing the table]… maybe it is this shape 
[pointing to upper area of the engine hood in the CAD model]… so the area and also 
the weight… it should not weight more than 100 kilos, and now it is 130 [pointing at 
table]” 
S#2: “But could we do something with this shape here… to have less weight? But do 
we want a bigger area?” 
S#3: “no, less area, because this is now 700.000 square millimetres…”  
S#1: “so we could extend this curve further down here [pointing with a pen to the 
CAD model, extending the current profile of the engine hood]” 
 
While S#1 is clarifying to S#3 his idea, S#2 is analysing the requirements checklist. 
She raises a concern about the solution described by S#1, by highlighting a 
requirement in the table.  
 
S#2: “But as you said, if we do like this profile [mimics the same change in the profile 
of the engine hood in the CAD model], we have less volume… because we have 
decreased the volume also… and it has to be more than 0.8 cubic meters, and now it 
is 0.6… [pointing at requirements checklist]” 
S#1: “oh, yeah, that’s a problem…” 
 
In this specific situation in the transcript, the team leaves the conversation about the 
engine hood and goes on focusing on analysing the drum. Here, while the 
requirements checklist serves as boundary object from the perspective of raising 
concerns on the design and facilitating the identification of design trade-offs, it did 
not fully support the team in mediating and solving them. The transcripts show that 
the discussion about the contribution that the baseline and new design have in the 
customer operational process could not fully take off. A different process can be 
observed for a team using the value model. 
 
Comparison with value model: ‘front frame’  
 
The team is in the 3rd minute of the session and analyses the value model to find areas 
for improvement. One of the members, S#1, is analysing the front frame, along the 
‘quality of compacted asphalt’ value driver, and stresses the relationship with the 
weight of this sub-system. S#4 analyses the impact that the front frame has on the 



value dimension ‘compaction capacity’ and the value driver ‘square meters 
compacted’.  
 
Simplified transcript #4: Front frame 
 
S#1: “The quality of compacted asphalt is worse than before [pointing at table] … it 
[the front frame] is now 700 kilos and the compaction quality is worse…” 
S#4: “but how does the front frame relate to the quality of the asphalt?” 
S#3: “that’s weird.” 
S#2: “well, perhaps that one is related to… the weight… we have more weight in the 
front frame now [pointing at CAD model]” 
S#4: “so… the productivity goes up, but the quality goes down [pointing to the 
“compaction capacity” value dimension and the “square meters compacted” value 
driver] … how can we increase the quality?” 
S#3: “…well, by decreasing the weight?” 
S#2: “yeah! I suppose.” 
S#1: “if we increase the weight… the quality will go down, but the capacity will go 
up…” 
S#4: “but aren’t these rollers used to compact very small areas anyway?” 
S#1: “true. Maybe we should focus on [improving] quality, not capacity…” 
S#4: “So we should go down to 600 kg, go in the middle…” 
 
The value model aids team members in identifying a trade-off between two different 
value aspects: if the weight of the front frame increases, the capacity will also be 
increased, but the quality of the compacted asphalt will be reduced. Even though the 
team initially did not fully understand the underlying rationale for this trade-off 
(“that’s weird”), the information contained in the value model has helped the team to 
clarify its meaning and to identify a solution strategy. The reference to the value 
drivers has triggered a discussion about the value contributions in the light of the 
customer context. In particular, S#4 and S#1 link the value drivers with information 
received verbally in the initial presentation of the session made by the authors. The 
fact that the customer uses the rollers in “very small areas” (solution-independent 
context) drives the students to prefer compaction quality over capacity and decide to 
decrease the weight of the front frame from its current status. 
 
5.1.1. Results from the qualitative analysis 
The protocol analysis and the ethnographic study were complemented by an 
individual questionnaire asking the respondents to indicate their agreement to 8 
questions covering 2 main topics (their behaviour during the design session and the 
provided reports). The questionnaire featured a visual analogue scale (VAS) (Aitken, 
1969) to allow participants to more intuitively and precisely express their personal 
impressions. 
Even if the qualitative results cannot be considered statistically relevant due to the 
limited size of the sample, some general trends can be recognized. Figure 4 confirms 
the observation from the protocol analysis: teams using the value assessment report 
spent more time on analysing the problem while those using requirements as input 
spent more time on proposing and clarifying solutions. The latter perceived to have 



focused more on the engineering characteristics of the new solutions, while value 
model teams seemingly paid more attention to the discussion of design trade-offs.  
Looking at teams using the requirements-based report, Figure 4 further confirms their 
tendency of jumping early into proposing solutions, without reflecting much on the 
underlying trade-offs. While this behaviour may have been perceived to be effective 
by the team (coming up with more original ideas), solutions seem to be scattered 
across the team members, as the result of individual effort rather than collective 
thinking (as shown by the relatively low agreement when deciding about the best 
concept). 
 

 

 

 
6. Discussion 
 
The results of the testing activities indicate that the value model enhances the way 
designers collectively discuss value-related information. The results from the protocol 
analysis and the questionnaire support hypothesis H1: the use of value related 
information enhances discussion about the design intent, which is considered crucial 
to generating awareness about the design problem. In spite of the narrow set of data 
and the limitations of the method (Cross et al., 1996), the authors believe that the 
results of protocol analysis can be trustworthy, because the method has shown to be 
applicable even with a small number of experiments (e.g., Kan & Gero, 2008; Sakao 
et al., 2011). 
An ethnographic study of the transcripts was conducted to further answer H2, which 
is seemingly supported by the four excerpts reported. The examples confirm that that 
both value models and requirements checklists are able to act as ‘coordinative 
artefacts’ or ‘boundary objects’ in design episodes. Furthermore, requirements 
checklists, while providing support for the identification of design concerns, struggle 



to work as catalysts for collaborative problem solving. Value models seem suitable to 
enable a more collective identification and resolution of design trade-offs. The ‘value 
driver’ construct seems to trigger fertile discussions about what customers may prefer 
between different product properties, by looking at their solution-independent context.  
The experiments were conducted in an artificial setting (students in a university 
environment) and not with practitioners in a real industrial environment, Although the 
latter would have been a preferable scenario, the sample – designers in the last year of 
Master in three different engineering programs – is considered relevant for the 
purpose of the study. Literature shows that a large fraction of research experiments 
testing new tools and methods are conducted in artificial settings (Ellis & Dix, 2006). 
Furthermore, research shows that Master students are advanced beginners 
(Kleinsmann et al., 2012), who understand how to design and take situational factors 
into account, and this mitigate the drawbacks related to the generalization of the 
results. This is further confirmed by studies comparing the decision making process of 
industrial managers with that of students with the same level of education, which 
showed no substantial difference in the results (Remus, 1986). In addition, Master 
students can be considered the target population for the new methods and tools: they 
are soon becoming engineers in industry. Not only: they are also educated to meet 
similar boundary conditions (intensity of teamwork, limitations in the knowledge 
base, deadlines) and problem statements (Bertoni, 2013).  
The investigation of the role of boundary objects in design is a matter of pointing to 
“how subtly, fluently and effortlessly designers negotiate common ground” (Larsson 
2003, p.156). This type of evaluation results challenging, because collecting data 
about knowledge creation and sharing mediated by objects, and comparison between 
different artefacts, has proven to be difficult (Carlile, 2002). To focus on how 
individuals negotiate common ground through artefacts, ethnographic approaches 
(Anderson, 1997) are the most applied methods for analysis of successful boundary 
objects (e.g., Carlile, 2002; Larsson, 2003). For this reason, the authors decided to 
conduct an ethnographic study, even though recognizing the limitations in the 
generalizability of the results (Yin, 2013). The choice can be justified also by the long 
tradition of applying ethnography to study system design practices (Anderson, 1997). 
 
7. Conclusions 
 
The paper proposes the use of value models as ‘coordinative artefacts’ or ‘boundary 
objects’ able to facilitate cross-boundary discussion about problems and solutions in 
early design. The empirical study showed that the ability to synthesize different object 
worlds in a single ‘value model’ is appreciated by professionals involved in cross-
functional team. Such model would enable them to gather around a problem 
statement, to voice their different perspectives and concerns, and take appropriate 
actions. This is seldom possible today, due to the lack of first-hand information about 
what capabilities are valued in a solution. Rather the design teams are used to take 
decisions on descriptions that are based on requirements (or specifications) checklists, 
whose content is found to be rarely the results of a fully collaborative process. 
The observation of design episodes in a laboratory setting provides further evidence 
that value models are more effective coordinative artefacts than traditional 
requirements checklists, supporting the design teams in: 



 
• triggering the negotiation of the set of design requirements towards more 

innovative solutions; 
• identifying and solving ‘hidden’ trade-offs between solutions and value 

contributions, improving the quality of decisions and reducing rework.   
 
Future work will concern the application of value models in the early phases of PSS 
design to gather further lessons learned about the use of such objects to facilitate 
cross-boundary discussion. In this spirit, it is appealing to think about what type of 
discussion could be generated if the teams would have the opportunity to visualize in 
real time the impact of their design proposals on the entire spectrum of value drivers. 
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1. Introduction  

A widespread servitization trend [1] has been observed 
among industrial companies acting in the global market. 
Product-Service Systems (PSS) [2], Industrial Product Service 
Systems [3], Total Offers [4] have gained popularity in the 
last decade as means to generate new revenue streams, to gain 
closer relationships with the customers [5] and to increase 
operational performances to a level not reachable by mere 
hardware improvement [6]. Increasing service aspects means 
for manufacturers to include new objectives into their product 
development projects, stretching and stressing the 
requirements for the ‘hardware’ [7]. The way the latter is 
designed strongly influences how the revenue streams are 
generated [8], how close the customer relationships can be 
established [9] and how services are planned and delivered to 
increase performances. 

As with other complex development projects [10], 
efficiency and effectiveness during the early development 

phases are key factors to grant the success of the future PSS 
offer [11]. While a variety of methods and tools for an 
efficient and effective development have been developed in 
the context of “traditional” lean product development [12], the 
increased focus toward PSS solutions creates the need for 
approaches capable of encompassing lifecycle and service 
related aspects.  
While available lean product development techniques are of 
undeniable interest to support the design of hardware within 
the PSS ecosystem, the mere translation of such principles 
into PSS design does not necessarily equate to an effective 
process, especially given the increased complexity of a 
combined product and service development. The term Lean 
Product Service Development (LPSD) is used in this paper to 
identify such area of investigation, that lies at the intersection 
between lean product development and lean service 
development. 

 Some examples of methods developed for effective and 
efficient PSS development are available in research [11][13]. 
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Those, despite never explicitly using the term “lean”, set the
basis for the further development of methods and tools for 
LPSD. These works, in line with what emerges in 
“traditional” lean product development literature, highlight 
how the identification of value from the customer’s 
perspective shall be considered as pivotal in PSS design, and 
highlight the need of focusing research efforts in 
understanding and evaluating value in early stages of PSS 
development [13]. Such value can be created “either by 
contributing to design of a system that has certain desired 
properties or by allowing this to happen more effectively” 
[14, p 5].

