
DOCTORA L  T H E S I S

Department of Engineering Sciences and Mathematics
Division of Product and Production Development

Predicting Functional Product 
Availability and Cost through a 
Simulation Driven Approach

Petter Kyösti

ISSN 1402-1544
ISBN 978-91-7583-462-7 (print)
ISBN 978-91-7583-463-4 (pdf)

Luleå University of Technology 2015

Petter K
yösti   Predicting Functional Product A

vailability and C
ost through a Sim

ulation D
riven A

pproach



 



Predicting Functional Product 
Availability and Cost through a 

Simulation Driven Approach 

Petter Kyösti 

Computer Aided Design 

Division of Product and Production Development 

Department of Engineering Sciences and Mathematics 

Luleå University of Technology 



Printed by Luleå University of Technology, Graphic Production 2015

ISSN 1402-1544  
ISBN 978-91-7583-462-7 (print)
ISBN 978-91-7583-463-4 (pdf)

Luleå 2015

www.ltu.se



iii 

Preface 
The research presented in this thesis was performed within the research 
subject of Computer Aided Design at the division of Product and Production 
Development, Luleå University of Technology. Research funding, vision and 
industrial contacts were acquired through VINNOVA Excellence Centre, the 
Faste Laboratory for Functional Product Innovation. VINNOVA is the 
Swedens’s innovation agency with the mission to promote sustainable growth 
by improving the conditions for innovation, as well as funding needs-driven 
research. Funding has also been provided by the Scalable Search of Product 
Lifecycle Information project (SSPI), directed by Professor Tore Risch at 
Uppsala DataBase Laboratory in collaboration with Professor Lennart 
Karlsson. SSPI was funded by the Swedish Foundation for Strategic Research 
(SSF). Furthermore, funding has been provided by SmartVortex, a Large Scale 
Integrated Project FP7-257899, by the European Union Seventh Framework 
Programme. 

I would like to thank my supervisors Associate Professor Mats Näsström and 
Doctor Ove Isaksson and my former supervisors Associate Professor Magnus 
Löfstrand and Professor Lennart Karlsson for all help along the way. I would 
also like to thank all my colleagues for their support and positive energy, 
especially Björn Backe and Magnus Karlberg for many good discussions. I 
would also like to thank Doctor Sean Reed at the Nottingham University for all 
the time and effort he put into our collaborative work. 

Furthermore, I would like to thank Honorary Doctor Bengt Liljedahl, Arne 
Byström, Henrik Sundberg and Sven Sjödin at Bosch Rexroth Mellansel AB for 
sharing their invaluable knowledge and insight.  

Last but not least, I would like to thank my family for their love and support. 

Petter Kyösti 

Luleå, December, 2015 



iv 

  



v 

Abstract 
New business models, which adhere to new customer values and demands with 
more service content, call for a closer look at the offered product concepts. One 
promising methodology is the Functional Product, a total care solution, in 
which function is guaranteed to a specified level of availability. When 
guaranteeing function, it is not an option to rely on the assumption that the 
hardware components will work throughout the whole contract period. For the 
provider of such a function, predictions of what level of availability can be 
provided are important, especially over longer periods of time, and a data-
driven approach is needed to verify that contracts can be upheld and to what 
cost. It has been identified that to successfully provide a Functional Product the 
service support system should be developed as an integrated part of the 
Functional Product. The success of a functional product ultimately depends on 
how well the customer values can be fulfilled. Diverse fields such as 
development, marketing, after-sales, and maintenance, strategy and customer 
relations must collaborate to identify investment opportunities and system 
bottlenecks. A holistic perspective can be difficult to grasp, both for an 
individual and a group of people. To manage this challenge, prediction and 
analysis tools which encompass the customer situation as well as the 
constituents of the functional product are needed. Such tools enable rational 
decision-making by quantifying the value and the risk of investments and 
reallocation of resources, and should be facilitated by the use of modelling, 
simulation, knowledge and information management systems.  

It is demonstrated how collected data from interviews and records can be used 
to design a support system model in order to predict the service completion time 
for the support system. The constituents needed to produce a system 
availability measurement are outlined in a framework of how they are 
connected in terms of information flow. To enable analysis of the function which 
adheres to the customer value and asserts information on availability provision, 
the development of simulation software which takes into account the integrated 
constituents of a functional product is described. A decision support tool is 
created, based on the integrated model, initially focusing on the support system, 
availability and impact of travel times between support locations and customer. 
How the model can be utilized in the analysis of a real industrial system is 
demonstrated. Based on continuous meetings and discussions with industrial 
partners, an improved version of the software which is closer to a total cost 
prediction tool is also demonstrated, including elements such as personnel, 
contracts, travel times, periodic maintenance and hardware degradation. 
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Appended papers 
This thesis includes an introduction and the following appended papers: A, B, C, 
D and E 

Paper A 

Kyösti, P., Reed, S., Löfstrand, M., Andrews, J., Karlsson, L., Dunnett, S. 
(2011) Simulation of industrial support systems in the context of functional 
products. Proceedings of the 19th AR2TS Advances in Risk and Reliability 
Technology Symposium 

Paper A describes the development of a method to model a support system as a 
part of a functional product. A simplified hardware model is utilized, since a 
support system needs something to act upon. The paper demonstrates how 
collected data from interviews and records can be used to design a support 
system model to predict the behaviour of the support system, in terms of 
efficiency to complete repairs. Kyösti was responsible for the data collection and 
analysis and also responsible for the development of the support system model 
in cooperation with the other authors, and for writing the paper and presenting 
it at the conference. 

Paper B 

Löfstrand, M., Backe, B., Kyösti, P., Lindström, J., Reed, S. (2012) A model for 
predicting and monitoring industrial system availability. International Journal 
of Product Development. 

Paper B presents a framework for obtaining a prediction of system availability. 
The paper discusses the necessary industrial system constituents and how they 
should be connected in terms of information flow in order to obtain a system 
availability measurement. The model includes both a development phase and 
an operational phase. The three main constituents are hardware, support 
system and software. One important result is the case description regarding 
how availability will be obtained when the support system is simulated together 
with the other functional product constituents. Kyösti, together with the co-
authors, developed the integrated total availability model framework, which is 
the main result of this paper. Kyösti’s contribution consisted of data collection, 
analysis and literature review. Kyösti also wrote significant parts of the paper. 
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Paper C 

Löfstrand M., Kyösti, P., Reed, S., Backe, B. (2014) Evaluating Availability of 
Functional Products through Simulation. Simulation Modelling Practice and 
Theory 

Paper C describes in-house developed software with the ability to generate an 
integrated model of a functional product from its design details and, through 
simulation, provide information on predicted availability performance. The 
model’s application to the analysis of a real industrial system is evaluated. The 
resulting analysis gives an indication of a suitable level of guaranteed 
availability for the product and could be used to compare the operational 
availability of different design options. Two extreme cases were tested: 
significant commissioning failures and high impact low probability. Kyösti’s 
contribution was the data collection, analysis, development of model, partly in 
the development of the computer software and writing of the paper 

Paper D 

Kyösti, P., Reed, S., Sjödin S. (2014) A decision support tool for optimizing 
support site configuration of Functional Products, 3rd International Conference 
on Through-life Engineering Services Special Session: Product Development for 
Through-Life Engineering Services 

Paper D discusses a simulation tool designed to be used by management and 
engineering staff at Functional Product providers for cost analysis and 
optimization focusing of costs related to the support system and system 
availability. The input and results can be seen through a graphical user 
interface for configuration of geographical situation, modelling simulation to 
predict performance and outputs, and analytics used to compare configurations 
through minimization of downtime penalties and service costs. The tool is 
demonstrated via application to an industrial test case. Kyösti’s contribution 
was the development of decision support tools, data collection and contact at the 
manufacturing company, testing and validation of the functionality of the 
software and writing of the paper 

Paper E 

Kyösti, P., Reed, S. (2015) Prediction of service support costs for Functional 
Products. Simulation Modelling Practice and Theory 

In Paper E it is asserted that Functional Product providers need to predict and 
optimize long-term support costs and that a decision support tool based on 
discrete event simulation including a web interface can provide the needed 
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functionality. Such a tool has been created in which Functional Product 
scenarios can be modelled based on the hardware, support system and 
contracts. Detailed support cost predictions are obtained, which can be used to 
obtain an accurate contract pricing and an optimized product design. This tool 
includes the previously described geographical consideration and availability 
model, as well as cost estimation, contract design and a cloud-based 
environment. Kyösti’s contributions were the collection of data, continuous 
contact with industrial informants, development of the model, checking of 
simulation model validity, and together with the co-author, writing the paper. 

Related, but not included in thesis: 

Paper F 

Reed, S., Andrews, J., Dunnett, S., Backe, B., Kyösti, P., Löfstrand, M. 
Karlsson, L. (2012) A Modelling Language for Maintenance Task Scheduling. 
PSAM 11 & ESREL 2012, International Probabilistic Safety Assessment and 
Management Conference & The Annual European Safety and Reliability 
Conference 

Paper F presents a modelling language for quantifying the details necessary to 
analyse and model the implementation of maintenance strategies for multi-
component hardware. The maintenance strategy determines when restorations 
and inspections should take place and in what order. The paper presents a 
methodology of how to interpret gathered qualitative data in a way which 
enables scheduled maintenance to be resource-optimized though simulation. 
Kyösti’s contribution consisted of data collection and data analysis. Kyösti, 
together with others, also contributed to the design of the aggregated model of 
the support system upon which the paper is based. Also, Kyösti proofread the 
paper and suggested revisions. 
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1 Introduction 

To obtain or maintain competitive edge, industrial companies need to focus on 
improving the customer value of their products by fulfilling customer needs, 
satisfaction or experiences (Tukker and Tischner, 2006). How to successfully 
achieve this might not be obvious and the organizational hurdles might be as 
difficult to overcome as the required technology development.  

Stahel (1989) states that there is a general trend to move into a functional 
economy in which the value of utilization is recognized, as opposed to the 
industrial economy in which the exchange and consumption of products are 
central. By giving many examples Vandermerwe and Rada (1989) asserted that 
a trend in many industries is to add value to core product offerings through 
services. In this “servitization of businesses”, packages or bundles of customer-
focused combinations are offered, combining goods, services, support, self-
service and knowledge. By offering integrated product-service offerings, 
industrial companies attempt to increase customer value fulfillment (Tukker 
and Tischner, 2006). Some product-service concepts, in which products and 
services are offered as compound offers, developed in academia in the areas of 
business development and sustainability, are Product-Service Systems (PSS) 
(Baines et al., 2007, Goedkoop et al., 1999, Maussang et al., 2009, McAloone, 
2007, Tan et al., 2010 Morelli, 2002, 2006), Industrial Product-Service Systems 
(IPS2) (Meier et al., 2010), functional sales (Brännström et al., 2001), 
servitization (Baines et al., 2009), total service offers and Functional Products 
(FP) (Alonso-Rasgado et al., 2004, Brännström et al., 2001, Löfstrand et al., 
2011, Lindström et al. 2012b, Lie and Thompson, 2009). Performance-based 
contracts are also related, since they focus on guaranteed performance instead 
of pre-defined components.  

When ownership of the hardware stays with the provider and the whole 
lifecycle of the product is considered, the need for available structured 
information increases; i.e., more aspects of the lifecycle must be taken into 
account, such as development, sales, maintenance and recycling of a product. 
Lindström et al. (2012a) observed that the requirements for information 
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management systems are more extensive for the provider of integrated products 
compared to those of traditional manufacturing companies. The research 
presented in this thesis focuses on the decision support made available through 
modelling and simulation of the support system pertaining to the FP. Of special 
interest are challenges regarding: 

 geographical locations of customers and support sites 
 number of and placement of maintenance personnel  
 hardware configuration (including failures, installation, maintenance) 
 FP contracts and related costs 

In this thesis, the concept of FP is investigated, where a function is provided to 
a customer for an agreed-upon price over a specified period of time with 
contractually guaranteed availability. Availability is defined as the percentage 
of uptime that the function of the hardware is available for utilization during 
the contracted period. Since the FP is a total-care concept, the maintenance and 
operational availability (Lie, 1977) are key parameters for the FP provider 
which will need to be evaluated and predicted (Löfstrand et al., 2011). Due to a 
number of challenges including varying customer needs, complex service 
response and risk of unavailability of function, it is difficult for an FP provider 
to make informed decisions regarding the service support configuration without 
adequate decision support tools. Customer configuration includes the number of 
and location of the customer sites and also their need for function in terms of 
hardware performance at some level of availability and also the customers’ 
individual cost of downtime. A support site configuration that successfully 
matches the need for maintenance is necessary to successfully provide the 
requested function at acceptable risk. The level of availability of function that 
can be provided will depend on the joint effort by all constituents. Thus, in a 
complete FP model all the constituents (hardware, support system, software 
and management of operation) will have to be represented to some level of 
accuracy, for example, in terms of failure modes and support capabilities. 