The importance of understanding value in the early design 
stages is also recognized by the System Engineering literature.
Here research has long observed that it is in the preliminary 
design stages that the decisions committing the major part of 
the product value are made [10]. Authors have highlighted 
that when the system grows in complexity, involving a high 
number of stakeholders and different value propositions –
such in the case of PSS – the preliminary design stage does 
not typically involve a broad, systematic exploration of design 
alternatives [15]. This is because of the inability to 
systematically manage the complexity and ambiguity of the 
design space [15]. Several research efforts, mainly in the 
aerospace domain (e.g. [16][17]), have focused on design 
methodologies that use the concept of  “value” as a means to 
manage such complexity. These efforts fall under the 
umbrella term of Value Driven Design (VDD) [18]. In spite 
VDD being today mainly limited to the aerospace domain, the 
core concepts of VDD shares similarities with those of LPSD. 
Firstly both approaches focus on “value” as a driving 
direction for the development. Secondly, both application 
contexts (i.e. aerospace design and PSS development) feature 
an increased level of complexity compared to traditional 
product development. Also, they both require the integration 
of different disciplines and the implementation of cross-
disciplinary teams..

1.1. Aim of the paper 

The above considerations have suggested the authors to 
explore similarities and differences between the VDD and 
LPSD research fields. The aim of the paper is to discuss gaps 
and opportunities for cross-pollination between the two 
domains, answering the following two questions:  

What are the overlapping aspect of the research in 
VDD and LPSD?
What can LPSD learn from VDD research?

The answers to these questions ultimately has led the 
authors to discuss if a number of methods and tools developed 
under the VDD umbrella shall be limited to such definition or 
if they could be adopted in LPSD field, and eventually which 
would be the research directions to take and what definition 
shall be adopted. 

The paper firstly describes the methodology at the basis of 
the work; then it presents a short literature review about the 
assessment of value in preliminary design of LPSD and VDD.
Furthermore, it discusses opportunities for cross-pollination 
between the fields by highlighting differences and similarities 

between LPSD and VDD. Eventually, the paper highlights 
areas for future research within LPSD and VDD.  

2. Methodology 

The research emerges from both an academic and 
industrial-oriented approach. The analysis of previous work 
and case studies contributed to the development of a deep 
understanding of the research area. The existing literature 
concerning Lean Product Development, Value Driven Design 
and Service Engineering was studied in order to identify 
strengths, weaknesses and similarities of the approaches. 
Further analysis focused on a systematic review about how 
the concept of value is interpreted in preliminary design in the 
Engineering Design, Lean Product Development, Product 
Service Systems and System Engineering fields. The 
background knowledge concerning VDD methods and tools 
inspiring the discussion in this paper, is the result of case 
studies and action research [19] conducted within European 
and Swedish manufacturing companies in aerospace and 
construction sectors. The presentation of such case studies is 
outside the scope of the paper and references can be found in 
the text.  

3. Literature review 

3.1. “Value” in the preliminary design phase of Lean Product 
Service Development  

The term “lean” was originally coined to define Toyota’s 
method of product development and its associated principles 
and practices [20]. Different interpretation of the “lean” 
principle share the recognition of the central role played by 
“customer value” and consider the identification of value 
streams a crucial factor toward improved efficiency and waste 
reduction [12]. Lean product development literature 
emphasizes concrete methods - that are “linear, steady and 
deterministic processes with accurate forecasting” [14, p10] -
to balance immediate efficiency with lifecycle value and the 
possibility of requirements changes [14], However, the move 
towards “servitization” makes difficult to apply such a 
deterministic approach , mainly because complex systems
development is largely dominated by uncertainty and 
ambiguity [14]. This points toward the need for defining 
LPSD to meet these emerging design challenges.

 Even if not explicitly referring to the term LPSD, a
number of authors in PSS design have investigated the aspects 
related to value generation and evaluation in the design of a 
PSS offer. Shimomura and Arai [11], described “Service 
Engineering” as a design methodology providing methods and 
tools to increase the effectiveness of PSS development. They 
recognized the need to focus on the value generated by the 
services identifying the satisfaction/dissatisfaction of a 
customer through some key “Receiver State Parameter”. They 
applied a set of tools to identify the most important contents 
and channels of the services, and QFD to calculate the 
importance of both service functions and entities. Using the 
same logic Kimita et al. [13] focused on enhancing the 
decision-making activity in preliminary design by providing 
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an estimation of customer satisfaction in a conceptual stage. 
Differently from QFD, they introduced the use of non-linear 
function to better capture the relationship between quality and 
customers’ satisfaction. In order to do so a “value function” 
(called Satisfaction-Attribute Function) is determined as a 
result of regression analysis on a set of questionnaire data. 

A previous work by Gautam and Singh [21] has also used 
an optimization function to calculate customer perceived 
value in case of design changes, using “serviceability” as one 
parameter. However this approach is based on equations 
relying on a number of assumptions (e.g., no market 
turbulences, flat ground competition, necessity of 
decomposition of functions into physical part) that makes its 
practical use in a real scenario difficult. 

Inspired by lean principles, researchers at Massachusetts 
Institute of Technology have also proposed the concept of 
“lean engineering” applied to aerospace product development 
[22]. Multi Attribute Tradespace Exploration and Integrated 
Concurrent Engineering [23] are examples of approaches for 
concept screening in the “lean engineering” context. The 
preliminary application of these approaches is nowadays only 
limited to aerospace product development projects.  

3.2. A model-based approach for “value” quantification as 
promoted in VDD 

Making design decisions is the result of a multi 
disciplinary task, where results and insights are traded against 
one another. To generate necessary information for decisions 
to be made, design teams commonly create models [24].

VDD aims to solve design trade-offs looking at how much 
customers “value” certain capabilities against others, hence 
proposes model-based enablers to identify the combination of 
attributes of a product that ultimately produces the best 
overall economic value in a lifecycle perspective. According 
to Collopy and Hollingsworth [18], VDD “is not a new 
method, process, or tool for design. Rather, it is a framework 
against which methods, processes, and tools can be 
assessed.” They further believe that the best design for a 
system is the result of the optimization of the system value in 
the form of a financial objective function. Such reasoning 
implies the existence of a value function that can be used as a 
tool to trade-off different design alternatives in the light of the 
input data provided by the designers. 

While traditional Systems Engineering focuses on a 
favorite point solution that fulfils a wide variety of 
requirements, VDD promotes the use of multidisciplinary 
optimization in the attempt to open up the entire solution 
space for consideration by the designers, systems engineers, 
program managers and customers [18]. The spirit of VDD is 
to avoid “local optimal” solutions that are based on the short-
range exploration of the design space around a baseline 
solution; rather, it aims to explore a much larger amount of 
possible solutions, by means of quick what-if analyses that 
use a value function as a metrics to identify the best design in 
a given situation [18]. VDD is explained in literature as a
cycle (Figure 1) [18]. Initially, the design team picks a point 
in the design space at which to attempt a design. At the 
Design Variables step, it creates an outline of the design, 

which is elaborated into a detailed representation in the 
Definition arc. In the Analysis arc, engineers produce a 
second description of the design instance, in the form of a 
vector of attributes. VDD proposes the use of extensive 
attributes – such as, weight, performance attributes, safety, 
cost and, in general, all those system attributes whose values 
are functions of the values at the component level [25].

While the design variables are defined to make sense to the 
design engineers, the attributes are defined to connect to the 
customer. The Evaluate arc is what differentiates VDD from 
traditional Systems Engineering. Here the attributes are 
assessed with an objective function or value model, which 
gives a scalar score to any set of attributes. If the current 
configuration has a better score than any previous attempt, it 
is the preferred configuration to date. At this point, the design 
teams can accept the configuration as their product, or try to 
produce an even better design by going around the cycle 
again. The Evaluate arc requires the development of a system 
value model, often conceived as a long-term profitability 
model. 

Fig. 1. The Value Driven Design Cycle (adapted from Collopy and 
Hollinsgworth [18])

Despite being a fairly new concept, VDD is increasingly 
discussed within the Systems Engineering community, and 
different examples of its application are proposed [16][17]. 
The major reason is that VDD can be exploited to highlight 
dimensions that add value from a system-level perspective,
avoiding the trap of focusing only on the nearest customer and 
targeting ‘local’ optimal solutions [26].

4. Opportunities for cross pollination between VDD and 
LPSD 

LSPD and VDD literature highlight a dichotomy, which 
the authors believe is complementary rather than mutually 
excluding.  

LPSD focuses on delivering the highest value to the 
customer by increasing efficiency and reducing waste, with a 
strong focus the managerial aspects of the product and service 
development process. 

VDD adopts a more engineering-oriented perspective, 
looking at the hardware attributes (mainly technical 
performances) as enablers for service provision. Hence, it 
proposes methods and tools that use value as metrics to select, 
as early as possible in the design process, the optimal 
configuration for a system and its sub-systems. 
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These perspectives should not be seen as contrasting,
instead they represent an opportunity for cross-pollination 
between the managerial and the engineering design fields. 

VDD research can mainly teach LPSD practitioners about 
the use of a model-based thinking when looking at value and 
impacts of design alternatives. VDD strongly focuses on the 
creation and use of models that are able to quantify what the 
system will be capable to deliver given a specific design 
configuration. This capability of developing and applying 
models to benchmark solution directions is something lean 
research may benefit from. Value models can be beneficial in 
their way to work as ‘coordinative artifacts’ [27] serving as 
basis for conversation and knowledge sharing within the 
cross-functional design team. For several disciplines, such as 
cost and material analysis, a range of models is already 
established, as well as roles in the engineering design teams. 
However when looking at value assessment in the context of 
LPSD models promoting the understanding of value and the 
determination of efficient mechanism for information flow 
have not reached the same level of maturity as in other 
domains. Based on such reflection, the ability to apply a 
model-based approach in LPSD is believed to be critical for 
successful cross-boundary discussion. Therefore the 
possibility to use value models as “boundary objects” [28] to 
facilitate cross-functional communication and to enable that 
the best, or at least the “most aware”, decision is made, is 
regarded as a potential improvement for LPSD processes. In 
particular the opportunity to use such objects to better 
understand and reconcile conflicts in stakeholder needs (a 
topic discussed in lean literature by Siyam et al [14]) shall be 
regarded as a relevant improvement 

A key difference is that VDD targets the value that a new 
solution can bring to the overall system of stakeholders 
involved. It does not map the value stream toward the 
customer, but it aims to analyze the value generated to the 
whole supply and customer network, including internal and 
external stakeholders. It claims that the best solution is the 
one that delivers the highest value to the system, and an 
increase in revenue will be the natural consequences of this. 
Such “system perspective” is increasingly important with 
more and more industrial offers moving toward PSS, and 
might address the limitation of lean techniques lacking of a 
whole system view, avoiding the risk of sub-optimization 
toward individual value attribute, a concern expressed by lean 
literature in complex product development [14].  

To this purpose while Service Engineering uses Receiver 
State Parameters and Function Parameters to assess 
customers’ satisfaction, VDD uses Value Dimensions and 
Value Drivers in a similar logic but with a wider perspective 
[31]. The major difference relies on the fact that Value 
Dimension and Value Drivers are derived from the needs of a
wide set of stakeholders (i.e., company internal, supply chain, 
customers, customers of customers, institutions) and are 
assessed through semi-quantitative models [26] providing the 
final “design merit” as a needs-satisfaction measure given the 
trade-off (and prioritization) of contrasting needs.  

4.1. Extending VDD to meet LPSD 

In spite of some authors [29] claiming VDD to be cross-
functional, existing case studies (e.g., [16][17]) are deeply 
engineering focused. The value of a “system” is calculated on 
the basis of the technical performances of the hardware, while 
service aspects and managerial implications are poorly, or not 
at all, considered in the value models. This is not surprising: 
VDD was introduced with the objective to select the best set 
of technical capabilities to accomplish a mission, or a project, 
given some cost constraints.  

However, part of VDD literature is starting to recognize 
that the development of mathematical optimization functions
[e.g., 18] is not the only way forward. Rather, it sees the 
opportunity to expand the notion of “value-driven” towards 
reinforcing early stages design iterations, and fostering 
communication and concurrent activities among customers, 
producers and suppliers [30].  

The authors argue that some recent methods developed 
under the VDD “umbrella” term (e.g. [26][31][32]) shall not 
be considered as limited to the VDD domain. They should 
rather be rather as plastic approaches to promote value driven 
innovation in the preliminary design stage of a 
products/service system, and they should belong to a
complementary context overlapping both with VDD and 
LPSD. This context is defined as “Value Innovation” by the 
authors, mainly as a bookmark on which to anchor the 
discussion about future research directions in the common 
VDD/LPSD domain (Figure 2).

Fig. 2. Value Innovation: overlapping research areas between VDD and 
LPSD. 

Value Innovation (VI) expands and differs from VDD by 
acknowledging that, when assumptions and forecasts prevail, 
the use of a subjective definition of value is more appropriate. 
VI emphasizes the role of the “value model” as that of a 
boundary-object, which is of an artifact able to raise 
awareness on what eventually value means for customer and 
stakeholders. The underlying assumption is that this 
awareness can be raised only if ambiguities and uncertainties 
can be clarified already during preliminary design. To do so, 
it is necessary to establish a dialogue among all actors in the 
cross-functional team, under the assumption that only if 
experiences and knowledge about what “is valued” are shared, 
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it is possible to take more confident (and rational) design 
decisions. 

The VDD literature [e.g., 30] has already pointed out that,
early on in the design process, a more qualitative assessment 
of the “goodness” of a design should be preferred against a
numerical (and monetary-based) encoding of preferences.
Qualitative value models are believed to work more 
effectively as boundary objects than quantitative ones. 
Compared with the latter, they make possible to use a shared 
syntax to facilitate a process where individuals transform their 
knowledge [28] and learn about dependencies (and 
specify differences) across (e.g., functional, social) 
boundaries. Also, by being less discipline-specific, they do 
not demarcate any real territory: this emphasizes their 
mediating qualities and thus effectiveness. Furthermore, 
qualitative models are intended to capture a number of  
“intangible” aspects in the value analysis, which are difficult 
to monetize quantitatively (e.g., brand acknowledgement, 
knowledge reuse)[40].

How does a qualitative value model look like then? 
Decision-making matrixes, such as QFD, emerge as strong 
candidate approaches to perform a qualitative mapping 
between customer value perception and requirements for PSS. 
Still, the relationship between customer value and PSS is 
likely to be more complex than the pure product or service 
counterpart. The latter [33][34][35] has already shown that 
dependencies can be highly non-linear: this phenomenon is 
likely exacerbated looking at product-service combinations 
such as emerged both in Service Engineering and VDD 
literature [13][26]. Based on the work of Wooley et al. [36],
VDD research has illustrated the application of non-linear 
functions to the development of semi-quantitative value 
models in an aerospace context [26]. Such approaches expand 
QFD by adding non-linear relationships, analogous to the 
Taguchi Loss Functions [37], which are believed to better 
approximate the customer response to changes in a product 
attribute [38]. In this spirit, semi-quantitative value models 
(e.g. [26][31][32]) have been recently proposed to increase 
decision makers’ awareness of the value contribution of 
different design concepts. Moreover they encompass the value 
associated with the design that is generated, e.g. 
manufacturability, maintainability, serviceability, or other 
“ilities”, not often emphasized by lean techniques [14].

VDD models have shown to be dependent from the 
availability of historical data, which are typically missing 
when performing a preliminary screening of new hardware-
service combinations [26]. Using models in preliminary 
design implies the presence of not well-defined data suffering 
from a level of uncertainty in the evaluation. Claiming to 
evaluate the system value of a concept implies therefore to be 
able to address such uncertainty perhaps not by directly 
focusing on reducing it, but rather by assisting the decision 
makers to achieve a better understanding of what those 
uncertainties, ambiguities and assumptions actually involve 
[39]. Research in the dynamics of decision-making in product 
development has lead to the definition of the concept of 
Knowledge Maturity [39] as a way to model such 
uncertainties, ambiguities and assumptions used in early stage 

decision making. Such concept has been later adopted as an 
add-in for value models used in VDD [31].

Within a cross-functional team, the use of value as metrics 
for benchmarking design concepts is mainly a matter of  
conveying value-related information in a way that is clear, 
transparent and that stimulate associative processing and 
knowledge generation. The development of value 
visualization enablers is therefore another major topic in VI 
research. Recent contributions have proposed, for instance, 
the use of color-coded schemes in computed aided design 
environment to visualize the value contribution of PSS offers.
[32].

5. Conclusion 

The paper has discussed similarities, differences and 
opportunities for cross-pollination between the research fields 
of Lean Product Service Development and Value Driven 
Design, ultimately proposing a research area for the 
development of Value Innovation methods in the context of 
LPSD. Concerning the first research question the paper has 
highlighted that research works in VDD and LPSD, despite 
evolved in two different contexts, show similarities when it 
comes to the definition of the problem they are addressing and 
the product development contexts in which they are operating. 
Both VDD and LPSD aim at increasing decision makers’ 
awareness about the “value” of different design alternatives 
(despite a not unique definition of value exist). Both the areas 
share the need to run such assessment in a preliminary design 
stage, when decisions committing the major part of the value 
have to be made. Both areas deal with high levels of 
complexity and cross-functional contexts, intrinsic in system 
engineering nature for VDD, and generated by the 
“servitization” challenges in LPSD case. 

Concerning the second research question the paper has 
highlighted the potential role of an enhanced model-based 
thinking in LPSD, adopting method and tools to widen the 
value assessment to a larger base of stakeholders adopting 
VDD-derived methods to deal with contrasting needs. The use 
of value models as boundary objects for cross-functional 
discussion and decision-making is also seen as a promising 
application of VDD methods in LPSD. 

The next step of the research will be the pilot application 
and test of VDD-derived methods in a real case study in PSS 
design in a context different from the aerospace product 
development, to verify the practical impact of VDD methods 
in LPSD, and collect data for the further development of value 
innovation methods. 
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Abstract: Recent literature stresses the opportunity to strengthen the requirement 
establishment process in the earliest product development stages by using Value 
Driven Design (VDD) methodologies. The idea of modelling customer value, and 
using it for solving design trade-offs, is appealing. However examples are 
lacking, and little evidence from industrial applications is available in literature. 
The majority of VDD cases emerges from the domain of aerospace, and stresses 
the application of mathematical optimization models, whose results are found to 
be of little meaning in preliminary design, when uncertainty and lack of data 
dominate. The paper expands on the current VDD literature and presents a 
generic value-driven product development process, with associated tools, to 
support the preliminary design stages of road compaction equipment. The paper 
illustrates the main features of such a process, and further exemplifies the use of 
qualitative and quantitative value models for the design of a sub-system for 
double drum asphalt roller. The authors eventually present and discuss the 
learning from the application of the proposed process and elaborate on the 
significance of model-based enablers for value in early stage decision-making.  

Keywords: systems engineering, value driven design, value model, concept 
selection, decision making. 

1. Introduction 

It is intuitively attractive for manufacturers to develop products that are of higher value 
to customers (Woodruff 1997), ultimately to deliver the best possible design (Cheung et 
al. 2012). Researchers on the domains of Lean product development (Gautam and Singh 
2008; León and Farris 201; Siyam et al. 2015), Product Service System design (Baines 
et al. 2007; Kimita et al. 2009; Kowalkowski and Kindström 2009) and Systems 
Engineering (SE) (Weiss 2013; Solomon and Young 2007) agree on the centrality of the 
“value” concept to support early stage design decisions for complex systems. 
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Even if stakeholders would certainly want to support and produce a value-
adding system, researchers claims that the notion of “value” is not addressed in much 
detail when designing complex products (Collopy and Hollingsworth 2011; Soban et al. 
2011; Monceaux and Kossmann 2012; Monceaux et al. 2014). The reason is found in 
the intrinsic limitations of SE practices (ANSI/EIA-632) (INCOSE 2015), which lies in 
the way requirements elicitation in SE is typically conducted (e.g., Geisser and 
Hildenbrand 2006; Bayus, 2007; Agouridas et al. 2008; Aranda et al. 2010; Chakraborty 
et al. 2010). SE begins with an assumption that requirements are clear, that the focus of 
the process is on their step-by-step transformation into specifications of a design 
(Durugbo et al. 2013), and that earned value is strictly connected with the ability of 
meeting such requirements (Solomon and Young 2007). 

This view is considered too simplistic and unable to reflect the reality of 
complex systems development processes (Collopy 2012). In the words of Hazelrigg 
(1988), “values tell engineers what you want. Requirements only tell them what you 
don’t want”. This means that requirements hinder a systematic exploration of design 
alternatives (Ross et al. 2004; Gorissen et al. 2014), causing the most valuable ones to 
be rarely identified (Collopy 2012). Setting performance requirements amount to 
“satisficing” (i.e., satisficing and sufficing) the attributes of a system function (Simon 
1996), which shall rather be optimized (Browning 2003). Also, performance 
requirements provide only a partial view on value, because the latter contains a 
significant portion of tacit concepts that do not merely relate to the technical 
specifications of the solution (Desmet et al. 2001; Daum 2003). Prasad (1999) further 
highlights that requirements elicitation shall follow a more concurrent process, 
emphasising iteration and negotiation with customers and stakeholders to minimize 
development time and rework, (Jiao 2006; Withanage et al. 2010). Isaksson et al. 
(2013a) follow up on this, noticing that requirements are indicative at best in a 
preliminary design stage, and that value is a preferred construct to place the received 
requirements and to highlight the intent of a design (Nemoto et al. 2015). A 
requirements-centred decision-making process is eventually claimed to be unable to 
“assure optimal decisions for an engineering system at the enterprise level” (Chen et al. 
2013). 