1.1 Research setting – Research project 
The research presented in this thesis has been carried out within the 
VINNOVA Excellence Center Faste (Faste website), which is a ten-year 
research project including 7 industrial partners and 6 research subjects, 
together working for the common cause of realizing the FP Innovation. The 
challenge of enabling FP Innovation is addressed by considering four areas: 
Functional Product Development, Simulation Driven Design, Functional 
Product Business Development and Knowledge and Information Sharing. From 
the operational plan: “The aim … is to further strengthen the theoretical 
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foundation of the concept of Functional Product Innovation with a special 
emphasis on the foreseen functional product development and business 
development. These activities will support companies in becoming sustainable 
functional product providers.” From Faste report 2014, stage four: “The 
principal objective of the research project is to develop simulation methodology 
(including hardware and support system) that takes into account system 
availability and cost.” “Industrial partner objectives include increasing their 
knowledge in how to develop availability simulation models to predict system 
availability, and how these simulation models should be utilized in a business 
negotiation situation for functional product provision.” In this project, Kyösti’s 
responsibilities, interests and contributions have been in the area of FP support 
systems. Working together with the partner companies has ensured that both 
the academic interests and the industrial opportunities have been explored. 

1.2 Industrial case 
One of the industrial collaborators in Faste is Bosch Rexroth Mellansel AB 
(BRM) (BRM website), to which the research presented in this thesis is related. 
Although the result is based on BRM’s situation and capabilities, it has also 
been developed with a general industrial application in mind. BRM is a 
multinational industrial corporation which develops, manufactures, sells and 
maintains hydraulic components and systems. Historically, BRM has a 
reputation of selling components with high reliability and extensive lifespan. 
One of BRM’s future aspirations is for their products to have increased 
availability in addition to high component reliability. BRM also plans to offer 
additional service content in their products and is currently investigating what 
kind of adjustments they should make on their current products and 
development processes to account for this new business. Through collaboration 
with academia, BRM has identified the possibility to increase their 
competitiveness through access to increased information, more structured 
information and more updated information. By obtaining these they wish to 
enhance their ability to predict and react to emerging need for maintenance as 
well as providing the optimal product for a customer application, thereby 
optimizing the total cost of ownership (TCO), availability and value for each 
customer application. To increase availability and assign optimal service 
content, a more complete view has to be taken on the lifecycle of their hydraulic 
systems, including development, installation, start-up procedures, operation 
and maintenance. The means of obtaining these pieces of information is via 
monitoring, decision support tools, and an integrated development process. 

By offering BRM’s drive systems as an FP, instead of selling hardware 
components with added services, the company is able to offer added value to 
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their customers while at the same time increasing their knowledge of their own 
product systems, especially in customer applications. Retaining control of the 
hardware gives the provider the ability to monitor, switch or upgrade the 
installed hardware as they seem fit. This motivates BRM to participate in the 
Faste Laboratory and to support of the author’s research.  

1.3 Research questions 
Guiding the author’s work, two research questions have been formulated which 
are closely linked to the objective of the research project: 

RQ1. How should simulation models be developed and created to predict 
product and service availability? 

RQ2. How should simulation models be created to support both suppliers and 
customers as decision support in a business agreement negotiation? 

1.4 Aim and Scope 
The aim of the research presented in this thesis is to assess the need for 
information during the development of the FP, particularly the support system, 
and in response to this need: develop demonstrative modelling and simulation 
tools and methods for availability and cost prediction. These efforts aim to aid 
and enable the sale of functional contracts and also to clarify for which 
situations the FP can be cost efficient while providing a high-demand product at 
acceptable risk.  

The scope of the research presented in this thesis is to create new scientific 
knowledge to support industrial development of functional products with focus 
on the manufacturing industry and business-to-business contracts. The 
development of decision support tools is carried out with a simulation-driven- 
in-house approach. The resulting tools are to be built especially for the special 
demands of the functional product but also applicable to the more general 
industrial purpose of service prediction/optimization/overview. It is mainly the 
development situation that has been considered but the results are also 
applicable during the operational phase, due to the continuous nature of FP 
development. 

The work conducted in this thesis is mainly directed toward the technical and 
economic issues in a FP business situation. However, the results can also be 
utilized in a sustainability context, mainly because the FP gives both provider 
and customer the incentives to minimize resource consumption. This is, 
however, outside the scope of this thesis. 
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2 Research approach 

Research questions (1.3) were defined based on the Faste Excellence Center 
research project (1.1). ) and a literature review was performed on the subject of 
FPs and related areas such as PSS (Morelli, 2002, 2006), service model designs 
(Shostack, 1982), fault tree analysis (MIL-STD-1629a, 1980, Vesely, 2002) and 
reliability analysis (Andrews and Moss, 2002). The risk assessment (Thompson, 
1999) that followed and collection of data through individual interviews and 
group interviews are further explained in Paper B and Paper C. Using fault 
tree analysis based on the collected data, a support system model was 
synthesized, as presented in Paper A. The support system model was included 
in a total availability model, presented in Paper B. Results from the availability 
model were determined to be adequately relevant to base decisions on this 
model, which was shown in Paper C. In Paper C the total availability model 
was analysed using sensitivity analysis. The possible adverse effect on 
availability by unusual but availability-critical events and commissioning 
failures was also examined more closely. It was asserted that the geographical 
locations of support centres and customers may have a significant impact on the 
operational availability for some customer-provider situations. The availability 
model together with the travel time prediction model was implemented into the 
decision support tool presented in Paper D. In this model, the user enters the 
geographical situation of customers and providers and also the hardware 
components and the repair activities. From this model, the user receives output 
in the form of a relative cost distribution which can be used to compare 
configurations. Feedback from the industrial informant indicated, however, 
that this model had several limitations which made it less suitable as an 
efficient decision support tool. The customer input options were too crude, since 
the tool could not take into account differentiating customer needs and values. 
Also, the tool was developed as stand-alone software, to be installed in a 
Microsoft Windows environment. This proved to be a critical drawback, since it 
made it impossible to install onto company computers due to IT policies; 
additionally, this feature made it inherently inefficient to be used by more than 
one person. Furthermore, the output from the simulation proved to be 
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insufficiently detailed to provide information regarding the contributors of the 
total cost. To account for these drawbacks, expressed by the industrial contacts 
through the continuous feedback, new software was developed and is described 
in Paper E. This improved decision support tool, while still being under 
development, is currently utilized to assess the FP methodology. 

For the functional product to be a realistic alternative to traditional component 
business, the main parameters to be evaluated are:  function, availability and 
related costs. In other words: what is promised, what is successfully provided 
and to what cost? Given the industrial case in 1.2 and the research questions in 
1.3, Discrete Event Simulation (DES) (Banks, 1997) was asserted to be a 
suitable initial approach to manage both the required complexity of the 
hardware-service situation and also provide a detailed resulting simulation 
output. 

2.1 Timeline: research questions, data collection and papers 
The research questions cannot be answered by a single experiment and are 
therefore examined step-wise in the included papers which can be seen in Table 
2.3.1. Here the data collection activities are also shown in the context of the 
research question to which they pertain.  

 

Table 2.3.1. Research questions in relation to data collection activities and 
papers 

The research questions were initially addressed through an industrial case 
study at BRM in which interviews and workshops were conducted. BRM’s 
knowledge and experience was utilized to identify critical hardware components 
and their related support system activities, that is, the related maintenance 
activities required to change the state of a hardware component form ‘failed’ to 
‘working’. The research approach presented in this thesis was a logical way to 
approach the problem by starting with the research question and the 
underlying customer values, and then investigating the component failures and 
maintenance activities that will affect these. Then, by a bottom-up approach to 
the complexity and circumference of the model could be increased 
incrementally. This incrementally expanding model can be seen in Figure 4.6.1. 

  Interviews Work-
shops 

Weekly/ 
Monthly 
feedback  

Documentation Paper 
A 

Paper 
B 

Paper 
C 

Paper 
D 

Paper 
E 

RQ1 x x x x x x x x x 
RQ2   x x    x x 
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Paper A demonstrates how collected data from interviews can be used to design 
a support system model in order to predict the behaviour of the support system. 
Paper B outlines the constituents of an industrial system and suggests how 
they should be connected in terms of data flow to produce a system availability 
measurement. Paper C describes in-house developed software that can generate 
an integrated model of a functional product from its design details, thereby 
allowing for analysis through simulation to provide availability provision 
information. The model’s application to the analysis of a real industrial system 
is demonstrated. In Paper D a decision support tool is created from the model 
demonstrated in Paper C, focusing on the impact of travel times and 
geographical situation between customer and support provider. In Paper E the 
software is further expanded to be a cost prediction tool, including elements 
such as personnel, contracts, travel times, periodic maintenance and hardware 
degradation. In Figure 2.3.1 an approximate timeline of the presented papers 
can be seen, as can the data collection activities.  

 

Figure 2.3.1. Timeline: data collection activities and published papers 

2.2 Data collection: Interviews, workshops and archival records 
The key questions when conducting the data collection were: “Which failures 
results in unavailability?”; “How can these failures be detected, when or before 
they happen?” and “Which maintenance actions are required to restore 
functionality?” Aided by the specific engineering knowledge and experience of 
the personnel at BRM the data collection resulted in a root cause analysis, a 
fault tree analysis (Andrews and Moss, 2002) and maintenance procedures, 
documented in block diagrams. 

Initially, the data collection was performed through interviews and group 
interviews/workshops (Kvale and Brinkmann, 2006), with BRM personnel. Data 
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were also gathered through reviewing maintenance manuals and operation 
time reports i.e., archival records of historical starts and stops. Eleven semi-
structured individual interviews (Miles and Huberman, 1994) were carried out 
with five employees at BRM regarding the operation, routine maintenance 
failures and condition-based maintenance of their industrial equipment. In 
addition, two group interviews regarding critical system components were 
conducted with ten BRM employees. Tools used to gather data from individual 
interviews and group interviews include: sketches on paper, whiteboard notes, 
audio recordings and block diagram flow charts made using Microsoft Visio. 
Details about the group interviews and individual interviews, carried out 
within the data collection phase, are found in Paper B and Paper C. 

The first round of data collection i.e., the first group interview and the first five 
individual interviews, was aimed at determining the most critical component 
failures in terms of risk. The interim result from the first round also set the 
course for the subsequent data collection based on these components. The 
second round of data collection i.e., the second group interview and the final six 
individual interviews, was aimed at determining how the identified critical 
failures could be detected in terms of monitored sensor data or by manual 
inspection. The second round of data collection aimed at determining 
maintenance actions required to restore system function in the event of a 
failure. The results, consisting of failure types, failure identification and failure 
restoration tasks, were critical to enable the first generation models and 
simulations of the support system to a sufficient level of detail and relevance. 
Construct validity, Yin (2006), is upheld, since several BRM engineers were 
given opportunity to criticise the result of the data collection at the time of the 
event. BRM engineers were also given opportunity to review this thesis before it 
was finalised, thus further supporting the validity of the results. After the 
initial data collection, continuous information feedback from BRM was obtained 
through weekly or monthly meetings and periodic presentation of interim 
results at BRM and Faste meetings. This ensured that the result was relevant 
to the industrial problem and also that the input data were accurate. 
Documentation regarding locations of customers and support sites, 
maintenance procedures, downtimes and failure data was supplied at these 
meetings. 

It was realized early on that historical data concerning failures and 
maintenance history are unstructured at the company. The deficiency of 
reviewable maintenance information made the development of a hardware 
system model important for accurate modelling of the support system. Model 
development included compiling the behaviour of the case-system into a basic 
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structure which has been formulated in a computer model, capable of producing 
results relevant to the research questions. In order develop the model, data 
analysis was carried out on the collected data, as presented below. 

2.3 Data compilation and analysis  
The first round of individual interviews and the first group interview provided 
data which were compiled in a list consisting of all hardware component 
failures, critical to the main function. The list also included the failure rates 
associated with each of the component failures. In the first group interview, 
which the author chaired, the list was analysed until consensus was achieved 
regarding subsystems, failures and failure rates. The list of failures and failure 
rates was visualized through development of a fault tree in which the top-event 
represented loss of function. The fault tree analysis was utilized for the 
hardware model structure when modelling the hydraulic drive system in the C# 
(ECMA, 2006) computer model as it provided an overview of failures affecting 
the top-event.  

The second round of data collection was focused on the basic events of the 
created fault tree (MIL-STD-1629a, 1980). Each basic event was paired with a 
respective maintenance procedure, required to restore the failure into working 
condition. A maintenance procedure describes the specific support activities 
required to restore the functionality of the top by restoring the component 
related to the activated basic event. Maintenance procedures also store the 
necessary information as to what triggers the necessary support activities by 
periodic maintenance, component failure or predictive condition monitoring. 
The block diagrams representing the maintenance procedures, created and 
displayed by a projector during the workshop, served as a collective result from 
the discussions. This proved to be insightful and efficient as a data collection 
tool for capturing the sequence of events of the maintenance, which the 
participants could agree with while at the same time containing the necessary 
data for the subsequent development of the discrete event simulation. 

The structure of the maintenance procedures was designed using Microsoft 
Visio block diagrams and modelled within the computer model that was written 
in C# (ECMA, 2006) language using Petri-Nets (Schneeweiss, 1999). The 
sequence of activities and activity completion time are the two most important 
parameters. The purpose of the maintenance procedures was to structure and 
visualize how the different maintenance activities may affect the total 
downtime (see Figure 4.1.1). Completion times of specific activities may depend 
on specific availability of specific resources such as personnel quantity, 
personnel skill, tools, access, spares and traffic. While the most accurate model 
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of the service reaction time would include all these factors, it was decided to 
only have the travel time and personnel as separately modelled entities, since 
they have the greatest potential to be controlled with predicted effect 
concerning the service completion time, which is a key value for customers. 
Other entities still add to completion time but are included in the stochastic 
variation of completion time of the maintenance procedure. 

Interim case analysis meetings (Miles and Huberman, 1994) were held both 
with the research team and with BRM to discuss the summarized results and to 
refine the focus and questions for the next round of interviews. Some 
qualitatively gathered data, including failure rates and total service times for 
maintenance jobs, could be triangulated by quantitative data points related to 
the task completion times (from start-stop list). The quantitative and 
qualitative data do not conflict for these data points, which strengthens the 
reliability of the qualitative data obtained. The reliability of the collected data 
is further strengthened by the circumstance that data collection and analysis 
were conducted in collaboration with BRM, giving them ample possibilities to 
voice any concerns that the data were wrong. It should be noted that BRM has 
a lot to gain by obtaining an accurate simulation model; thus, they have a good 
incentive to contribute accurate data and feedback. The availability model 
produces results which are similar to real-world observations. Input data have 
been altered, but kept realistic, in the publications to conserve the intellectual 
property of BRM. The match between the simulation results and real-world 
observations concerning hydraulic drive system availability increases the 
validity of the simulation model. 
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3 Theoretical foundation 

A range of areas and technologies have been investigated in an attempt to 
scrutinize the research questions. The first research question (RQ1) concerned 
the availability as a measure for quantifying the partition of time that the 
function is guaranteed to be provided, according to a FP contract. The second 
(RQ2) posed the query of how a decision support tool should be designed to aid 
in a business negotiation situation. In Figure 3.1 a map of related areas and 
technologies can be seen.  
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The centre bubble is the identified main goal, which if fulfilled would answer 
the research questions. The three large main bubbles, connected to the main 
bubble, together encircle some relevant areas that have been investigated. 
These are also represented in the title of this thesis. The outer bubbles 
represent knowledge domains, methods tools and techniques which are 
considered relevant, essential, useful and/or enlightening; these areas also 
pertain to the academic contributions presented in this thesis. Some of these 
areas have been investigated more thoroughly; these are marked by a thick 
outline and are described in some detail in the following sections. Visualization 
of related areas as presented in Figure 3.1 is inspired by the Design Research 
Methodology (DRM) (Blessing and Chakrabarti, 1998). 

3.1 Product development and service development 
Today’s reality in many areas of business is that the number of competitors 
capable of competing at a world-class level has increased. As trade has become 
more international and the world market has become a reality, customers have 
become more demanding and sophisticated in their needs. The increased supply 
and selection of products has made the customer aware of what they can 
demand from products: easy-to-use solutions that fit their specific situation. 
The effect of this is that competition has become more intense but at the same 
time new and diverse technologies are creating new options for meeting the 
demands for this new market. These forces are acting on a wide range of 
industries and are central to young and technically dynamic industries but also 
to mature industries where lifecycles are long and demands stable. Changing 
demands and available technologies mean that more development projects must 
be launched and, consequently, that the development cycle for each product 
must be reduced with less resources at hand, which calls for increasingly 
efficient engineering, design and development activities (Wheelwright and 
Clark, 2011). 

For the FP concept to be a viable business case the development of the tools, 
methods and processes that support industry are vital. In one recognized 
development process presented by Ulrich and Eppinger (2004), the development 
process starts with the gathering of customer needs and the definition of scope 
and the establishment of a requirement list. Through concept development 
methods such as brainstorming, many concepts are produced. The number of 
concepts is reduced and expanded incrementally by a number of techniques to 
arrive at a good design solution. Ulrich and Eppinger (2004) describe how the 
number of simultaneously considered concepts should change throughout the 
development of a product. Service development is commonly conducted in the 
late Production Ramp-up stage, although service is often considered during the 
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development to ensure that the component is maintainable. Process models of 
services are difficult to produce, since they are to a greater extent intangible 
and occur in the interaction between service provider and customer; e.g., 
maintenance can be planned together with the customer to minimize negative 
effects on the customer’s production (Grönroos, 2000).  

Product centred development approaches typically describe a number of phases 
to be completed for a product specification to be fulfilled through a discrete 
device. Some processes however prescribe an integrated or concurrent 
approach, in which the communication and coordination require a multi-
perspective approach. Systems engineering management (Blanchard et al., 
1990, Sage and Rouse, 2009) is an area which structures the work of 
concurrently trying to please many different subsystem and product 
stakeholders. To resolve large-scale and complex problems, or to manage large 
systems of humans and machines, one must be able to deal with important 
contemporary issues that involve considerations and interrelations, value 
judgments from many different disciplines and knowledge areas. 
Considerations regarding risks and uncertainties must be made across different 
lifecycles. Vasantha et al. (2012) asserted that common challenges for the 
development of complex systems involve:  

 Overreliance in specific tool advocated by specific groups, treating 
symptoms rather than causes 

 Insufficient involvement of customer 
 Insufficiently robust set of options 
 Cognitive biases are often disregarded 
 Insufficient utilization of measurements 
 Failure to identify risks and associated costs 
 Failure to design the system for effective user interaction 
 Failure to consider the implications of strategies 
 Failure to comprehend quality and sustainability issues 
 Insufficient integration of new technology into old technology  

The approaches, methods, tools and techniques can be applied to an FP 
scenario, since some challenges are similar i.e., involving several divisions that 
must work integrated to achieve the functional goal of the FP corresponding to 
customer values. The general thoughts and results from systems engineering 
literature have been considered when working with these issues in the FP 
situation. 

A modelling and simulation decision support approach, such as the one 
demonstrated in this thesis, would improve the possibilities for designing the 
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service support system early, as an integrated part of the product system 
adhering to customer values. Concurrent development of support system and 
hardware will optimize the cost and delivered function by taking a holistic 
viewpoint, with the provided function and costs as target values (Shim et al. 
2002). A decision support simulation model of the FP portfolio would also be 
useful in later stages of the product lifecycle, such as in the ongoing work of 
planning maintenance.  

3.1.1 Product-service methodologies 
An early reference in the area of product service methodologies is Stahel (1989), 
who asserts the need to distinguish between industrial economy and service-
oriented economy. While industrial economy places the central value on the 
exchange of products, the service economy recognizes the value of function. 
Here, a performance-driven orientation is central where the consumer pays for 
utilization of the product. In the service economy (or functional economy) both 
product and technology are only means of providing function. The main 
objective in the functional economy is to create the highest possible customer 
value for the longest possible time while consuming as few material resources 
and as little energy as possible Stahel (1989). Park and Lee (2009) define an 
integrated product-service (IPS) as “anything into which products and services 
are integrated, regardless of its type, purpose, and features”; thus, IPS can thus 
be seen as an umbrella term that covers all concepts in which products and 
services are somehow combined. Park and Lee (2009) also provide a literature 
review on various IPS concepts. A PSS might be considered a special case of 
servitization in which a pure product converges with pure service. The 
difference being that offered value is in the usage instead of ownership of the 
product (Baines et al., 2007, 2009), which is what the consumer can convert into 
profit.  

The FP concept is related to product service systems (PSS) (Baines et al., 2007) 
and industrial product service systems (IPS2) (Meier et al., 2010) through the 
combinational offer, including both a service and a product i.e., partly tangible 
and partly intangible. Among the first in introducing the concept of product 
service systems (PSS) were Goedkoop et al. (1999), a concept which Baines et al. 
(2007) further developed, emphasizing the advantages of increased control over 
environmental impacts. Traditionally, product development has been focused on 
prediction of hardware durability and dimensioning. Morelli (2003) explores a 
shift from hardware product to PSS through a case study of the design of a 
telecommunications centre proposing a theoretical framework for the PSS. 
Morelli (2003) states that the conversion from a traditional hardware-oriented 
product to a function-oriented product will require new design perspectives to 
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be taken into account. The boundaries between hardware component offerings 
and service offerings will have to be merged for this new business model to 
work from a product management perspective Morelli (2003) i.e., the tangible 
hardware components should be designed with the intangible service system in 
mind and the service support system will have to be re-evaluated. Morelli 
(2003) further focuses on the designer and suggests that more responsibility 
should be placed on the designer regarding social construction of technological 
systems, market orientation and organization. While it is clear that 
management issues have to be taken into account, it can be debated whether it 
should be the designer who should be the expert in every area. Instead, cross-
functional teams could utilize product data platforms comprising integrated 
knowledge and information. This notion is supported by, for example, Sellgren 
(1999). Three types of PSS have been identified by Tukker and Tischner (2006). 
In a product-oriented PSS the ownership of the tangible product is transferred 
to the customer and additional services are offered which adds value by 
fulfilling customer needs. The result-oriented PSS aims to de-materialize a 
tangible product by replacing it with a result or a competence. The customer 
may use a solution such as washed clothes in place of purchasing a washing 
machine product. For use-oriented PSSs the provider retains ownership of the 
tangible hardware and sells the function by leasing. The use-oriented PSS 
resembles the FP in that the provider retains ownership of the hardware, sells 
usage to the customer and that the customer operates the product and utilizes 
its function in their production process.  

A general conclusion from studying related product service concepts is that 
while there seems to be a general consensus that products with increased 
service content are the future, the literature is surprisingly sparse, especially in 
terms of how support system challenges should be managed. Vasantha et al. 
(2012) supplies a review on the maturity of eight PSS methodologies and 
fundamentals and presents an overview of the area. A review by Olivia and 
Kallenberg (2003) presents the qualitative field study of 11 capital investment 
companies known to have initiated an explicit service strategy to support their 
products. 

3.1.2 Functional Product development 
In a global market environment where differences in technical performance 
between brands are diminishing, development/manufacturing companies will 
have to offer added value in order to distinguish them from their competitors. 
Intangible content, such as services and knowledge based analyses can provide 
added value to customers, while being harder to imitate (Tukker and Tischner, 
2006). In an FP, function is offered to customers in an attempt to answer to this 
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challenge. An FP is a total care product in which the company offers the 
functionality of the product, comprising hardware and support services, e.g., 
maintenance, logistics, financing, and training over the life-time of the offer, 
according to Alonso-Rasgado et al. (2004). Another similar definition by 
Lindström et al. (2012b) states that the FP comprises the constituents: 
hardware, service support system, software and management of operation. The 
manufacturer owns the product while the customer is charged for the operative 
use of the product. The new situation creates new requirements on the 
manufacturer’s development process, since it has to be adapted to include all FP 
constituents, integrating hardware and service development rather than 
hardware design alone (Sundin and Bras, 2005). This is a total care issue, not 
separate design issues in manufacturing, sales and service provision (Sandberg 
et al., 2005). The FP is a business solution in which the functional performance 
is offered, guaranteed and sold as a function with a specified level of 
availability. Guaranteeing a function at a certain level of availability can 
potentially increase the risk for the provider, since a random failure may cause 
immediate penalties. On the other hand, the possibilities for updated 
information on equipment in operation increase, through means of access, 
monitoring and product health diagnosis, which should decrease the risk for the 
provider through more predictive product behaviour. 