While engineers would like to design the best possible system, it is very difficult 
to model and communicate what “best” means (Cheung et al. 2012). Designing value-
added products means, in practice, that design trade-offs shall be solved looking at how 
much customers “value” certain capabilities against each other (Isaksson et al. 2009). 
Hence design teams would benefit from model-based enablers able to account for 
“value” to support concept generation and selection activities already is an early design 
stage, when the major part of value of a system is committed (Isaksson et al. 2013b). A 
major claim is that, in such a stage, value is not made available as a model based 
discipline (Monceaux and Kossmann 2012; Isaksson et al. 2013a; Monceaux et al. 
2014; Zhang et al. 2014a, 2014b; Hallstedt et al. 2015; Bertoni et al. 2015), equivalent 
to performance analysis or knowledge-based engineering. The availability of early stage 
value models is seen as an opportunity to support both a more concurrent process in the 
way the requirements complex products are set (Bertoni et al. 2014), and a more 
systematic decision making process which otherwise tend to be dominated by gut-
feelings and intuition (Isaksson et al. 2013b). Eventually, this would lead to the 
mitigation of development risks and to the reduction of corrective rework in the later 
phases of the design (Isaksson et al. 2013b). 
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This paper aims to contribute to the development of value-centric methodologies 
to support early stage decision-making in product development. The objectives are to: 

• review the literature with regards to model-based enablers for value that can 
support early stage concept generation and selection activities,  

• propose a generic process for value-driven product development, which makes 
use of such models to complement traditional requirement management 
activities and,  

• exemplify the application of the generic process and the models in a case study 
conducted in collaboration with a road construction equipment company.  

Research has been conducted within a Swedish funded research profile in 
“Model Driven Development and Decision Support” (MD3S). Data have been gathered 
between December 2013 and February 2015 in collaboration with a road compaction 
equipment manufacturer, by means of analysis of internal company documents and semi 
structured interviews with process owners, designers, managers and marketing 
personnel (as shown in Appendix A). The work has benefited by the part time physical 
presence of one of the researcher at the company facilities. Reflective learning was 
aided by the continuous participation in regular debriefing activities, which featured 
physical meetings with process owners and decision makers at the company facilities. 
Findings have been regularly presented in public forums; their analysis and 
interpretation was aided by the feedback received at these events from the other 
manufacturing companies participating to the MD3S research profile. Workshops have 
followed up such forums to discuss and elaborate on the achievements with project 
managers and process owners from all industrial partners involved in the profile. 

2. Value as metrics for design decisions 

While an agreement on an “unique” (Day 2000) definition for value is hard find, several 
researchers point to those properties relevant to determine the value of a design. Early 
definitions stress the ratio between performance and cost (Miles 1972), affecting 
customer willingness to pay for an artefact (Shapiro and Jackson, 1978). Later 
contributions highlight the perceived worth in monetary units received by a customer 
(Anderson et al. 1993), which reflect the desire to obtain or retain a product/service 
(Kelly and Male 1993).  

Decision making shall then be conducted with the purpose to achieve the best 
performance constrained by the available budget (Chen et al. 2013), which is to achieve 
a minimum life-cycle cost while meeting a desired performance level or, inversely, the 
best performance given a maximum program cost (Dahlgren 2006). 

Price et al. (2012) claim that focusing only on costs drivers reductions leads to 
false perceptions and does not enable a sound judgement to be made during the design 
of a complex system. As an example, increasing a vehicle weight will certainly lead to 
increased fuel costs, but may also result in lengthened maintenance intervals and reduce 
costs that way. They conclude that “cost” does not allow a designer to really understand 
the benefits of the design, and propose “value” as construct to provide some view 
beyond manufacturing and performance. Value extends further beyond cost, to 
encompass more the subjective aspects, such as the evaluation of ilities proposed by 
McManus et al. (2007) and more intangible, personal factors (Steiner and Harmon 
2002; Grönroos and Voima, 2013).  
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Towards Value Driven design 

The Value Driven Design (VDD) (Collopy and Hollingsworth 2011) umbrella term 
(O’Neill et al. 2010) has been proposed as value centric process for the design of 
complex systems. As explained by Price et al. (2012), the spirit of VDD is to enable all 
components and parts of a system to be designed with a view on the total value 
generated within a project. Local optimal solutions, which are based on the short-range 
exploration of the design space around a baseline solution, shall rather be confronted 
against much larger amount of possible solutions through the systematic use of models 
that are able to determine how varying design attributes affect the overall value of a 
product.  

VDD is explained as a cycle (Collopy and Hollingsworth 2011). Firstly, 
designers pick a point in the design space at which to attempt a solution. Then, they 
create an outline of the design, which is elaborated into a detailed representation of 
design variables. Later, they produce a second description of the design instance, in 
form of a vector of attributes that mirrors the customer preferences or “value scale”. 
These attributes are assessed against an objective function, which accepts such vector as 
its argument to assign a score to rank a design.  The “best” design is one that ultimately 
produces the best score (Fanthorpe et al. 2011), which is often calculated using Net 
Present Value (NPV) and Surplus Value (SV) models (Price et al. 2012). If the current 
configuration has a better score than any previous attempt, it is considered the preferred 
configuration to date. At this point, the design team can accept the configuration as their 
product, or may try to produce an even better design by going around the cycle again.   

VDD further propagates the long-term profitability idea to the systems and sub-
systems to enable optimum solution strategies to be instantiated in objective, repeatable, 
and transparent manner (Collopy and Hollingsworth 2011).  

A Value Creation Strategy (VCS) approach is further proposed to support this 
cascading process within the Extended Enterprise (EE) (Monceaux and Kossmann 
2012). The concept of ‘value’ is exploited in the EE to elaborate early on a concise and 
overarching cross-system requirement specifications list. This can be then shared 
between the supply chain partners, so that design teams at different levels can reach an 
agreement on early system features (Isaksson et al. 2013a). Value Drivers (VD) have 
been proposed as main construct to convey this information and as main metrics for 
“goodness” in complex systems design (Isaksson et al. 2013a) (Bertoni et al. 2013). VD 
are explained as customer and stakeholders needs that 1) are customized for each 
development effort, 2) are reformulated in a way to satisfy the independence condition, 
and 3) balance stakeholders’ needs and company objectives (Zhang et al. 2013).  

Issues in VDD implementation 

In its classical formulation, VDD requires the engineering team to carry out 
sophisticated optimisations with the final goal of identifying solutions for complex 
problems. These calculations are mainly used in the detailed design phase, while in the 
conceptual design phase little attention is paid towards establishing the necessary links 
between the high-level system attributes and the overall ‘value’ of the system 
(Monceaux et al. 2014).  

However, merely extending the use of optimization models does not seem to 
represent a viable solution to the problem of “modelling” value in preliminary design. 
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Due to uncertainty and lack of data, the results of deterministic models are likely to be 
perceived of little meaning at this stage (Ullman 2009). Exact quantitative economic 
functions are not only missing when performing a preliminary screening of new product 
technologies or services (Isaksson et al., 2013a), but also very unlikely to be shared in a 
situation where consortium partners work in a mode of coopetition (Brandenburger and 
Nalebuff 1997). Siyam at al. (2015) further highlight that the move towards 
“servitization” makes difficult to apply deterministic value assessment approaches, 
because uncertainty and ambiguity dominate even more the early phases of the design 
task. 

The lack of trustworthiness in deterministic models is debated in the VDD 
community, as it hinders communication among the decision makers (Collopy 2012) 
diminishing their potential use in early design decision-making (Soban et al. 2011). 
When qualitative data, assumptions and forecasts prevail, a qualitative assessment of the 
“goodness” of a design is claimed to be preferable against a numerical (and monetary-
based) encoding of preference (Soban et al. 2011). 

Also, although monetary units are a convenient, practical, and universally 
understood metrics (Collopy 2012), stressing the success of investments (Kipouros and 
Isaksson 2014), many authors have pointed out that value provision objectives often are 
of less tangible nature than the technical system performance objectives (see: Wikström 
1996; Woodruff and Gardial 1996; Vargo and Lusch 2004; Steiner and Harmor 2009), 
and this generates major difficulty in retaining a value focus throughout the systematic 
decomposition of the system at hand (Monceaux et al. 2014). Lindstedt and Burenius 
(2006), for instance, define customer value in terms of “perceived customer benefit” 
divided by the “use of customer resources”, the latter intended as money, time and 
effort. Experiential (Norman 1988), Emotional (Butz and Goldstein 1996) (Desmet et 
al. 2001) and Intangible (Daum 2003) aspects also affect the numerator of this equation. 
Brand name, logos, charm, social status and perceived quality (Zeithaml 1988) or 
sustainability impact (Hallstedt et al. 2015) have been to play an important role in the 
perception of value for an engineering product. While some authors explicitly claim that 
existing VDD methodologies are prepared to deal with more intangible value aspects 
(Price et al. 2012), the majority focus on economic aspects, and little evidence for this is 
available from empirical case studies in literature. 

Furthermore according to Collopy and Hollingsworth (2011), VDD “is not a 
new method, process, or tool for design. Rather, it is a framework against which 
methods, processes, and tools can be assessed.” Eres et al. (2014) claim that most the 
VDD approaches described in literature remain only at a conceptual level, with the 
majority concentrated in the aerospace domain (e.g., Castagne et al. 2009, Cheung et al. 
2012). This is seen as a limitation, and smaller-scale examples how VDD works in 
practice are needed to trigger interest on the experimentation of larger scale and robust 
prototypes.  

The issues listed above suggest the authors to explore how qualitative and 
quantitative value modelling approaches can be used to support decision-making 
activities, with a focus on the earliest development stages of complex products. The 
following section describes the generic process for value-driven product development, 
which is further exemplified in a case study conducted in collaboration with a road 
construction equipment company. 
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3. A generic process for value-driven product development 

Starting point for the development of the generic value-driven product development 
process is the Knowledge Value Stream (KVS) - Product Value Stream (PVS) model 
proposed by Kennedy et al. (2008), which divides the innovation process at the 
company in two value streams:  

• KVS represents the capture and reuse of knowledge about markets, customers, 
technologies, products and manufacturing capabilities, which is general across 
projects and organizations.  

• PVS is specific for each project and consists of the flow of tasks; people and 
equipment needed for creating, for example, drawings, bill of materials and 
manufacturing systems.  

The empirical study highlighted that the problem of developing model-based 
support for value assessment touches both streams. It begins from the earliest phases of 
design, where the design problem is quite open, possible solutions are many and there is 
a need to understand the potential implications of ways forwards. In the conceptual 
design phases the engineering team formulates concepts and begins modelling candidate 
solutions. Finally, product and process are selected for detailing. Different needs are 
observable when considering decision support along the two streams, and that the “early 
phase” needs to be decomposed, as one method does not fit all. Three main phases are 
recognised: 

• Scoping: decision support shall enable the screening of candidate solution 
strategies with limited effort and time (typically in the order of hours) and shall 
handle situations where the information available is scarce, immature and 
incomplete.  

• Emerging Design: decision support shall enable the design team to confine the 
design space and down select concepts from a range of possibilities. Iterations 
are executed within one or few days, and a first range of models for the design 
space is now available.  

• Concept development and detailed design:  Any decision support in these phases 
shall enable a greater depth of analysis in the given contexts. Both product-and 
process definitions exist and are being refined to minimize risk, cost and any 
other requirements compliance necessary. The time frame for decision support 
tools is still time constrained; yet studies may now expand to weeks. Quality of 
data available increases, yet there is still not sufficient information to undertake 
complete analyses.  

Figure 1 pictures the KVS-PVS model and describes a set of high-level activities 
that compose the generic process for value-driven product development. Two main 
loops are emphasised: In the KVS, qualitative means are proposed to filter emerging 
design, while quantitative models are suggested to support decision making in the PVS. 
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Figure 1: Generic process for value assessment in the Knowledge-Product Value 
Stream. 

Phase 1: Need and market analysis 

The first step is about understanding which dimensions affect customer perceived value 
(for a product or service), and their relative importance (e.g., rank weight) in each 
context. Activities here deal with gathering assumptions and descriptions related to 
those factors that cause the operational process and its constituent activities to be 
different in different situations, and that eventually make the customers to perceive 
value differently. This may relate, for instance, to the different countries in which the 
product is sold, to the type of application in which the product is used, to the structure 
of the company that purchases and uses the product.  

Value Drivers (VD), in the form posed by Isaksson et al. (2013a), were used as 
main metrics for design “goodness” (see: Cheung et al. 2012) Customer needs are not 
directly used as such metrics. This is because the empirical study highlighted that: 

• needs feature different levels of granularity,

• needs are often are not linearly independent, and 

• needs are often just too many to be efficiently handled in the decision making 
process. 

Studies have shown an inverted U-shaped relationship between the efficiency of the 
decision-making task and the amount of information provided, with 25 parameters 
representing an optimum (Zanakis et al. 1998), hence the number of VD in the analysis 
has been constrained to 20-30 parameters to avoid information overload.  
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A 7-dimensional framework (Figure 2) adapted from Bertoni et al. (2014) is 
used to guide the development of a complete list of VD for the analysis, which are 
directed both outwards and inwards the organization.  

 
Figure 2: A framework for the definition of value drivers for a solution. 

Outwards the aim is to reflect customer satisfaction/dissatisfaction generated by system. 
Looking at customers and stakeholders, the framework mainly highlights tangible value 
dimensions, such as operational performances (use of resources, outcome quality), 
operational support (downtime, maintainability) and “ilities” (e.g.; changeability, 
scalability and others, as defined by McManus et al. (2007) and detailed by Chalupnik 
et al. (2013). On the top of it, it considers more intangible value aspects, such as brand 
acknowledgement, charm factor, social welfare, and environmental impact. These 
aspects are inspired by the “Receiver State Parameter” proposed by Shimomura and 
Arai (2009) for PSS design.  

Inwards, value refers to the impact of a design concept on the internal process. A 
“platform” strategy exemplifies well this difference: a product might be non-optimal for 
the current list of needs, still it might feature a positive “value contribution” as it may 
raise commonality, enable economies of scale, build knowledge and raise technology 
readiness (Mankins 2009) for future products. This list of drivers is inspired by the 
“Provider Value” dimensions proposed by Matschewsky et al. (2015). In parallel, the 
ability of satisfying contractual requirements carries many values, both tangible 
(penalties and fees, of different kinds) and intangible (loss of trust between the 
collaborating partners). VDs are further rank weighted, typically by the use of binary 
weighting methods (Eres et al. 2014). 
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Phase 2: Definition of solution options for the sub-system 

The second step is about developing solutions concepts and describing them in a way to 
enable the creation of value models. This activity renders a list of Engineering 
Characteristics (EC) that describe the distinguishing features of proposed design 
options. As stated by Eres et al. (2014), EC “should describe the product in measurable 
terms and should directly affect customer perceptions”. Previous work (Bertoni et al. 
2013) expands the definition of EC to encompass both technical features of a solution 
(such as geometry, shape or material) and aspects related to the entire product lifecycle, 
including expected performances in terms of manufacturability, maintainability, 
serviceability and recycling. The empirical investigation further showed that the list 
features a restricted set of parameters, mainly because in a preliminary design phase 
little information is available about these designs. Also, it reveals that the manufacturer 
is more interested in understanding how much a solution is better—or worse—than 
existing options, than in an absolute value figure. For this reasons, the list of EC 
considers only those characteristics that differ between the baseline solution and new 
designs. For instance, if several sub-system design concepts features the same material 
but different total mass, the latter is listed as a relevant EC in value model, while the 
first is neglected (i.e., because not a distinguishing factor between different designs).  

Phase 3: Qualitative value analysis loop 

The qualitative loop aims at obtaining a first assessment of the “goodness” of a design 
concept to highlight its value-adding features. By mapping the list of EC to the list of 
VD, designers obtain a feedback on how “good” a design is compared to a baseline for 
the selected value metrics. This mapping can be performed using different types of 
decision matrixes (i.e., qualitative value models). Quality Function Deployment (QFD) 
(Hauser and Clausing 1988) was identified early on as a strong “value model” candidate 
(Collopy 2009) in VDD literature, mainly because of its transparency (Al-Ashaab et al. 
2013). However, QFD is claimed to be unable to realistically modelled non-linear 
phenomena (Duck Young and Xirouchakis 2010; Erginel 2010), such as the relationship 
between quality and customer satisfaction (Andersson and Sullivan 1993; Kimita et al. 
2009) or the relationship between qualitative customer requirements and measurable 
technical requirements (Guenov 2008, Liu and Boyle 2009). The Concept Design 
Analysis (CODA) (Eres et al. 2014; Khamuknin et al. 2015) method was then chosen to 
perform this mapping. CODA replaces QFD linear numeric relationships with non-
linear functions (Woolley et al. 2001), which are analogous to the Taguchi Loss 
Functions (Wadsworth 1997), which are better suited to rationally model and simulate 
value in the ‘house of quality’ (Zhang et al. 2014a). 

CODA requires engineers to decide on the relationships between each VD and 
the corresponding EC, both by setting a correlation coefficient - strong (0.9), medium 
(0.3), weak (0.1) – and a relationship function (minimisation, maximisation, 
optimisation or avoidance type). The high/medium/low scale was considered a 
reasonable choice in setting correlations dealing with highly volatile data, because a 
more granular scale would have given the impression that engineering (quantitative 
evaluation) was occurring. Not only it would have increased complexity, but also it 
would have been more difficult to agree upon, requiring more time and effort to 
populate the value model. More sophisticated approaches for building non linear 
models, such as artificial neural networks (Song et al. 2013) were discarded because of 
the significant amount and quality of data sets needed for developing these models. 
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CODA further requires setting neutral point, optimal point, and tolerances (see: 
Eres et al. 2014) to produce an individual merit value. Once the process is repeated for 
each VD and CN, the individual results are aggregated to provide a value score for a 
design, which can be compared with alternative concepts. 

Phase 4: Quantitative value analysis loop 

According to several authors (Fabrycky and Blanchard 1991; Waghmode and 
Sahasrabudhe 2012) cost must be an active rather than a resultant factor throughout the 
system design process. This is apparent also in VDD literature (Brown et al. 2009): 
most of the parameters in the NPV and SV equations proposed (Curran et al. 2010; 
Mullan et al. 2011, Cheung et al. 2012) relate to the cost sustained by customers and 
users during the operational phase of the system. As explained by Price at al. (2012), the 
use of these equation engages all the stakeholders in a single design domain, so that the 
manufacturer then can see the effect of their decisions on the operator and so on.  

The quantitative value analysis loop aims at raising awareness on the economic 
impact of alternative design concepts in the customer operational process. Here Total 
Cost of Ownership (TCO) (Heilala et al. 2006; Roda and Garetti 2014) and Life Cycle 
Costing (LCC) (Dimache et al. 2007) (Thokala et al. 2010) are proposed to support 
comparison and optimization of design alternatives, to facilitate trade-off analyses of 
system concepts, and to demonstrate value for money of investments in a beginning of 
life phase for a new product or service.  

TCO and LCC are notions often used interchangeably (e.g., Geissdoerfer et al. 
2012), even if the literature highlights that TCO focuses more on the operator/user 
perspective of the considered object and all the costs that occur during the course of 
ownership (Thiede et al. 2012).  

There are different approaches to developing life cycle cost models, such as 
conceptual, analytical and heuristic (Gupta 1983). Given the high volatility of the 
information in a preliminary design stage, the model proposed in this paper insists on a 
conceptual approach, which consists of a set of hypothesized relationships expressed in 
a qualitative framework. As explained by Fabrycky and Blanchard (1991), cost models 
during the conceptual or preliminary design phases are not required to be too complex, 
as a rather simple construction may suffice. A major benefit of such simplicity is that 
the approach allows a minimum of details and requires little ability to quantify a 
system’s cost characteristics. A conceptual model also emphasizes flexibility, being 
able to accommodate a wide range of systems. 

The modelling approach proposed mixes parametric (Dean 1995; Newnes 2008) 
and analogous models (Shields and Young 1991). Asiedu et al. (2010) in their review 
consider the latter being “very good” for new products, because they allow identifying a 
similar product or component and adjust its costs for differences between it and the 
target product. In order to cope with the high degree of judgment required to correctly 
differentiate between the cases in hand and those deemed to be comparable (Asiedu et 
al. 2010), equations are borrowed from parametric models to describe relationships 
between cost schedules and measurable attributes of the system. While parametric 
estimating are not considered to be very good for estimating the cost of new 
technologies (Asiedu et al. 2010), the proposed mix allows to structure the assessment 
while leaving a necessary degree of openness.  
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The main cost drivers considered in the model are derived from the work of 
Ferrin and Plank (2002), which are: operating costs, quality, logistics, technological 
advantage, supplier reliability, maintenance, inventory costs, transaction costs, life 
cycle, acquisition cost, customer-related costs, opportunity costs, and miscellaneous. 
The generic TCO/LCC equation (1) used in the quantitative value loop is: 

 (1) 

Where: 

• OWNc= Ownership cost, encompassing acquisition cost, depreciation cost, 
financial cost and overhead related to the ownership of a good. 

• OPEc= Operational cost, which implicitly considers the technological advantage 
of a design. 

• P&Fc= Accounts for penalties or fees triggered by the inability to satisfy, for 
instance, quality requirements or delivery deadlines. 

• WMRc= Wear, Maintenance and Repair cost, which accounts for all costs 
related to the supporting services for a hardware. It also encompasses 
opportunity cost in relation to the machine downtime. 

• LOGc= Logistics and inventory costs. 

• EOLc= End-of-life costs, which can also be negative in case a hardware is, for 
instance, sold second hand.  

• r= Discount rate. 

The above formula emphasises a major limitation with current TCO/LCC 
models, which is their inability to account for the system performance characteristics on 
which many of the costs depend (Roda and Garetti 2014). Such performances are 
strongly related to the particular scenario in which a new system/sub-system operates. 
For this reason, additional ad-hoc simulation models may need to be constructed and 
run to feed the TCO/LCC calculation with more factual evidence on the behaviour and 
performances of a given solution in the operational process. The development and 
application of three of such ad-hoc models is exemplified in the following chapter. 

Phase 5 and 6: Sensitivity analysis, convergence verification and design decision 

Eventually, both the qualitative and quantitative models are tested for sensitivity at 
varying input parameters, to verify consistency of the results. The results from the 
models are confronted to verify their alignment. These indications are then gathered 
within a value report that is communicated to the decision makers for the final decision. 
The impact of the proposed generic process and models are discussed in a dedicated 
section at the end of the paper. 