The idea of an integrated model for the prediction and optimization of 
functional product availability was envisaged by Löfstrand et al. (2011) in 
which a simulation-based framework is presented for modelling and optimizing 
functional products in terms of provided availability and support costs. The role 
of the service support system as a part of the FP is to enable the hardware to 
keep working, through planned, predictive and reactive maintenance. Function 
can be provided to customers at predetermined availability levels stated in the 
FP contracts. To manage this, the provider retains ownership of the hardware 
and must make sure that they are granted exclusive and unhindered access to 
the hardware, so that service support can be provided promptly. Lindström et 
al. (2012b) argue that the complexity and dependencies in between the four sub-
processes imply that the sub-processes cannot be allowed to run ahead in an 
uncoordinated manner. What needs to be ensured is that none of the sub-
processes closes design spaces for the others i.e., design decisions are taken too 
early in an uncontrolled way. There is a need to coordinate, monitor, control 
and share information and knowledge to optimize the outcome of the whole 
development process, and not allow sub-optimization among the sub-processes 
impairing the overall FP outcome (Lindström et al., 2012b). An overview of the 
FP development process along with evaluations at decision gates can be seen in  
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Figure 3.1.1.1. FP development process 

Figure 3.1.1.1.1, which is based on the FP development process by Lindström et 
al. (2012b).The aim of the FP is to provide function that match customers’ needs 
through a total care concept in a sustainable manner (Alonso-Rasgado et al., 
2004). Continuous close contact between customer and provider of the FP will 
improve the intellectual property of both parties. Through necessity and new 
incentives, monitoring and analysis will be more widely used in an FP 
situation. Both provider and customer can thus obtain new knowledge 
regarding the product’s performance in the customer’s operational conditions, 
and also regarding the effects of service. For the provider this means increased 
insight into how the product is used, which increases the possibilities of 
developing better suited products in the future. The customer can obtain expert 
evaluation regarding this function without having to outsource temporary 
expertise or train their own personnel in a subsystem (Alonso-Rasgado et al 
2004). The customer can also learn about technological advances from the 
provider and can better plan their own future products or processes for 
improved competitive advantage. In the FP, high-capital purchases are replaced 
by periodic payments for functional provision. This reduces financial 
uncertainty for the customer and smoother cash flow will be the effect. Since 
the provider’s revenue is disrupted by functional downtime and penalty clauses 
may apply from disruptions, a clear incentive is to provide function with a high 
availability, or at least a predictive failure pattern. It is expected that an 
industrial system will be run more efficiently as an FP, since the goals of the 
provider and the customer align, meaning that both the stakeholders of the 
hardware and the support system have the incentive of performance with 
reduced resource usage (Mont, 2002). An FP provider supporting a fleet of 
hardware also has the opportunity to coordinate the maintenance resources i.e., 
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centralized spare parts and personnel.  Monitoring and optimization will 
support the provider’s maintenance and planning to enable the availability 
guarantee and fulfill the provided function. In the long run, the providers of 
FPs will therefore have a good chance of establishing a good reputation among 
their peers and customers. FP contracts may infer additional risks for the 
provider, as they are sold for a pre-agreed periodic price, whilst the costs 
depend on the long-term stochastic and sometimes hard-to-predict product 
system performance. FP performance will not only depend on the hardware 
durability, but also on the support system, since the hardware will require 
periodic maintenance and may fail at some point. 

Guaranteeing function instead of selling hardware components will increase the 
effect of underperformance, whereas in the hardware component case the 
manufacturer may only suffer bad credibility if the component fails. Providing 
function will induce the risk of financial penalty if maintenance is either not 
properly predicted or fails with its task for whatever reason. This will make it 
essential to predict the actions of the maintenance crew even before the FP 
contract is signed. For the maintenance to act efficiently, a condition monitoring 
system should be developed and implemented as an integrated part of the 
product to allow for a preventative maintenance approach. By offering function 
to the customers, requirements of risk management and know-how transfers 
from the customer to the provider. Providers of FPs may thus offer increased 
value and gain the advantage in comparison to hardware-oriented competitors. 
One advantage pointed out by Lindström et al. (2014) and Alonso Rasgado et al. 
(2006) is that the development of the FP does not cease once the hardware is 
delivered but continues throughout the whole lifecycle. For the provider this 
presents the new challenge of coordinating the development efforts, since the 
technical life for the four constituents (between overhauls or upgrades) can be 
quite different. This scenario can be seen in Figure 3.1.1.2, in which the four 
constituents can be seen through the whole lifecycle. This figure is inspired by 
the published figure by Lindström et al. (2014) 

 

 

 

Figure 3.1.1.2. FP development Lifecycle  

INITIAL FP
DEVELOPMENT

OP

OP

HW

OP OPOOP
DEV OP OPOOP

DEV OPOP OPOOP
DEV OP OPOOP

DEV OP OPOOP
DEVSW

O
PSSS

DEV DDEVDEV DDEV
OP

O
P

O
P

MO

OP

O
P

OPO
DEV

OPOOP
DEV

DEVDEV
DEV

EVDDEVDD
OPO

DEV

OPOP

DE
V

Win-Win Agreement A
Win-Win Agreement B

Win-Win Agreement C
...



35 

In this thesis the development of the service support system model of an FP is 
investigated, considering performance, cost, contracts, constituents, 
predictability and automated optimization in an industrial setting, evaluating 
the possibilities of providing FP with certain guaranteed level of availability. 
New challenges and requirements for the FP development have been identified 
and compared to the development of traditional industrial components. Some of 
these challenges have been investigated through the work presented in this 
thesis, in which reliable decision support for FP development has been in focus. 

3.2 Support system modelling of functional products 

3.2.1 Simulation driven design 
Sakao et al. (2006) assert that computer-aided tools are suitable to model value 
and cost of services and present the Service Engineering discipline, in which 
products and services are developed in parallel, taking into account customized 
customer values. A similar development approach can be utilized in the FP 
situation, in which the customized value is defined as the provided function to 
certain level of availability while taking the cost into account. For the 
development team to have a chance to evaluate how the configuration of 
constituents affects the provided function, the risk exposure and the predicted 
cost of a FP contract it was realized that a Simulation Driven Design (SDD) 
approach should be utilized (Karlsson et al., 2005, 2011, Pavasson et al., 2013, 
2014). By embedding knowledge into the design tools a more efficient product 
development process can be achieved. This efficiency is increasingly necessary 
for development-integrated product concepts such as the FP. With an SDD 
approach, computer software is used to store and utilize design and analysis 
information to answer questions during the design process. With such an 
approach, experts can contribute their expertise to a common decision 
development tool; thus, SDD simplifies cross-divisional development. 

Sellgren (1999) formulated SDD as a design process where decisions related to 
the behaviour and the performance of the design in all major phases of the 
process are significantly supported by computer-based product modelling and 
simulation. It was also pointed out that the use of simulations, not only as a 
verifying tool but also as a concept generation tool, will maximize the 
probability that a good solution is reached. Spaceclaim Corporation (2009) 
further defined the goal of the SDD as an approach to arrive at an optimal 
solution as rapidly as possible. The use of simulations at early stages of the 
product development process is advantageous and may enable the provider to 
predict operational availability and associated costs early in the development 
process. Although early predictions are often crude, they can have a significant 
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impact on the final design. Simulations provide the opportunity to obtain more 
information about complex systems, which would not be possible by analogous 
calculations (Spaceclaim Corporation, 2009). The SDD concept was reviewed by 
Karlberg et al. (2012), including history, definitions, criteria and effects of using 
SDD approaches. The support system allows for late changes to a greater extent 
than hardware designs (Li and Thompson, 2007) and is often produced late in 
the development process. By including the support system of an FP into a 
holistic simulation, different strategies can be evaluated regarding how to 
achieve the requested availability for an optimized cost. The implementation of 
the support system into an SDD approach benefits the FP, since when in 
operation, the support system will be important for the provided availability. 
Löfstrand et al. (2012) showed that a software tool can successfully choose one 
maintenance strategy over another, based on the hardware availability and 
support cost for a FP. 

3.2.2 Discrete event simulations 
To obtain information required by FP providers regarding the predicted costs 
related to a support site configuration design for a customer configuration, a 
discrete event simulation (DES) approach of the functional product scenario has 
been considered to be a viable approach. There currently exist a number of 
different decision support tools for obtaining reliability measures, (Reliasoft) 
(Reliasoft website 2015), maintenance costs (DMTrade) (Burkett, 2006), for 
spare part optimization (e.g., Opus10) (Opus10 website 2015) and for placing 
emergency service response sites (Klose, 2005). However, none encompasses the 
FP situation. To meet the needs for complexity and output it was therefore 
decided that software was to be developed in-house. In DES the sequence of 
events of a system are modelled over a set time. Each event causes a transition 
in the system state at a time point. The DES technique was chosen for the 
model for a number of reasons, the most important of which is that it allows for 
the creation of high-fidelity models that include detailed representations of 
complex processes, which increases the relevance of the model and the 
predictions obtained from it. A DES also enables very detailed output data, 
including distributions that are necessary for understanding the possibility of 
extreme as well as expected outcomes, which supplies flexibility for exploration 
of the effect of different configurations. It is possible that DES will not be the 
most applicable approach, depending on how frequent the simulations will run 
and what information is requested. For example, if it were implemented in a 
micro-controller to be run every second, DES would probably not be optimal. As 
a research instrument, DES has been found suitable and would probably be 
suitable for a development situation as well. 
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3.2.3 Knowledge and information systems and data-driven decisions 
With the change of business models towards lifecycle product support and 
services and continuous pressure for efficiency improvements, designers and 
managers are required to more effectively and efficiently make use of 
knowledge and information (Heisig et al., 2010). Managerial decisions should 
rely less on leaders’ gut instinct but more on data-based analytics (Brynjolfsson 
et al., 2011). The trend is that firms gather detailed data collection from 
customers due to the diffusion of enterprise information systems such as 
Enterprise Resource Planning, Product Life-Cycle management, Supply Chain 
Management and Customer Relationship Management. 

In a survey of 179 publicly traded firms in the U.S. with public financial 
information and private data on overall information technology investments, 
the relationships between data-driven decision-making, productivity, financial 
performance and market value has been examined in Brynjolfsson et al. (2011). 
Brynjolfsson et al. (2011) assert that data-driven decision-making is associated 
with a 5-6% increase in output and productivity, beyond what can be explained 
by traditional IT utilization. In their following data analysis it is suggested that 
this effect is causal i.e., discounting for the effect that productive firms may 
have a greater tendency to invest in data-driven practices. The inherent 
complexity of the FP development process entails a need to share information 
as well as to communicate it among the parties involved in the process. In the 
FP scenario, information must be shared to a greater extent, since the 
development should occur concurrantly and decisions regarding one constituent 
could impare the design space for another constituent (Lindström et al., 2012a).  

3.2.4 Performance-based contracts 
An FP has to be defined in an FP contract in terms of what function is to be 
provided and to what premises of level of performance defines availability. This 
is related to the area of performance-based contracts (PCB). In previous studies 
(Kim et al., 2007) highlighted the advantages of PBC, in contrast to resource-
based contracts (RBC). In the former, compensation is based on the 
performance delivered to the customer, while in the latter it is the specific 
resources i.e., machinery or service, that are delivered and compensated for. 
These two contracts can have the same objective, for example, as a link in a 
manufacturing process, but they induce different kinds of priorities. RBC 
makes the vendor focus on inventory savings, leading to underinvestment in 
spares, while PBC induces the vendor to focus on reliability, achieved through 
overinvestment in inventory (Kim et al., 2007). A general consensus from the 
literature on PBC is that PBC is a superior contracting mechanism that better 
aligns incentives between the buyer and the vendor, resulting in higher product 
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utilization at a lower overall cost (Hypko et al., 2010). Despite the consensus in 
academic literature regarding the advantages of PBC over RBC, practitioners 
seem to be ambivalent about the choice between the two, comfortable with the 
status quo of RBC and reluctant to switch to PBC. Some indicators show that 
industrial customers are willing to adopt PBC when they consider acquiring 
products with mature technologies, but not when they acquire products 
equipped with newly developed technology. Due to the absence of publicly 
available baseline data on product reliability, buyers view RBC as offering 
better value than PBC. 