4. Application of the value-driven PD framework for asphalt roller design 

The generic process and related value models have been applied in a case related to the 
design of a new sub-system for a double drum asphalt roller. The machine features a 
maximum operating mass of 9 tons, a drum width of 1500 mm and a 75 KW engine. It 
can be considered a medium-size machine that can be used in different applications, 
from large roads to smaller parking lots and urban streets.  
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Four alternative proposals (or options) for a sub-system were generated early on 
by the design team, on the basis of the customer need list. Option #1 featured a design 
very similar to the existing off-the-shelves machine, with only small differences. This 
option has been used as reference throughput the assessment and was indicated as the 
baseline design. Option #2 featured an incrementally improved sub-system, very similar 
to the baseline design in terms of its architecture, but different in one geometrical 
dimension. Option #3 featured a very radical solution, which had significant cascading 
effects on the entire geometry of the machine. Option #4 featured a design similar to 
those of the competitors, and different from the baseline design.  

Each option has a deep impact on the operational behaviour of the machine and 
on lifecycle considerations. Importantly, each sub-system configuration may suggest the 
roller operator to follow different “patterns” while performing compaction operations, 
which in turn influence a range of key performance indicators such as lead time, quality 
and fuel consumption. Looking at the entire lifecycle of the machine, the choice of sub-
system affects machine availability, maintenance operations, repair operations and 
resale value, together with more intangibles aspects, such as operator comfort and 
customer image. 

The empirical study featured 2 main iterations (see: Appendix A). The first one 
concerned the definition of the problem domain, of the underlying needs and value 
scales related to road compaction equipment. The second one focused on the specific 
sub-system, with the purpose of defining relationships between its technical features 
and the overall machine behaviour, as well as of gathering cost data. In this phase, a set 
of relevant usage scenarios to be used to populate the value models was also defined. 

Need analysis and solutions definition 

The analysis of company internal documents initially pointed to a list of “Customer 
Buying Criteria”, which summarize and translate the needs of the customers in a 
condensed form. The criteria describe the main dimensions that are believed to 
influence the customer purchasing choice for a given machine. The list is generic for the 
entire machine, and not all CBC are affected by the presence of the sub-system under 
investigation. For instance, while aspects such as manoeuvrability, safety and 
maintainability might be affected, others such as driver comfort could be neglected. In 
total, 21 CBC were considered “affected”, while 20 have been neglected. CBC did not 
satisfy the independence condition presented above (Zhang et al., 2013). Hence they 
were clustered within the generic framework presented in Figure 2, and reformulated in 
VD to be linearly independent. 

In order to prioritize the list of VD, four different “situations” were defined, 
representing relevant market segments for the company, each one featuring peculiar 
characteristics in terms of what customers expect and value in a solution.  

• The first one is representative of the most important market (in terms of sale 
size) for the machine under investigation (Market #1). 

• The second one is representative of the second most important market for the 
product, which is sensitive both towards price and flexibility in operation 
(Market #2).  

• The third one represents the third largest market for the product. This market is 
particularly sensitive towards safety, operator comfort and quality (Market #3). 
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• The fourth one is representative of an emerging and price sensitive market 
(Market #4). 

A binary weighting matrix has assisted the researchers in setting priorities to the 
list of VD to reflect these scenario preferences. Numerical values (9-3-1-0) have been 
used to express strong, weak, minimal or no correlation between a VD and a given 
market. These were then translated into rank weights (expressed in % for the numerical 
calculation). An extract of the results in relation to the rank weighting of the Value 
drivers for the asphalt roller is displayed in Table 1 (NW! The values in Table 1 have 
been scaled and used for illustrative purposes only). 
Table 1: VD rank-weights for different markets (extract). 

Value 
type 

Value Driver Rank 
Weights for 
MARKET 

#1 

Rank 
Weights for 
MARKET 

#2 

Rank 
Weights for 
MARKET 

#3 

Rank 
Weights for 
MARKET 

#4 
AT Safety 1,45% 9,28% 10,84% 1,45% 
AT Image 1,45% 3,09% 3,61% 1,45% 
AT Internal and external 

noise 
1,45% 9,28% 3,61% 1,45% 

AT Environmental 
friendliness 

4,35% 3,09% 10,84% 1,45% 

OP Visibility 1,45% 9,28% 3,61% 1,45% 
OP Precision in compaction 1,45% 3,09% 3,61% 1,45% 
OP Fuel consumption 1,45% 9,28% 3,61% 1,45% 
OP Compaction quality 4,35% 3,09% 10,84% 4,35% 
OP Handling 1,45% 9,28% 3,61% 1,45% 
OS Availability 13,04% 3,09% 3,61% 13,04% 
OS Transportation 13,04% 1,03% 3,61% 13,04% 
OS Serviceability 4,35% 3,09% 1,20% 4,35% 
OS Trouble shooting 4,35% 3,09% 1,20% 13,04% 
IL Upgradeability 13,04% 1,03% 1,20% 13,04% 

 
The input of the value model was constrained to 11 EC, which included the 

estimated number of components featured by each sub-system solution, geometrical 
dimensions, weight, and standardization rate of parts. Information about manufacturing 
cost and expected margins were also given. 

Qualitative value analysis 

In the qualitative value analysis phase, the list of 21 VD was mapped against the list of 
11 EC to obtain a score indicative of the value of the 4 design concepts in the case 
study. The mapping has been performed in 2 steps. The first step aimed at gathering and 
summarizing in a narrative form all existing relationships between VD and EC, as 
emerged during the empirical study, This step had mainly the purpose of collecting 
knowledge about the solution from the different disciplines involved in the design 
activity, and to explicit assumptions, facts and data.  

The second step concerned turning such narratives into coefficients and functions in the 
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CODA model. Table 2 shows an extract of the CODA matrix for the double drum 
asphalt roller. 
 
Table 2: Extract from the CODA function for the EC “Operating mass”. 

  
  

Operating Mass 

Value 
type  

Value 
Driver 

Assumptions and facts Coefficient Function 

AT Safety Resonance phenomena at certain frequencies 
(determined by the operating mass) cause 
vibrations that can disturb the operator. 

0,1 Avoidance 

OP Fuel 
consumption 

More mass increases fuel consumption and 
emissions in all stages of the lifecycle. 

0,9 Minimization 

OP Compaction 
quality 

Maximize the mass of the component to 
improve compaction performances when 
asphalt cools down. 

0,3 Maximization 

OP Handling A heavy component renders an unbalanced 
machine, which is difficult to manoeuvre. 

0,3 Minimization 

OS Availability More mass increases stress on components, 
which can cause fatigue problems and 
unexpected failures. 

0,3 Minimization 

 
Considering as an engineering characteristic the Operating Mass of the 

component (expressed in Kg), it features a strong correlation (0.9) with Fuel 
consumptions, a weak correlation (0.3) with Compaction Quality, Handling and 
Availability and a minimal correlation (0.1) with Safety. In total, the 231 intersections 
were resolved in 25 strong (0.9), 24 weak (0.3) and 30 minimal (0.1) correlations, plus 
151 blank cells. A Relationship Type (maximisation, minimisation, optimisation 
avoidance) further detailed the nature of these correlations. Fuel consumptions, 
Handling and Availability are improved when the Operating Mass is minimized. 
Compaction Quality is improved when the engineering characteristic is maximized, 
while Safety is ensured when the operating mass is outside (avoids) a given range of 
values, due to vibrations and resonance phenomena. Eventually, 33 maximization, 39 
minimization, 1 avoidance and 7 optimization functions, with related neutral and 
optimum points, were applied. 

This process is repeated for all value drivers and for each EC in the model, as 
well as for the four markets considered in the analysis. Once ‘design merit’ scores are 
obtained for all VD in a given market, their weighted sum renders a total score for a 
design. If a satisfying combination of EC is found, the team must decide whether to 
invest resources in optimizing such a combination, communicating this information to 
the systems integrators, or to further work on critical areas that necessitate higher value 
contribution.  

CODA results 

The results of the qualitative model are shown in Figure 3. CODA uses percentage 
coefficients to provide a score to each design, ranging from 0% (no value) to 100% 
(maximum value). Higher is the percentage score assigned to a design option, more 
valuable it is considered to be. 
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Figure 3: Results of the qualitative value model (CODA). 

In Market #1, the four options feature very similar value scores, with a small 
preference towards Option #1 and #2. The decision in this case is very uncertain, as no 
clear winner can be identified from the analysis. Option #3 is the winning one both in 
Market #2 and #3, as it features the highest score, while Option #4 is by far the least 
valuable one in both situations. In Market #4, the calculation renders results that are 
very close one each other. Option #3 looks like the least valuable one, while the 
remaining ones feature scores very close to 50%. Also in this case the study needs to be 
deepened, and assumptions clarified, to obtain more clear-cut indications on the most 
valuable way forward. 

Quantitative value analysis 

The model looks closer to the compaction process to understand how a machine 
equipped with a given solution will behave at the road construction site. From 
understanding critical performance indicators related to the road construction process, 
the analysis aims at quantifying the economic gains (and the losses) of a new concept 
compared to a baseline design, as highlighted in the empirical study.  

A more detailed TCO equation (2) was developed from (1) to better fit with the 
description of the system and sub-system at hand: 

   (2) 
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Table 3 clarifies the acronyms used in (2) and highlights two main cost types 
upon which the TCO model was built: Ownership costs and Operating costs.  
Table 3: Main cost items in the TCO model with description. 

Ownership cost  
  

Relevant for 
component 

Depreciation cost DEPc Refers to the capitalization of the acquisition cost of 
equipment over its economic life. 

YES 

Financial cost FINc Refers to other financial costs such as interest on loans 
and taxation reduction. 

YES 

Overheads OH Refers to personnel-related costs (such as training, and 
recruitment), logistic costs and insurance costs. 

Negligible 

Decommissioning 
cost 

DECc Refers to the cost sustained by the customer to 
decommission the machine is case it is not sold second 
hand. 

Negligible 

Resale value RV Refers to the cash flow generated by selling the 
machine second hand. 

YES 

Operating cost  
  

Relevant for 
component 

Fuel cost Fc Refers to the amount of fuel used during both 
compaction operations and relocation to other 
compaction sites. 

YES 

Operator cost Oc Refers to labour and other costs with regards to 
individuals operating the machine and its supporting 
equipment. 

YES 

Setup cost Sc Refers to the preparation and inspection of the 
machine before and after work shift. 

Negligible 

Wearing and 
Maintenance cost 

WMc Refer to labour cost, cost of spare parts and cost of 
downtime with regards to planned maintenance 
operations. 

YES 

Repair cost Rc Refer to labour cost, cost of spare parts and cost of 
downtime with regards to unplanned stops. 

YES 

Logistic cost Lc Refer to transportation costs, parking costs and other 
costs related to support services.  

YES 

Penalties and fees P&F Refer to delay-related, quality-related, accident-related 
and environmental-related costs (such as penalties, 
fines. legal actions, absenteeism). 