3.3 System availability 

3.3.1 Reliability, Availability, Maintainability and Safety 
A recognized concept in the area of availability prediction is the concept of 
Reliability, Availability, Maintainability and Safety (RAMS). The RAMS 
analysis (Smith, 2011) has been developed over the past two decades, mainly in 
the field of product assurance. The RAMS requirements are part of the 
requirement specifications. It is used in all design stages to determine whether 
the design project is feasible in terms of reliability, availability, maintainability 
and safety. The RAMS parameters are important in the development and 
operation of the FP but, whereas the objective of RAMS is to ensure that the 
developed product is feasible in these four regards, the objective of the FP is to 
provide a function with a certain level of availability over a predetermined 
interval. In classic reliability theory, designing an item to last as long as 
possible without failure is the main concern. When focusing on maintainability 
the emphasis is on designing an item so that a failure can be restored as quickly 
as possible. Maintainability is a measure of the ease and rapidity with which a 
system or a component can be restored to operational status after a failure. 
Maintainability depends on the equipment design, installation, personnel 
availability, required skill levels, adequacy of maintenance procedures and test 
equipment, and the physical environment under which maintenance is 
performed. Maintainability parameters are generally probabilistic (as with 
reliability) and are analysed by the use of continuous and discrete random 
variables, probabilistic parameters and statistical distributions. A discrete 
maintainability parameter is, for example, the number of maintenance actions 
completed. An example of a continuous maintainability parameter is the time to 
complete a specific maintenance action (Smith, 2011). A system with both high 
reliability and high maintainability generally can be said to have high system 
availability. 
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3.3.2 Definition of Availability 
To obtain a value of availability one must first define what availability is. 
Which activities in the function of the system should be defined as 
unavailability-accumulating? From a customer’s standpoint the question is easy 
to answer.. Any time the function is unavailable should be deducted from the 
availability value which is also quite easy to measure in retrospective. However, 
it is hard to predict anything that can go wrong and that is why generalizations 
are often used. Variances between different availability standards can be 
explained through their definitions. Many recognized availability definitions 
exclude support system activities that may have impact, such as logistical and 
administrative delays. A state-of-the-art survey of availability of maintained 
systems was performed by Lie et al. (1977), where it was furthermore concluded 
that availability measurements can be classified by the timeframe and by the 
types of downtime considered. Classification 1 separates the measures 
depending on the considered timeframe: instantaneous, average and steady-
state availability. Instantaneous availability is defined as the probability that 
the system will be operational at a given time t. It is a good measure for 
systems of which functions are required at any random time, such as a GPS-
system which calculates a path but then remains idle. Average availability is 
the preferred choice for systems with predefined operational cycle, such as a 
rental car. Average availability has the same definition as instantaneous, but 
for a given timeframe. Steady-state availability is the time partition that the 
system or component will be working over an unlimited timeframe. It is the 
most useful measure for components with a constant and infinite use, such as 
airport radar. Classification 2 separated the measures depending on the type of 
downtime: inherent, achieved and operational availability. Inherent availability  

 

is the most simplified version of the three and is easy to calculate, since every 
component is assigned a mean time before failure (MTBF) and a mean time to 
repair (MTTR). The component will then have an inherent availability event 
before being integrated into a machine. Companies often use this measure 
when reporting availability because it only includes corrective maintenance and 
ignores delays from preventive maintenance downtime, logistic delays, supply 
delays and administrative delays, reasoning that these are hard to predict and 
take responsibility for. The achieved availability is very similar to the inherent 
availability, except that it includes preventative maintenance and is calculated 
as such 
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In this measure, the partition of mean time between maintenance MTBM is 
divided with the same plus mean repair time (M). The third measure, 
operational availability, is the availability as it is experienced by the customer. 
It is often measured in hindsight and is considered problematic to predict, since 
by definition it includes all activities which can possibly add to unavailability, 
and is also situational dependent (Lie et al., 1977), meaning that a hardware 
component will obtain different measures of availability depending on the 
customer situation. Since both inherent availability and achieved availability 
measures ignore some activities which add to unavailability, the availability 
definition chosen for this thesis is the operational availability with an average 
availability time span. The time span is the FP contract time for the specific 
customer application. Furthermore, a service should always be seen from a 
customer’s point of view (Grönroos 2000), which only applies to operational 
availability. The advantage of using this availability measure is that the result 
of such a model will be verifiable to reality, but with the downside that it will 
require more detailed and diverse data collection and model building. For the 
approach presented in this thesis, the operational availability will be obtained 
by modelling and discrete event simulation of an industrial system in a defined 
setting. To include all essential parts of the support system that will add to 
availability Smith’s (2011) definition of service activities is used. In this 
definition the total effort of performing a reactive maintenance procedure is 
separated into sub-activities. In Figure 3.3.1 visual representation inspired by 
Smith (2011) including all activities (with full lines) that add to unavailability 
in the developed model are included. Dashed borders indicate that that the 
activity occurs but does not directly add to unavailability. It can, however, still 
add to personnel unavailability. 

9. Restore,
 Document 4. Admin. 6. Personnel 7. Travel

5. External comm.

8. Spares provision
3. 

Failure 
alarm

1. Early warning based 
on trend analysis

2. Inspection 
indication

8. Repair: Access, 
Diagnosis, 

Replace, Check

 

Figure 3.3.1.1. Activities adding to unavailability  

3.3.3 Fault Tree Analysis 
Fault tree analysis (FTA) is a tool for reliability analysis (NUREG- 0492, 1981, 
Andrews and Moss, 2002, Smith, 2005) and fault diagnostics (Hu, 2003). FTA is 
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a logical way of describing relations between an unwanted state in a system 
and the causes of this event (NUREG- 0492, 1981). FTA has been employed in 
different methods for diagnosing failures in manufacturing and industrial 
systems, has described by Hu (2003). FTA has been identified by NASA (Vesely 
et al., 2002) as a suitable tool to provide information for supporting decision-
making. Vesely et al. (2002) state that the use of FTA as a proactive tool to 
calculate how the state of the top event is affected by the basic events. It has 
been shown, through military and industrial application, to be a useful tool to 
visualize and evaluate complicated systems. By utilizing a FTA approach, 
upgrades to the system can be investigated to determine the most beneficial 
actions to avoid the top event, e.g. unavailability of function. Through 
implementation of fault tree logic, the connection between component failure 
and system failure, with unavailability as effect, can be quantified in a 
systematic way that allows for discrete event simulation to be used to 
determine the systematic response to component failure times and 
corresponding repair times. 

3.3.4 Failure modes and effects analysis  
Failure modes and effects analysis (FMEA) (MIL-STD-1629a, 1980) is an 
approach for quantifying and ranking failures in a design, a manufacturing 
process or assembly process, a product or service. Failures are: errors, defects 
and misusages that affect the customer, both potential and actual. “Effects 
analysis” refers to studying the consequences of those failures. Failures are 
quantified in three categories according to: how serious their consequences are, 
how frequently they occur and the probability that the failure is detected. These 
three factors are multiplied into a risk priority number (RPN), which can be 
used to prioritize the failures related components. By utilizing FMEA, 
improvement efforts can be prioritized to achieve the greatest effect. 
Availability can thereby be increased through the removal or mitigation of 
failures. The attendance of the participants of the FMEA should be recorded, 
since FMEA can also be utilized as documentation of current knowledge 
regarding the industrial system and can thus serve a wider purpose, for 
example, as a starting point in product development. To maximize the 
effectiveness of the FMEA, it should begin during the earliest conceptual stages 
of design and continue throughout the life of the product or service.  

3.3.5 Reliability Centered maintenance 
Reliability Centered Maintenance (RCM), or Quantitative Reliability Centered 
Maintenance (QRCM) (Smith, 2011), is a tool first developed by Nowlan and 
Heap (1978) and was used by United Airlines to increase the reliability of 
aircraft by focusing on maintenance. It is still used in industries such as the 
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power supply industry and the aircraft industry as a method to optimize the 
maintenance plan by balancing pre-emptive and reactive maintenance. In RCM 
the cost is a main parameter, where the cost of unavailable equipment is 
considered and compared against the cost of excessive maintenance. RCM is a 
slow and expensive process which requires in-depth knowledge of the industrial 
system. Both RCM and FP are long-term commitments which require detailed 
knowledge about the systems, the respective maintenance and the application 
in order to achieve a cost efficient solution.   

RCM was initially developed in 1968 by the 747 Maintenance Steering Group 
(MSG-1) (Nowlan and Heap, 1978) based on the observations that airplanes 
were failing for no apparent reason and with little correlation to the 
predetermined age they were built to last for. Earlier it was assumed that 
preventative maintenance in terms of periodic overhaul was sufficient to ensure 
reliability and operating safety. Tests in 1965 showed that periodic 
maintenance of complex equipment, in this case airplanes, had little or no 
effect. This called for the development of a new concept of preventative 
maintenance based on state rather than age of the component. The MSG-1 
“Handbook: Maintenance Evaluation and Program Development” was followed 
by the MSG-2 and MSG-3 and had the goals to analyse the maintenance 
requirements for each type and model of aircraft, objectively justify every 
maintenance requirement and enforce the performance of only the justified 
maintenance actions. The RCM is thought to be implementable through 
utilization of existing maintenance crew and equipment, but focusing the efforts 
on detectable degeneration of the components. Failures are categorized by 
whether they are safety- or economically oriented and if they are visible or 
hidden (Nowlan and Heap, 1978). An FMEA could be utilized to prioritize the 
failures according to RPN. In the FP development case, a similar development 
programme should be implemented, investigating what actions and 
improvement should be taken to maximize the chances for the FP to succeed, 
fulfilling customer needs while keeping maintenance costs low. An important 
realization is that such a programme is not cheap; it is most likely very 
expensive, depending on the existing structured information at the FP provider 
company. 

3.3.6 Risk and Condition monitoring 
Some difference between an FP and traditional product development scenario 
may be noted in the additional risks that need to be managed, especially for the 
provider. In the FP case function is guaranteed to a certain availability, which 
induces greater responsibilities for the provider compared to a sold hardware 
component and an added risk of underperformance. This implication can be 
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neutralized through the implementation of an efficient monitoring system, 
capable of warning at least when function is lost but also warning some time 
before failure occurs. With a capable monitoring system the FP provider will 
have more choices in the event of a warning to either wait until a planned stop 
and repair/switch the component or to decide to stop the function immediately 
to try avoiding a catastrophic system failure. The FP concept is especially 
suitable to implement a condition monitoring system into, since the provider 
retains ownership of the hardware and is thereby more free to collect data and 
install monitoring equipment as new needs emerge. When a product is 
developed to be an FP, a monitoring system should be designed as an integrated 
feature. The level of predictive maintenance which is possible to achieve 
depends on the available information and performance of analysis methods i.e., 
how well failures can be predicted. Given relevant data and information, 
maintenance can improve in efficiency and quality which may result in reduced 
maintenance costs and increased operational availability. Several authors 
(Reim et al., 2013, Löfstrand el al., 2011, 2012, Lindström, 2012a, 2012b, 
Alonso-Rasgado et al., 2004, Thompson and Elfström, 2004) mention the need 
for monitoring to mitigate risks in a functional product offering. For the FP to 
be a realistic alternative at least the function will have to be monitored; 
otherwise, neither the customer nor the provider will be able to prove whether 
the function has been provided. The monitoring system may be used for more 
than failure detection. It could provide valuable information regarding the 
customer operation which is hard to replicate in a laboratory. Such information 
could be useful both for provider and customer e.g., information concerning 
energy consumption. Since the development of a complex system typically 
involves many divisions with many areas expertise, each division will have to 
evaluate which data is useful for them. Depending on the information needed 
the monitoring assignments for an FP may range over different areas; a variety 
of different analysis methods is therefore required. 
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4 Results 

4.1 Discrete event simulation and fault tree analysis  
In the first paper (Paper A), a model for simulating a service support system 
was developed that considers the maintenance procedures required to restore 
functionality of failed components within the context of a Functional Product, 
focusing of the prediction of the service task completion time distribution. The 
aim was to evaluate the effectiveness of such a service support system, since it 
can have significant impact on the operational availability of the whole 
industrial system. To obtain sufficient information to be able to simulate even a 
simplified support system correctly it was necessary for the research to involve 
both qualitative and quantitative information gathering and to structure 
information in such a way that it could be utilized in a simulation model. The 
industrial case chosen to be modelled was an industrial system containing two 
components, each with failure modes, failure rate and a respective maintenance 
procedure required to restore the function of the component. The model was 
implemented in in-house developed software utilizing Petri Net DES. Various 
scenarios such as different personnel availability and number of supported 
systems were tested to validate that the reactions were realistic. The results 
show how modelling and simulation can be used to evaluate what service 
completion time can be expected from a service support system, given certain 
conditions. Fig 4.1.1 shows a visualization of the sequence of mandatory events 
required to restore function when this is lost. It also shows the diagnosing and 
repairing tasks, the utilization of personnel from a pool and the concluding 
tasks which do not consume availability but still require personnel. 
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Figure 4.1.1. Sequence of events required to restore function after the related 
failure 

Each task will require a resource (personnel) and task 1-6 will add to 
unavailability, which is recorded for output result. The input data required 
from this simulation are failure rates of the components A and B and time 
distribution of the completion of each task, and the scalability in terms of 
number of systems and number of personnel. Informative results from this 
simulation include downtimes and resource usage. The graph in Figure 4.1.2 
shows how the completion time of a restorative action will depend on the given 
time i.e., what the chances are of completing required repairs within a certain 
time. The yellow line shows the original case, whereas the other colours show 
the effect of different alterations of the input parameters. The intended 
industrial application of this is to be able to predict what effect a change in 
preconditions will have in terms of probability to complete maintenance within 
a given time.    
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Figure 4.1.2. Probability for the maintenance team to restore the hardware to 
working condition within a given time  

4.2 Availability measure framework 
A compound framework of a product system is described in the second paper 
(Paper B), including hardware, a service support system and a monitoring 
system. Integrating these constituents and simulating them simultaneously 
grants the opportunity to understand complex and inferred results of an 
industrial system. This is necessary, since the customer does not value the 
optimization of some or all subsystems but rather the result of the system 
function. In an FP scenario the hardware will provide the tangible result, 
generally a change of state for the customer’s goods, e.g., moving it from point A 
to point B. The service support system’s role is to make sure that the hardware 
can keep working and restore function when lost. The monitoring system will 
operate as the information distributor. Monitoring systems will not only inform 
the function provider when the function has ceased due to failure but also 
suggest when predictive maintenance should be carried out i.e., condition-based 
maintenance (CBM). In cases regarding functional sales, system availability is 
a critical element of business-to-business agreements (Löfstrand et al., 2011). 
To enable optimal availability, taking cost efficiency into account as well as to 
provide operational decision support, an availability prediction model that 
incorporates the information flow situation has been found to be important.  
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Figure 4.2.1. Model for calculating availability 

The proposed model for predicting availability, which is based on the 
framework Löfstrand et al. (2011), integrates hardware, support system and 
monitoring system models to create measures for up- and downtimes and 
resource usage through incorporating actual operational data. Figure 4.2.1 
shows how the information transfers between the different sub-models. The 
visualized model contains the three constituents with colour coding: hardware 
(pink), Support system (green) and DSMS/Software (blue). The white boxes 
represent the input/output, which are external but still utilized. Following one 
path of information flow: Data is collected by sensors, wrapped and interpreted 
and sent to the hardware model and support system model as aggregated 
decision support and then distributed to the concerned users/stakeholders. FTA 
(Andrews and Moss, 2002) hardware is commonly used in reliability and risk 
assessment in different industries. The hardware component’s relationships are 
modelled using fault trees, since a fault tree contains information on how 
component failures will affect a top event, loss of function. Human behaviour in 
the form of errors can be included in component failure rates, according to 
Vesely et al. (2002).  
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Figure 4.2.2. Modelling, implementation, output and user interface  

In Figure 4.2.2 a suggestion of how the simulation model could be created is 
shown; the upper part corresponds to the framework in Figure 4.2.1 and the 
lower part explains what modelling tools that have been used. It also suggests 
which implementation tools can be used; in this case, C# and a data stream 
management system were used. Some examples of outputs are MTTF, MTTR 
and predicted component failures. This should be visualized in a graphical user 
interface to increase understanding and the capabilities to be used in a cross-
functional setting. 

4.3 Evaluation of the availability model 
Building on previous findings, from Paper A and Paper B, a model of the FP 
was established, consisting of both hardware and support system elements. 
This model was implemented in a simulation to predict the system availability 
over a five year period. The functional state of the system was observed in each 
trial, such that the times at which functionality was lost and restored were 
recorded. The model’s application to the analysis of a real industrial system is 
demonstrated through applying data from a real case into the simulation 
model. To develop this simulation model a qualitative and a quantitative 
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approach were used for the data collection. The majority of the data collection 
was performed qualitatively and the methods used consisted of: a preliminary 
questionnaire, semi structured interviews, workshops, secondary industrial 
data such as previously monitored operation field data, system data, manuals 
and technical specifications (see section 2.1). The interviews highlighted the 
fact that many systems are complex to install and maintain; there is always a 
risk that dirt particles are introduced during these procedures. Another notion 
highlighted in the interviews and workshops was that it was hard to say a 
maximum time when the system would fail, since that depends on 
environmental conditions, operational speed and torque in relation to specified 
maximum speed and torque and how well the periodic maintenance is carried 
out. To model the component failure distributions, the representation of 
commissioning failures (infant mortality failures) can be included through the 
Weibull distribution using a shape parameter that is less than one. Failures 
due to wear are negligible during the period studied in this paper, in part 
because the time period is too short and partly because the commissioning 
failures are many times more likely, especially when these can be triggered by 
periodic maintenance. The resulting analysis gave an indication of the level of 
availability that such a system will be able to provide, and could be used to 
compare the performance of different design options. Tools such as the one 
presented will be important components for the development and widespread 
adoption of FPs. In Figure 4.3.1 the result of the simulation is shown as the 
expected availability for the first five years simulated. F2 corresponds to the 
trials with the lowest availability, F3 corresponds to the trials around the 
median, F4 corresponds to the trials with highest availability and F5 is all 
trials. Note that F4 and F5 can hardly be seen or separated, as they cluster 
near 100% expected availability. As can be guessed with the commissioning 
failures function, the availability is lowest in the first years and highest in the 
latter.  
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Figure 4.3.1. Expected availability, year one to five 

4.4 Decision support and geographical considerations  
Configuration of support sites will affect long-term support costs; both fixed, 
such as salaries, rent, stock levels, periodic maintenance and hardware-
dependent, such as consumed spare parts, downtime penalty, production loss, 
and travel costs. Technicians responsible for installing, maintaining and 
decommissioning the functional product hardware operated by its customers 
are based at support sites. Which technician responds to urgent calls and 
alarms depends on distance between customer and support sites and the 
availability of technicians. In cases of component failure in FP situations, the 
downtime, unavailability and thereby also the contract will be determined 
partly by the proximity of support sites to a customer and the available 
transport network connections in relation to the availability guaranteed in the 
FP contracts. Travel times will also reduce the time available for technicians to 
perform periodic maintenance during their working shift and increase travel 
costs. For the support system to remain efficient, these adverse effects must be 
properly balanced against the additional costs of employing additional 
personnel or adding support sites. The costs of initiating and operating support 
centres depend on local variations in real estate and human resources. What 
makes certain support systems configurations better, in terms of location, 
number of support sites and capacity will depend on factors, such as 
maintenance requirements of the supported hardware, the obligations such as 
availability guarantees specified in the FP contracts and condition monitoring 
systems. Starting up new support sites requires significant upfront- and long-
term capital investment and usually involves a long-time delay between the 
commitment to setup and the effective provision of services.  
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The decisions with regard to the setup of support sites involve long-term 
financial consequences and risks for the FP provider. There is currently a lack 
of research into the development of tools to predict costs and risks (Meier et al., 
2010), especially in regard to the FP situation. FP contracts constitute a new 
business area for many manufacturers and they naturally lack the experience 
and the organization that is necessary to make these decisions effectively; thus, 
a structured development approach is necessary, including efficient decision 
support. In the fourth paper (Paper D) a developed decision support tool is 
presented, focused on the geographical placement of customers and support 
centres, capable of producing quantitative output which can guide the 
development of FPs and FP portfolios. Utilizing Google maps API made the 
travel time predictions substantially more accurate compared to a simpler “as 
the crow flies” distance i.e. rectilinear distance. A simplified geographical grid 
would have been able to produce a faster result but since processing time was 
not an issue at this point it was decided that a Google maps API (Google maps 
API 2015) would be used to obtain travel times and distances. To account for 
the availability guarantee the cost of downtime is included through a financial 
penalty on unavailability. A cost for the provider has also been included on the 
maintenance activities (per hour). Thus, the situation is a typical RCM trade-
off, in which the maintenance capacity must be balanced against functional 
unavailability (see section 3.3.4). In Figure 4.4.1, a screenshot from the input 
section of the tool can be seen where the customer locations are placed. These 
customers will be associated to a defined hardware with a failure distribution 
and downtime penalty. 

 

Figure 4.4.1. Screenshot from the decision support tool 
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Depending on who in the organization is asked, the preferred results from this 
tool will vary. One parameter which is always interesting to look at is the cost 
of different solutions. In Figure 4.4.2 a cumulative distribution of the total cost 
of the support system is shown. The red dotted line is the total cost of 
supporting the product. The two availability contributors can also be seen: the 
availability penalty (green, dashed) and the service’s restoration (yellow). In 
this case the total cost over the simulated time will be somewhere between 11 
and 13 million. Furthermore, it can be seen that the total cost consists of about 
9 million availability penalty cost and 3 million service-related costs.  

 

Figure 4.4.2. Cumulative distribution plot for the whole support system 

Failures are represented in model by two-parameter Weibull distributions and 
repairs are represented using triangular distribution, although other 
distributions or set values are possible for the user to choose from, both for 
failures and repair times.  

4.5 Prediction of total costs for support system 
Many of the voiced inadequacies of the previously presented availability 
prediction tool were overhauled and implemented the total support cost 
prediction tool presented in the fifth paper (Paper E). Some of the new elements 
includes: individual contract design, personnel placement options, a web 
browser user interface and a cloud-based solution for storage and calculation. 
Figure 4.5.1 shows the structural architecture of the decision support tool 
including the user, the developer, the storage, the simulator, the web 
application and the SQL database. One of the main motivations for choosing a 
web interface was to enable multiple users in different locations and functions 
within the organization of an FP provider to work together to input and utilize 
the information relating to the FP scenario. By implementing the simulation 
and analysis engine as a web service, with servers automatically provisioned on 
demand, the simulations are always performed on powerful computing 
resources regardless of the client device through which the tool is accessed. 
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Figure 4.5.1. Structural architecture  

It also means that simulations, and simulation trials within a simulation, can 
be performed in parallel across multiple servers to reduce the time until results 
are obtained. The tool was also designed to allow different scenarios and what-if 
type analysis to be setup quickly and with minimal additional data input. A 
convenient feature that is implemented to make it easier to compare scenarios 
is the copy project feature. With this, a scenario can be built up to represent the 
current situation, and then copied and altered to see what effect certain 
changes in the input will have on the result. The non-homogeneous nature of 
the individual contracts and the hardware used to deliver the required 
functionality to customers was identified as a challenge to predict support cost. 
Other interesting opportunities are the strategy of remote support sites where 
technicians that perform services are based, risk in the cost predictions, the 
cross-divisional functions and collaborative nature of FP development. The 
result acquired from this decision support tool supplies the intended user, a 
manager of a FP portfolio, with sufficient information to compare contracts, 
support configurations, cost development over time and the variance of the 
trials. One example of an output from the tool is shown in Figure 4.5.2. In this 
figure the cost contributors can also be seen i.e., performing service, travelling 
to locations and downtime penalties which should give valuable decision 
support for a FP provider to see what cost can be expected from each contract. 
From the figure it can be derived that three of the contracts stand out in terms  
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Figure 4.5.2. Expected costs for individual contracts for one scenario 

of expected costs: Conveyer.RON, Crane.VOL and Rotator.SVA. Together, they 
amount to a cost of about 115 million, which is approximately a third of the 
total service cost. This analysis could be used to determine appropriate pricing 
for each contract and indirectly suggest which changes are necessary to ensure 
the contracts are competitive offers for customers. Furthermore, this chart 
shows the contribution of various sources to the costs of supporting each 
contract. This provides the user with insight into how the costs might be 
reduced. With this information the decision maker can take action to make the 
portfolio profitable. In Figure 4.5.2 the variance is not visualized for the sake of 
clarity but it could easily be extracted from the simulation if it would be 
identified as relevant for the decision-making. This is of course true for many 
other possible interesting parameters or combinations of parameters. For 
example, the travel time correlated to each support centre could be interesting. 

The DES model has been developed based on the provision of function from 
provider to customer, from which support cost predictions are obtained. The 
DES methodology enables complex processes that impact support costs, and the 
interactions between them, to be modelled and for detailed support cost 
statistics to be produced for result. The tool is able to produce a range of 
analyses on the support costs that were identified as useful to an FP provider 
for decision support, including partitioning of cost according to the source and 
the distribution of the costs over the complete time period analysed.  

4.6 Aggregated result 
In the research presented in this thesis the general approach has been to 
understand the needs, values, opportunities and mechanisms that are at work 
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in the FP situation and what the support systems function in this is. From this, 
the problem has been tackled through a systematic approach in which 
increasingly more complex models have been developed and verified to obtain 
increasingly valuable information. As was explained in the research approach 
(2.3), the development efforts were initially a list, which was obtained from the 
analysed result from the data collection. A simplified hardware-service system 
was used to test the capabilities of the DES approach. Feedback from this early 
simulation together with interviews, workshops and related literature was used 
to create a framework regarding the information flow needed to obtain a system 
availability measure. This framework was used to create a first availability 
model based on DES, and integrating a hardware system and support system. 
How useful the model would be when low-probability high-effect failures are 
introduced and the effect when commissioning failures are dominant was also 
discussed. The geographic locations were introduced into the model and also a 
graphical user interface. The model was subsequently improved by introducing 
contracts, personnel and a detailed hardware model, including features such as 
periodic maintenance. By implementing the model into a cloud based 
environment accessible through a web based GUI, the applicability of the tool 
into the development process was increased. And also the applicability of the A 
result roadmap, including the academic publications, can be seen in Figure 
4.6.1.  
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The roadmap describes the progressive development of an increasingly more 
advanced decision support model. The user of such a tool, possibly in a 
management or development role, can set up configuration of customers and 
support centres including information regarding location, contracts and support 
capabilities. With this information the user can set up different scenarios and 
observe the predicted outcome over several years. This is visualized through an 
online web-based graphical user interface. Such an interface provides the user 
with the opportunity to test different scenarios and observe the system level 
result, to assist rational decisions. Also, the cloud-based functionality makes 
the tool an excellent platform for cross-divisional integrated development and 
operation. The periodic feedback from the industrial contact has proved 
invaluable in obtaining a view regarding what information is valuable. By 
improving the tool based on the user feedback, it becomes increasingly useful as 
a development and operation decision support tool, supplying information 
regarding product development, service development, fulfillment of contracts 
and cost prediction, which is necessary for an aspiring FP provider to take the 
leap, not of faith but of certainty, and offer function. 
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5 Conclusion 

 In the observed industrial situation, DES is a suitable approach to 
represent the complex situation that the FP scenario encompasses, since 
it is able to: 

o Model complex and dynamic processes from the mathematical 
model, such as the hardware reliability and maintenance processes, 
where transitions in state occur at discrete points in time. 

o Produce complex output data including distributions which show 
the probabilities of extreme as well as expected outcomes 

 Availability is a suitable measure for FP but other important parameters 
have been found to be just as important, such as cost and risk.  

o The operational availability measure is a value of the availability 
that the customer perceives, which is especially important in FP 
situations when a contract will state what level of availability 
should be provided. Customer key parameters vary, however, 
depending on what they value.  

o By utilizing a modelling and simulation approach, an availability 
measure of the hardware and support system of the functional 
product can be obtained  

 Commissioning failures can have serious impact on availability, which 
should be taken into account when designing a support system.  

o These events can be triggered by maintenance for some systems, 
thus; this effect should be included into the model to avoid an over-
maintained system, which is actually less reliable and available.  