Negligible 

 
Important to be noticed, the empirical study highlighted that not all cost items in 

the model were impacted by the proposed design options. Equation (2) was then 
simplified and a few parameters were neglected while running the calculation. The 
definition of cost items featured in Table 3 was driven by existing models for cost 
control developed internally at the company (i.e.: the Dynapac CostCTRL tool available 
at http://www.dynapac.com/costctrl), which were refined on the basis of similar models 
proposed by major companies within the road construction industry (e.g., VCE 2010, 
Caterpillar 2015) and by independent organizations.  

The time period selected for the calculation is n=10 years. This corresponds, in 
average, to the time occurring between the first purchase of the machine and the time 
the machine is sold second hand (or decommissioned).  
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The model was realized in MS Excel, and populated with information gathered 
from interviews with practitioners and company experts, from the analysis of internal 
working documents and from various literature sources. Average yearly usage of the 
machine, purchase cost, fuel cost and labour cost are some of the key input parameters 
retrieved at this stage. Other key parameters, mainly those related to the operational 
behaviour of a machine and those related to critical support processes, could not be 
obtained from the literature and needed to be extrapolated using simulation models. 
Three separate models where developed to feed Equation (2): a Performance model, a 
Wear/Maintenance model and a Repair model. 

Development of the Operational Performance model 

An asphalt roller is used for completing different tasks: common applications are 
parking lots, large arterial roads, roundabouts and residential areas. A major distinction 
can be drawn between new construction projects, which typically feature a thicker 
asphalt layer, and maintenance interventions, which feature thinner layers. Also, 
compaction performances differ in different countries (which sometimes show 
similarities and are grouped into regions) due to climate, asphalt type, support 
infrastructure etc. In order to obtain reliable figures with regards to critical performance 
indicators in compaction (such as total fuel consumption in one yeas), the authors 
defined a list of operational scenarios representing different application types. Main 
input to the definition of such scenarios where normative documents stating standard 
road dimensions (e.g.: AASHTO 2010) in selected countries and regions.  

After a few iterations with process owners and experts at the company, a total of 
28 scenarios was defined. Not all of them, however, were relevant for the machine and 
the component under investigation, because for given scenarios larger or smaller 
machines would have likely to be preferred by the customer. The number or relevant 
scenarios was then shortlisted to 10 (5 related to new construction works, and 5 to 
maintenance operations). Ten was also considered a good trade-off between simplicity 
and detail: too many scenarios would have caused information overload, while too few 
would have exposed the team to the risk of oversimplifying the calculation. This 
interaction has also helped the researchers to define the mix of scenarios during a 
compaction season, with some applications being more frequent than others. Defining 
the mix was an important step in the methodology to calculate yearly cost items for all 
the 4 options, which have been fit in the TCO model. 

Performance indicators in each scenario were calculated on the basis of the 
engineering characteristic of each of the 4 solution concepts. The model was built in MS 
Excel and used as inputs internal company documentation and data gathered from the 
interviews with process owners. Among other figures, the most important indicators 
obtained as output of the performance model are: 

• the net utilization time for the machine in a year; 
• the net distance covered by the machine in a year; 
• the net total fuel consumption in a year; 
• the number of transport operations between compaction sites in a year. 

Development of Wear and Maintenance model 

The Performance model was complemented by a Wear and Maintenance model, which 
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was used to understand the impact of the 4 design options on maintenance operation. 
This model aims at calculating how much the difference in maintenance costs caused by 
the introduction of new designs in comparison with the baseline (Option #1).  An 
asphalt roller features regular service kits. The first one is planned after 50 hours of 
utilization, the second one after 250 hours, followed by a 500-hour, a 1000-hour and a 
2000-hour kit. The latter is repeated throughout the life of the machine. Each service kit 
features a list of operations, which ranges from changing engine oil to replacing air 
filters, from lubricating bearings to tightening components. 
Table 4: Number of service kit operations impacted by the new design concepts. 

  Total 
operations 

No impact Indirect 
impact 

Direct impact 

Service kit - 50h 2 2 0 0 
Service kit - 250h 7 7 0 0 
Service kit - 500h 16 14 2 0 
Service kit - 1000h 21 16 2 3 
Service kit - 2000h 26 20 3 3 

 
The list of maintenance operations was initially reviewed and filtered according 

to the expected impact of the 4 options on each single operation (Table 4). Most of the 
time a new design concept was found to have a negligible effect on a service kit, while 
sometime it directly impacted maintenance tasks, in terms of consumables or labour. 
Costs and saves in relation to such operations have then been calculated and allocated to 
different years in the TCO model, considering the average utilization of a machine 
during a compaction season in a given country. A few operations showed a less clear-
cut relation with new designs: they were highlighted for further investigation, but were 
not quantified in economic terms. 

Development of the Repair model 

A Repair model was developed to calculate the expected repair cost and estimate the 
average downtime (hence the availability) of the machine along its lifecycle, given the 4 
sub-system options proposed. Each sub-system was initially decomposed in its main 
constituting parts. Each part was priced, an average repair time was given and the 
probability of failure in the next 10 years time estimated (with an indication of where 
such failures were most likely to manifest). Eventually, an expected “Intervention time” 
was set, which mirrors the availability of both spare parts and technicians. Different 
options, due to their complexity and architecture, feature different probabilities that the 
problem will be fixed in a given time interval. Also, the expected intervention time may 
vary in different scenarios and markets: in some of them technicians might not be 
readily available because of the long travel distance between service centres and road 
construction sites. Downtime is treated as an “opportunity cost” (Prasad Nepal and Park 
2004), which is calculated as that of replacing the machine with a rental one.  

Eventually, aggregating these data, the model calculates an “expected” 
reparation cost, which considers the cost of the part to be replaced, its probability to fail, 
and the cost of labour for the technicians and downtime cost.  
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Figure 4: TCO results for the 4 sub-system options in the 4 considered markets. 

The results of the modelling activity are shown in Figure 4. In Market #1, 
Option #1 and #3 features very similar TCO and are very close in the calculation. 
Option #2 and #4, featuring TCO that are higher than the above, but still very close, add 
further evidence of the uncertainty that dominates this market. In Market #2, Option #3 
is highlighted as the winning one, as it provides the lower TCO in the considered 10 
years time period. Option #4 is, on the other end, the one featuring the highest TCO, so 
it is the least preferred. In Market #3 Option #3 concept is the winning one in both 
calculations: it renders the highest value score and the lower TCO in the considered 10 
years time period. Option #4 is again the one featuring the highest TCO and the least 
preferred. In Market #4, the TCO analysis points to the Option #4 as the most valuable 
solution, whit a wide margin. 

Sensitivity analysis and convergence verification 

The qualitative model was tested for sensitivity following the approach proposed by 
Ghiya et al. (1999). Sensitivity can be defined as the probability of observing large 
changes in relative worth when switching rating scale or weighting method (Takai and 
Kalapurackal 2012). The authors have tested the effects of using different correlation 
scales both in the QFD matrix used for setting VD rank-weights and in the CODA 
matrix, de-emphasizing the importance of the strong and weak relationships.  

Table 5 shows the results of the analysis for the 4 different markets. In general, 
the model is quite consistent in terms of highlighting the most value-adding design for a 
given market. Only Market #1 and Market #4 points to different winning solutions 
when varying the correlation scales: value scores here are very close to each other; 
hence variations in the scale may render a change in the order of preference.  These 
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inconsistencies have been verified and addressed in the following analysis step, which 
concerned the development and assessment of the quantitative value model. 

Table 5: Sensitivity analysis for the qualitative value model. 
  Coefficients Winning 

option for 
MARKET 
#1 

Winning 
option for 
MARKET 
#2 

Winning 
option for 
MARKET 
#3 

Winning 
option for 
MARKET 
#4 

All matrixes 0,9-0,3-0,1 Option #1 Option #3 Option #3 Option #2 
Only CODA 
Matrix 

0,3-0,3-0,1 Option #1 Option #3 Option #3 Option #2 
0,9-0,1-0,1 Option #1 Option #3 Option #3 Option #2 
0,9-0,3-0 Option #1 Option #3 Option #3 Option #2 

Only Rank-
weighting 
matrix 

0,3-0,3-0,1 Option #2 Option #3 Option #3 Option #2 
0,9-0,1-0,1 Option #1 Option #3 Option #3 Option #1 
0,9-0,3-0 Option #1 Option #3 Option #3 Option #4 

All matrixes 0,3-0,3-0,1 Option #3 Option #3 Option #3 Option #2 
0,9-0,1-0,1 Option #1 Option #3 Option #3 Option #2 
0,9-0,3-0 Option #1 Option #3 Option #3 Option #4 

  Agreement 77,80% 100% 100% 66,70% 

 

The TCO sensitivity analysis aimed at verifying the robustness of the model in 
front of changing input parameters. Previous studies (e.g., Nurhadi et al. 2014) suggest 
yearly usage, usage pattern and resource consumption among the most influential 
parameters to be considered in this analysis for large vehicles. Accordingly, fuel price, 
cost of labour, yearly usage, frequency of new road construction and discount rate were 
varied in the calculation to understand under which range of values the identified 
preferred design option shall be considered valid (Table 6). 

Table 6: Sensitivity analysis for the TCO model. 

  
  

MARKET #1 - OPTION # 3 MARKET #2 - OPTION #3 
Current 

value 
Lowest 
value 

Highest 
value 

Current 
value 

Lowest 
value 

Highest 
value 

Fuel price (€/l) 0,70 0,38 infinite 1,60 0,00 infinite 
Cost of labour (€/h) 28,60 26,70 infinite 26,00 14,60 infinite 
Yearly usage (h) 800,00 760,00 infinite 800,00 542,00 infinite 

Frequency new road 
construction (%) 15% 0% 39% 15% 0% 100% 

Discount rate (%) 6% 0% 7,2% 4% 0% 11,2% 
  
  

MARKET #3 - OPTION #3 MARKET #4 - OPTION #4 
Current 

value 
Lowest 
value 

Highest 
value 

Current 
value 

Lowest 
value 

Highest 
value 

Fuel price (€/l) 1,40 0,00 infinite 0,50 0,00 6,17 
Cost of labour (€/h) 35,00 17,90 infinite 10,00 0,00 43,40 
Yearly usage (h) 700,00 424,00 infinite 600,00 0,00 2150,00 

Frequency new road 
construction (%) 15% 0% 85% 20% 0% 100% 

Discount rate (%) 4% 0% 14,3% 15% 0% infinite 
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Market #2 and #3 show to be robust in front of changing input parameters, and 
this is fully in accordance with the sensitivity analysis conducted for the qualitative 
model. For instance, Option #3 is always preferred no matter what the fuel price will be 
in Market #2 and #3 in the future. The same happens for cost of labour and yearly 
usage, within a wide range of values. 

Looking at Market #1, Option #3 is the most valuable options for the given set 
of inputs. Also in this case this contrasts with the results of the qualitative model, which 
points to Option #1. Table 6 shows that Option #3 is the most valuable one only within 
a very narrow range of parameters. A 7% reduction in labour cost would favour Option 
#1, as well as an increase of discount rate. The message for the decision makers is to 
narrow down the choice to Option #1 and #3, while neglecting the remaining ones. 