 The effect of strategic and operational decisions can be hard to 
approximate during the development and the operation of functional 
products  

o The decision of a location for a support site is important for the 
efficiency and cost of the maintenance organization of a functional 
product, especially in situations where the customers are 
distributed over a considerable geographic area.  
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o The locations of both customer and provider support sites are 
important for the applicability of the FP concept for an industrial 
situation.  

o A reliable decision support tool would be necessary to enable 
comparison of business models, thereby illuminating the effects of 
initiating FP contracts.  

o A result from the studied scenario was that the least profitable 
contracts could easily be identified, along with information 
regarding why these contracts were especially uneconomical. This is 
not something that could be easily determined without use of a 
decision support tool and can therefore exemplify how the tool 
provides important additional information. 

The FP concept is not a universally applicable solution for any industrial 
situation; rather it is the premises that support a successful functional product 
implementation. The following checklist could be used in an initial stage to 
screen whether an FP is suitable for providing an industrial function:  

 The function is important and cannot be disregarded to fulfill customer 
values. 

 The hardware requires specialized knowledge for maintenance and/or 
operation to work as intended and/or to restore functionality at random 
events. 

 The function can be defined in a contract, in a mutually beneficial 
agreement.  

o Specifications should be definable and agreeable for both parties in 
terms of guaranteed functional performance, level of system 
availability, periodic cost, penalties of failing to provide function 
(per time unit), bonus for overachieving function, requirements and 
prerequisites of the function, e.g. a general power failure should not 
be considered to be the responsibility of the FP provider 

o The contract is a matter of negotiation, which could be alleviated by 
including the customer in the development process. 

 No off-the-shelf product exist that will fulfill specific customer needs. A 
tailored product is necessary  

Since the FP situation incur additional risks and responsibilities for the 
provider, the provider must retain ownership of the hardware and be assured 
exclusive and unhindered access to the hardware, both physically and through 
condition monitoring. This also allows for more detailed predictions and 
operational optimization. The provider presumably has access to more expert 
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knowledge on the provided hardware and is more appropriately situated to 
optimize the hardware for the customer application. The FP allows both parties 
to focus on what they are experts at. The provider who has designed the product 
and the support services should be best suited to dimension it and maintain its 
function, instead of just selling it as a component. When both provider and 
customer work in their own areas of expertise, with the aligned incentive of 
optimizing the FP to the application, the total efficiency of the system should 
increase.  
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6 Discussion  
In a society where many technologies are mature and many technologies are 
only making slight improvements, the risk of being copied increases. A new, 
more holistic view of business is needed. Processes and services is often more 
difficult to copy than a physical product’s characteristics; thus, services can be 
used to differentiate products providing similar functional quality, in a 
situation where product price and technical quality are similar. For the 
supplier, it is therefore necessary to have exact knowledge of the customer’s 
operations, values and how the product should be utilized to fulfill this value 
and avoid a sheer price war (Tukker and Tischner, 2006). With the FP business 
model, income, costs and risks will change. Income no longer comes from selling 
expensive components and from servicing equipment. Instead, income is a fixed 
periodic sum, while the cost depends on how often and severely the equipment 
breaks. Thereby, new incentives appear which should motivate a change in 
development priorities into a more lifecycle cost-efficient solution i.e., more 
energy-efficient and maintenance-optimized products. To manage this situation 
an integrated approach is advisable, where the stakeholders of the FP 
constituents are working together, prioritizing after the most holistically sound 
design. But this requires the development process to be supported by decision 
support tools, which includes defining elements from hardware, support system 
and the customer situation. 

Included in the FP concept is retained ownership of the hardware and ensured 
access to it. Monitoring and analysis of the hardware and delivered function 
enables the acquisition of more data and information, which in the long run 
increases an FP provider’s prerequisites for offering a functional product to a 
guaranteed level of availability. Obtaining data and information regarding how 
the technical component operates in customer applications will provide the 
manufacturer with the means to understand customer needs. Products can be 
customized for a specific customer application. Knowledge regarding customer’s 
operation will increase, which could influence that, for example, components 
should be upgraded or new support locations opened. It may also increase the 
general understanding of the long-time degradation of the component, e.g., in 
terms of wear and failure rate, which is both very difficult and expensive to 
manage in a lab environment.  
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6.1 The need for a decision support tool 
One of the key features of the FP is that hardware is not defined, but rather the 
properties of the guaranteed function and thereby the provider will need to be 
ready to offer customized product-service solutions to reach this function. A 
developer/ manufacturer/ provider of FPs will have to be prepared to provide 
function to a range of different customers; some with very high demands on 
availability and high cost of unavailability, and some with low demands on 
availability while avoiding the need for expensive in-house experts. The non-
linear scaling of support costs makes it increasingly important to have good 
decision support to make informed decisions regarding contracts, capital 
investment, contract acceptance and resource distribution.  

Downtime does not cause penalty as long as the contractually stated minimum 
level of availability is met. Due to commissioning failures and connected 
failures, it is certainly probable that a failure will in many cases not occur as a 
separate event; therefore, penalties may increase exponentially once failures 
start appearing. Designing the support system in the optimal configuration is 
difficult, since the need for support will change over time due to new contracts 
being signed, old contracts running out, equipment degrading, becoming 
outdated, switched and improved. A non-linear relationship between 
investments, accepted contracts and risks involved makes the cost hard to 
predict, at least over longer times. Risks of costs are the foremost indication of 
what price the FP should have, since the costs of supporting FPs are realized 
over the long term and depend on stochastic processes such as hardware 
reliability. When predicting the cost of longer periods of time it can be expected 
that some contracts will fail due to a normally distributed quality of 
components, simultaneous failures or other low probability events. For the 
foresightful and adequately informed support system manager these events 
should not be business breaking since these are known risks, taken into account 
when reviewing the FP portfolio, and should not affect the long-term profit. 

What is needed for an FP manager are decision support tools which inform the 
user about risks and costs and directly or indirectly indicate what measures 
could and should be taken. Such a decision support tool should encompass all 
FP constituents (HW, SS, SW, MO) to enable the decision maker to test 
different scenarios and opportunities. The provided availability of function can 
be reached using different means in terms of how it can be upheld and to what 
cost. Using the definition of FP constituents, all constituents can be scrutinized: 
HW, SS and SW and MO. Sufficiently reliable hardware can be fitted to a 
contract which ensures that the hardware can be trusted to never fail during 
the contract period. This could, however, be either impossible or very expensive. 
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A second option is thus to choose hardware with significantly higher reliability. 
In some situations, it can be an option to adopt a down-cycle programme which 
entails keeping the most reliable equipment at the most critical locations and 
replacing hardware components when the failure rate reaches dangerously high 
levels, based on actual condition or historical data. A third option is to increase 
availability through upgrading the support system for the critical contracts, 
meaning that new support sites can be established, moved closer and/or 
upgraded with increased number of spares and increased number of personnel. 
A fourth option is to increase the monitoring capabilities to satisfy the need for 
information regarding the present and predicted future status of the equipment 
and support capabilities. A business approach (related to MO) is to look at the 
predicted profit of all contracts and refuse the less profitable ones, which is 
seldom a sought after solution for a company in the private sector. Another 
business option could be to lower the availability guarantees and/or penalties in 
a contract, which might not be acceptable for the customer. This last option is 
related to loss of income while the first three options can be related to higher 
costs in their respective areas: development and manufacturing of hardware, 
salaries and rent for support centres, development and implementation of 
monitoring systems. To make informed decisions regarding the effects and the 
costs for these decisions, a decision support tool is needed. The development and 
data collection effort for such a decision support tool will make it expensive to 
produce, since it encompasses such diverse areas of competence.  

6.2 Answering the research questions 
RQ1. How should simulation models be developed and created to predict product 
and service availability? 

Availability as a measure of the delivered functionality has been discussed and 
it is considered a key parameter for both customer and provider. As long as the 
premises of function is clear i.e., working /not working, it is suitable for 
modelling and simulation. Paper A showed that, based on an availability-based 
approach, the completion time of maintenance tasks could provide useful 
insights on service efficiency. In Paper B a framework for how an availability 
measure could be obtained by simultaneously simulating hardware, software 
and support system is presented. In Paper C the effects on availability of 
commissioning failures and the effect of low probability and high criticality 
were evaluated. In Papers D and E unavailability was assigned an hourly cost 
to account for it in the resulting total cost.   
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RQ2. How should simulation models be created to support both suppliers and 
customers as decision support in a business agreement negotiation? 

In Paper D and Paper E a tool is presented which would be used in a 
simulation-driven development situation of an FP portfolio. It could also be 
used in the decisions regarding strategic improvement by investment, 
reallocation or cutbacks. By elucidating objective results it can also serve as a 
decision support tool in business development situations. To increase 
transparence and align different views on a situation, the result from such a 
tool can be used to predict and visualize opportunities and/or risks with 
proposed business solutions. Since the FP concept is not considered to be solely 
a way for the provider to do more business; instead, it is a way of making a 
more efficient total solution from which both parties should be able to prosper. 
This is made possible through the general ideas of aligning incentives of 
customer and provider and also by having companies work in their own areas of 
expertise.   

I argue that these questions, to some degree have been answered. The 
availability can be predicted through discrete event simulation and this should 
be a part of a cross-functional tool which could be used in a business negotiation 
situation as well as in many other situations, depending on where the focus is 
placed when making the requirement specification. The development of the 
support system of the functional product can be managed through a simulation-
driven approach. The tool presented in Paper E can help to clarify what 
knowledge is needed in a FP situation and should be able support holistically 
good decisions, while taking into account both the customer situation and the 
supportive capabilities on a company level. In order to test and verify the 
capabilities of such an approach, a computer model has been developed and 
asserted to be an adequate way to approach the complex situation that a service 
support system of an FP presents.  
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7 Future research 
Following a company’s implementation of the FP concept would provide ample 
possibilities to study challenges which are hard to predict. How will the intra-
organizational issues of developing a product be managed, where the provided 
function is the deliverable, not the component itself? How will the terms of the 
FP contract be defined to be acceptable for both parties? Can the tools, methods 
and processes developed in academia aid the realization of FP arrangements? 

The value of predictions regarding the support system as an asset to an FP 
provision organization quantified in terms of system availability and cost has 
been the focus of the research presented in this thesis. It will be interesting to 
see if the utilization of simulation models, to obtain predictions of how products 
deliver, will become more common and thus improve the possibilities that FP 
arrangements will become more widely used in the future. Applying the 
developed methods, technologies and lessons learned on more FP negotiations 
would increase the relevance and validity of the research, making them more 
generally applicable and at the same time spreading the word of this new way 
of thinking and doing business.  

The FP offers the incentives for both provider and customer to minimize 
resource consumption. This implies sustainability aspects of the FP concept 
which should be investigated. The tool presented in Paper E could potentially 
be used to compare, evaluate and optimize an industrial system from a 
sustainability perspective. The sustainability related impact of an FP approach 
compared to a traditional component sale and service approach could be further 
explored. 