In Market #4, a relatively robust TCO analysis points to the Option #4 as the 
most valuable one. This is in contrast with the qualitative analysis, and highlights the 
needs for further verification of the models. This is not surprising considering that the 
sensitivity analysis on the qualitative model had already shown that a clear-cut decision 
couldn’t be taken from the available data. While the analysis is not conclusive for this 
market, meaning that the underlying assumptions need to be further investigated by the 
design team, it is still possible to decide with good confidence upon excluding Option 
#3 from the list of candidates concepts to be followed up in the detailed design stage.  

5. Discussion 

The qualitative and the quantitative value models, together with the generic process 
were explicitly developed based on empirical and collaborative research studies in close 
collaboration with development teams at the company. The example used in the paper 
was directly used as a real industrial situation, where the method was demonstrated to 
justify the relevance and gap identified. The results from the method were presented and 
discussed with several members of the design team. The method was acknowledged to 
address a gap and was positively received. The company and the research team have 
chosen to further proceed in validating the generalization of the method. 

Feedback from process owners on the generic process and tools 
The qualitative model was appreciated for its ability of forcing the design team 

members to confront each other on the relationship existing between these two domains, 
from the standpoint of their different disciplines. The analysis at this level does not yet 
dig deep in the quantification of value and its outcome is mainly a pointer towards a 
preferred solution direction (i.e., it does not pretend to give designers a clear cut 
solution to their problem, but to highlight a trend). 

Reviewing the quantitative mode, project leaders and decision makers stressed 
that a “grand total” is hard to trust when working with value at this stage, mainly 
because it is difficult to assure the exact monetary correctness in every sub-function, 
and when using real data the design team need to be aware of segmentation effects. 
Process owners at the company recognise that the creation of a silver bullet model is not 
the purpose of the activity, rather the model should be built from the point of view of 
constraining the area that the team think should be assisted by the model, and develop it 
in a way to obtain what is considered to be a reasonable behaviour. The main benefit of 
the modelling activity is that of defining and playing with value functions in a way that 
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is not supported by traditional requirements management practices, so to force design 
team members to really understand the rationale and the intent behind the requirements 
list, and to get a common language and view to negotiate trade-offs. Value models can 
be used to provide a mechanism that enables trade-offs across the life of a product. Such 
issues are not typically included in early product development principally because the 
engineering models used at the company are performance based and do not naturally 
embed through life issues.  

A major issue identified is that, when running analytical models for a large number of 
possible solutions, the team exposes itself to the risk of being overwhelmed by 
information, in particular when asked to review concepts at decision gates. In order for 
the generic process to work at best, alternatives shall not be radically new designs; the 
assessment shall be oriented towards improvement of already known technology 
platforms. From the generic platform description, engineers can more easily gather 
information about the technical features of each design option under consideration. 

The company stakeholders acknowledged that the results of the value modelling 
activity should be displayed in a lightweight format. The value report mentioned in the 
generic process is far from looking like a 100 page document: rather the information 
therein should be synthesized in a way to enable quick concept down selection 
activities. 

In terms of roles and responsibilities, process owners acknowledge that it would 
be beneficial to have someone that is responsible to carry out the process with a strong 
drive. The difficulty for the company is that, even if all the engineers and managers are 
trained to understand value thinking, in a situation that features short deadlines and no 
long-term development projects, very little time is dedicated in the early stages for 
doing value investigations. In the current organizational structure, this role is likely to 
be covered by someone who is close to the engineering environment, because the design 
team is still dealing with engineering decisions. A chief engineer shall be then in charge 
and own the responsibility for the value modelling activity. This arrangement pose 
severe challenges mainly because chief engineers are not normally trained on and 
cannot be expert in value modelling. Hence, introducing a new role, that of the value 
specialist (in the same way the company already have a simulation specialist) is seen as 
a more logic choice.   

The role of value models in the engineering design decision making process 

The empirical investigation confirmed what already observed by Ross et al. (2010), that 
no method is fully complete in capturing the definition of value, and the selecting the 
most appropriate one involves matching the particular system application being valued 
with acceptable assumptions for evaluation. The proposed process and models are 
decision aids and are not intended to automate the decision making process, rather to 
stimulate dialogue within the design team (which is, people make the decision, not the 
model). Value-driven approaches help the team in focusing on what the product does 
instead of how it is made. 

This explains why detailed value functions and silver bullet models are not an 
answer for the needs of early stage decision makers. In a cross-functional team setting, 
such as the one featured in the case study, value models have be generic enough to be 
grasped by those stakeholders without a technical background, and specific enough to 
enable benchmarking of alternative concepts with sufficient confidence and detail. 
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Hence value models work best as a boundary objects (Carlile 2002) (Star and Griesemer 
1989) that trigger the debate around the design team members’ perception of value 
contribution, especially when opinions differ. The method supports the transition from 
qualitative to quantitative, while keeping as much of open information as possible. By 
working as “coordinative artifacts” (Schmidt and Wagner 2002) that facilitate 
knowledge sharing among the domains, undergoing the proposed iterations in the 
generic VDD process forces the actors to make assumptions explicit, rather than 
allowing them to remain implicitly inherent and high level assertions. Correctly 
implemented, the focus turns to the quality and completeness of data and assumptions 
made in the underlying model. In this way quality and completeness can be 
systematically improved, i.e. moving from opinions and intuitions to evidence-based 
statements, to actually know what kind of attributes the team looked into when you tried 
to measure value. The actual model is not that important, rather the dimensions at the 
basis of the model are, and the way the team extracted and interpreted them from what 
customers say. Still, estimated input data are often enough when having analytical value 
functions, mainly because the purpose of the model is not that of producing a grand 
total. 

6. Conclusions 

The empirical study has shown that the introduction of model-based enablers for value 
may be beneficial to support decision making during the early stages of the design. 

The application of a model-based thinking for the typically high-level and 
complex aspects of value have raised awareness on the relative importance of the 
customer needs among the design team, which lead to a better understanding of the 
intent of a design. This enables the teams to better identify and communicate the most 
important dimensions to prioritise from the beginning of the design activity. This is 
believed to be crucial in cross-functional design teams to reduce in the amount of re-
work (due to sub-optimal designs) that originates from misinterpretations of 
requirements (both related to hardware and service). 

Issues remain in the way a value-driven product development process shall be 
conducted in industry. Value issues are multi-faceted, often context dependent and 
difficult to condense into a unified way of modelling. Also, The aggregation of value-
related information via models may give a false impression of precision, hiding 
important aspects and figures, leading to reductionism and eventually to sub-
optimization. Future research aims at clarifying the above issues by gathering more 
factual data about the usage of value models in the product development process. 
Experimental activities are currently conducted to analytically observe the designers’ 
cognitive behaviour (using the thinking aloud method) while applying the generic 
process and its models in design episodes. 

7. Appendix A: List of interviews in the data gathering phase 

Table A1 lists the interviews conducted during the empirical study in the data-gathering 
phase. 
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Table A1: List of interviews in the data gathering phase. 
 
Role Date Status Duration 

Interviews in the problem definition stage (generic for rollers) 

Engineering sub-project Leader 2014-02-25 
2014-03-13 

Transcribed 
Notes 

58min 

Project Leader 2014-02-25 Transcribed 49min 

Asphalt, Care Team Manager 2014-02-28 Transcribed 38min 

Product Development Director 2014-03-05 Transcribed 47min 

Engine Installation Engineer 2014-03-12 Transcribed 1h 19min 

Marketing sub-project Leader 2014-03-13 Transcribed 45min 

Product Marketing Manager 2014-03-17 Transcribed 32min 

Interviews in the value model definition stage (specific for roller component) 

Aftermarket sub-project Leader 2014-06-20 
2014-06-25 

Notes 
Notes 

 

Project Leader 2014-06-05 
2014-06-11 
2014-06-17 
2014-06-18 

Notes 
Notes 
Notes 
Notes 

 

Frame Engineer 2014-05-19 
2014-06-18 

Notes 
Notes 

 

Marketing sub-project Leader 2014-05-15 
2014-06-11 
2014-12-10 

Notes 
Notes 
Transcribed 

 
 
1h 14min 

Application Specialist 2014-06-08 
2014-12-10 

Notes 
Transcribed 

 
1h 19min 

Product Marketing Manager 2014-12-11 Transcribed 57min 

Engineering sub-project Leader 2014-04-03 
2014-06-03 
2014-12-11 

Notes 
Notes 
Transcribed 

 
 
1h 27min 

Total transcribed time 11h 23min 

 
 



ABSTRACT
The increasing globalization of business over the 
past two decades is driving manufacturing in-
dustries to find new competitive edges, such as 
developing solutions which encompass products, 
services and systems in order to satisfy more 
sophisticated demands. Such an integrated deve-
lopment approach requires engineers to adopt a 
more holistic perspective when making decisions 
in the early design stages, taking into considera-
tion both tangible and intangible aspects of value.

Design requirements, the main assessment crite-
ria used to evaluate design concepts, are found in 
this work to give a partial understanding about 
the stakeholders’ needs and expectations to be 
met. This limits the capacity to promote a who-
le lifecycle perspective about value when making 
decisions, and the ability to trade softer aspects 
with more factual dimensions, such as technical 
performances or manufacturing costs.

The notion of ‘value’ is suggested to develop 
evaluation criteria that clarify the context in 
which requirements are generated. A preference 
for a model-based approach for value assessment 
emerges from the study, since the use of models 
is well established in the engineers’ current wor-
king practice. This thesis benchmarks present 
value modelling strategies, such as Value Driven 
Design (VDD). The majority of VDD approaches 
stress mathematical optimization of financial ob-
jective functions, which are found to have little
meaning in conceptual design, where data and in-
formation are poorly mature. This thesis propo-
ses instead the application of value models to en-
hance shared awareness among the design team 
about the context behind the face value of design 
requirements. Value models are intended to act 
as boundary objects, facilitating cross-boundary 
discussion and negotiation.

This thesis proposes a methodology for value 
assessment, combining approaches developed 
during the empirical studies with concepts avai-
lable in literature. The methodology transitions 
between a qualitative and quantitative assessment 
loops. The qualitative assessment loop is based on 
structuring a set of criteria extracted and tran-
slated from customers and stakeholders, against 
which design alternatives are computed using a 
baseline design as a reference. The quantitative 
value assessment loop is based on a breakdown 
of the customer lifecycle activities, and the value 
of a design alternative is computed using a func-
tional model, in order to obtain a single indicator 
to assess the monetary benefits of design alter-
natives.

The prototype of a qualitative value model is 
investigated through experiments in design ses-
sions, using a combination of protocol analysis 
and ethnography. The results from the protocol 
analysis support the hypothesis that the value 
model enhances the discussion about the design 
problem. The ethnographic study highlights the 
role of a value model as a more effective boun-
dary object than traditional representations, such 
as a requirements checklist. The quantitative value 
model has been presented to industrial practi-
tioners in a focus group and qualitative feedback 
has been gathered, highlighting its potential and 
suggesting future work.
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