There is still a lot to investigate regarding the FP, especially regarding the 
customer values. FP claims to be adhering to customer needs, but what kind of 
quantifiable decision support statistics or contract prerequisites would make a 
customer consider the FP concept? 
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Abstract 
 
Functional Products, consisting of hardware and service support systems 
owned by the supplier, are sold to customers with a guaranteed availability of 
the function. The availability achieved is dependent on the reliability of both 
hardware and the service support system. The reliability of the latter can be 
defined as its ability to provide the required maintenance services in a timely 
manner. This paper reports simulation of a service support system from an 
industrial case study in order to predict its reliability. To identify and develop a 
suitable case together with an industrial partner company, a number of phone 
meetings were held in order to explain the research question, interview 
knowledgeable people and plan on-site visits and interviews. A number of 
interviews face to face were carried out with the industrial partners, where the 
goal was to obtain enough information to be able to model the support system 
correctly. The research involved both qualitative information gathering and 
applied computer aided simulation. An improved model for simulating a 
service support system is developed that considers the context in which the 
maintenance procedures are performed within a Functional Product. A 
software implementation of the model, developed by the authors, is applied to 
simulate the case study service support system in various scenarios such as 
different personnel availability and number of systems supported. The results 
show how the modeling can be used to improve and predict the reliability of 
the service support system. 
 
1. Introduction 
 
A Functional Product is an integrated offering consisting of hardware and 
support services. The supplier, who retains ownership of the hardware, sells 
the function of the product and guarantees a specified availability. This 
reduces risk for the customer, encourages close cooperation between the two 
parties and avoids an unevenly balanced cost cycle. In Alonso-Rasgado et al 
(2004) a review of the development process is presented. 
 
The service support system includes the provision of maintenance, amongst 
other services, and is therefore crucial in providing the promised availability 
for the Functional Product to the customer. Availability is a function of mean 
time to failure and mean time to repair as defined by Thompson (1999). Both 



these factors are of course affected by the support system since an effective 
support system can decrease the repair time and increase the time to failure 
through preventive maintenance. It is therefore of great interest to obtain a 
working computer model capable of predicting the performance of a service 
support system.  
 
Support systems are complex to model since the availability is dependent on 
several factors such as installation, personnel availability, qualification, 
operational condition, design, monitoring, record keeping and analysis. As 
some of these parameters are challenging to quantify, correct data gathering 
is required in order for the result to be meaningful. This is probably one 
reason why little work has been done in the area of support system simulation 
in the context of Functional Products as compared to hardware products. 
 
Hardware reliability has been studied extensively and methods are presented 
by Andrews and Moss (2002) and Gnedenko and Ushakov (1995). The vast 
majority of models found in the literature assume either a distribution or fixed 
time for the time to complete a maintenance procedure such as a repair. This 
approach is widely used due to its simplicity but is not viable if the completion 
time distribution is not known but the structure of the maintenance procedure 
and task completion time distributions are known. Even if the completion time 
distribution is known, several weaknesses remain with that approach, such as 
not allowing: 

● Detailed analysis of the maintenance procedure, such as finding critical 
tasks or optimising the task sequence - primary aims for the Functional 
Product model. 

● Variation in completion time due to limited resources and concurrent 
performance of maintenance procedures – a realistic situation for real 
world implementations of Functional Products. 

● Additional maintenance (rework or corrective) caused by maintenance 
task failures. 

● Variations in maintenance task sequence or sub-procedures due to 
outcomes from hardware inspections during the procedure. 
 

These arguments render the analytical approach unsuitable for use in a 
Functional Product model. 
 
Li and Thompson (2009) used a simulation approach to address some of the 
problems and study service reliability in the context of Functional Products. 
They modelled a service as a set of tasks arranged in a structure representing 
the sequential and parallel sequence in which they are performed. The 
structure also allowed unreliable tasks to be represented, with failure leading 
to the repetition of tasks. They included the possibility of varying the number 
of people utilised for each task with the completion time found as the sum of a 
fixed component and a component inversely proportional to the number of 
people utilised. However, there was no constraint on resources and the 
number of people assigned to each task was assumed to always be 
immediately available. 
 
O’Connor (2002) split the time spent performing maintenance into three areas: 



 
1. Preparation time. 
2. Logistical time. 
3. Active time. 

 
The approach by Li and Thompson only considers the active time spent 
performing the job and not the preparation or logistical times which are both 
related to time spent awaiting and obtaining the necessary resources for the 
tasks. The method therefore models a service support system with a 
performance that is independent of the resource availability. However, the 
resource availability within a Functional Product, and hence also the 
performance of maintenance procedures, is very much dependant on the 
hardware, maintenance strategy and logistics either directly or indirectly. 
Some of the interactions within a Functional Product are shown in figure 1. 
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Figure 1 – Interactions between hardware, maintenance procedures, maintenance strategy and 
resources within a Functional Product. 

2. Model development 
 
As part of a framework for the optimisation of Functional Product designs 
(Löfstrand et al 2010), a method for modelling a Functional Product that 
includes both the hardware and service support system aspects has been 
developed and implemented as a software tool by the authors. Only the 
modelling of maintenance procedures, which forms one part of the service 
support system model, is described in this paper. 
 
In this work an improved model for simulating a service support system is 
developed that considers the context in which the maintenance procedures 
are performed within a Functional Product. The modelling of limited resources 
and modelling of hardware inspections that take place during a maintenance 
procedure are two of the major enhancements. Compared to the service 



support system model by Li and Thompson (2009), the model used in this 
work has several benefits, such as: 

● Allowing the modelling of maintenance procedures with more complex 
task sequences than the sequential and parallel structures. 

● Modelling the competition for limited resources and allowing tasks to 
consume, utilise or produce resources. 

● Expanding the resources modelled from only people to all types of 
resource such as tools and facilities (for example, ability to model 
limited number of repair bays). 

● Adding the possibility for modelling the influence of hardware states on 
the task sequence followed. 

 
The model will be used to investigate the reliability of a maintenance 
procedure from a real world service support system under a variety of 
scenarios. The reliability of the maintenance procedure in each scenario will 
be compared using three of the five practical metrics for service reliability in 
the context of a Functional Product that were given by Li and Thompson 
(2007). The metrics that will be used are: 

1. Mean service time 
2. Maximum service time 
3. Probability of successful service within a given time 

 
2.1 Model Description 
 
The implementation of the modelling is based upon discrete event simulation 
(Banks 1998) which involves the generation of events that occur at discrete 
points in time according to the random properties of the real or conceptual 
system being simulated. Each simulation trial generates a single artificial 
history for the system being simulated and, by executing a large number of 
trials, the behaviour, characteristics and performance of that system can be 
inferred. Simulation was chosen, rather than an analytical approach, because 
the model must deal with a wide variety of complex processes that have many 
interactions and dependencies between them. The use of simulation has also 
enabled an implementation that can produce detailed output data for many 
statistics. For the availability of the modelled functional product hardware, for 
example, the expected value, confidence and prediction interval estimates for 
the expected value, variance value and distribution plot can all be produced. 
 
A maintenance procedure consists of a set of tasks that have randomly 
distributed completion times and are performed in a defined sequence. The 
tasks can consume, utilise or produce resources and may have one or more 
failure modes.  For input into the model, they are represented through a 
structure known as an MP Graph (Reed et al 2010). The graph consists of a 
source, a terminal node and intermediate nodes representing tasks and 
decisions. Each task node, represented by a rectangle, is labelled with its 
resource requirements and completion time distribution. Edges connect 
intermediate nodes to the nodes that begin on their completion; complex 
sequences such as parallel structures are not considered in this paper. Task 
nodes representing unreliable tasks, those that have one or more failure 
modes, have multiple output edges that each represents a possible outcome 



and is labelled with its probability of occurrence (such that the sum of the 
output edge probabilities from a node is 1). Decision nodes, represented by 
diamonds, are labelled with a test statement and have multiple output edges 
that are each labelled with a possible outcome for that test. The edge with the 
outcome matching the outcome for the test is the one that is followed. The test 
statement may, for example, be the state of a hardware component. 
 
An example of a MP Graph representation of a maintenance procedure is 
shown in figure 2, where task details are omitted and only the task numbers 
are shown. In this maintenance procedure, task 1 is performed first followed 
by task 2 if completed successfully (with a probability of 0.8) or by task 3 if it 
fails (with a probability of 0.2). On completion of task 2 or task 3, an inspection 
occurs and the procedure ends if component A is not failed otherwise task 4 is 
initiated and the procedure ends on its completion. 
 

 
Figure 2 - An example of a MP Graph representation of a maintenance procedure. 

 
In order to perform the simulations the MP Graphs are converted into their 
Petri net representations prior to analysis. This is a deterministic procedure 
and is performed automatically by the software implementation. Petri nets are 
one of the most versatile ways of modelling dynamic and concurrent systems. 
They can be represented graphically and are simple to understand but also 
have an underlying formal mathematical definition. Many different 
specifications for Petri nets have been developed, such as the powerful 
coloured Petri net specification developed by Jensen et al (Jensen, 2007). 
The specification used in the models described here follows the far simpler 
specification used by Schneeweiss (Schneeweiss 1999) with the addition of 
some colour features that allow complex behaviour to be represented with 
fewer nodes. However, the real novelty is the application of the Petri net 
modelling rather than the specification used. 
 
Figure 3 shows the MP graph for a simple maintenance procedure consisting 
of one task that must be repeated if it fails. Figure 4 shows the Petri net 
representation of the task from the MP graph from figure 3. 
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Figure 3 - MP graph for simple maintenance procedure. 
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Figure 4 – Petri net representation of MP graph shown in Figure 3. 

 

When a token is deposited in the “Begin Task” place in figure 4, the “Request 
Resources” transition fires instantaneously. This sends a request for the 
allocation of the resources required to complete the task to the Resources 
Model, and deposits a token in the “Awaiting Resources” place. Once the 
Resources Model has allocated the required resources and deposits a token 
in the “Resources Allocated” place, the final transition fires after delay T. T 
represents the completion time for the task and is sampled from a probability 
distribution. This transition notifies the resources model that the task has 
completed and deposits a green or red token in the “Task Outcome” place if 
the task was completed with success or failure respectively. Whether the task 
completes successfully or not is chosen randomly based on the reliability of 
the task. If a green token was deposited in the “Task Outcome” place then the 
“Task Success” transition fires instantaneously and a token is deposited in the 
“Task Completed Successfully” place, whereas if a red token is deposited 
than the “Task Failure” transition fires instantaneously and a token is 
deposited in the “Begin Task” place and the process repeats. The total time 
taken to complete the task is the time taken from the moment that a token is 
deposited in the “Begin Task” place to the moment a token is deposited in the 
“Task Completed Successfully” place. 
 
More complex maintenance procedures can be modelled in the same way. As 
seen in the above example, the Petri net for a maintenance procedure task 
notifies the resource model that it requires the allocation of resources once it 

Start Task 1 EndSuccess

Failure



is ready to start. The resources and logistics models then processes this 
request and once it can allocate the appropriate resources, which will depend 
on the resources available and demand for resources from other tasks, 
deposits a token in the “Resource allocation” place of the maintenance 
procedure task Petri net. A simple resource model will be used in this paper, 
where a limited number of maintenance personnel are available initially and 
become unavailable whilst occupied performing maintenance. 
 
2.2 Industrial case study 
 
The method has been applied to model part of a service support system from 
a product manufactured by an industrial partner. A number of phone meetings 
were held in order to explain the research question to the industrial partner, 
find knowledgeable people to interview and plan the interview. The interviews 
where semi-structured in order to give the interviewee room to spell out their 
own point of view and allow the conversation to focus on their field of 
expertise, this with the interview methods from (Yin 2006) and (Kvale 1996) in 
mind. The information gained from these interviews was then used pick out a 
suitable case from a service support system on which to test the model and 
demonstrate its potential.  
 
The chosen case that is to be modelled is a procedure for the repair of an 
unspecified subsystem failure that causes the system to be unavailable. For 
the case study, it is assumed that there are specialist maintenance personnel 
dedicated to performing this procedure alone who are always available and 
who support a number of hardware systems. 
 
The maintenance procedure contains two sub procedures that are only 
performed if certain components, named components B and C and that have 
unrevealed failure modes, are in the failed state at their respective inspection 
points during the repair. The repair procedure, maintenance procedure A, is 
shown in figure 5. The sub-procedures, maintenance procedures B and C, 
that are referenced in maintenance procedure A and return components B 
and C to the working state on completion respectively, are shown in figure 6 
and figure 7 respectively. Uniform distributions were used for all task times 
such that the probability of any time within the specified ranges is equally 
likely.  
 
The modelling of the hardware, with the exception of components B and C, is 
not considered in this case study and therefore the demand for maintenance 
procedure A must be generated in a simplified manner. It is set at a constant 
rate of 0.0014 times per hour for each hardware system supported, resulting 
in a mean interval between executions of the repair procedure of 
approximately 1 month. The failure rates for components B and C are 0.00038 
and 0.0014 respectively. 
 
The main reasons for selecting this support system were:  

● The relatively high frequency of occurrence with which it is performed 
improves the quality of the data available.  



● The system is unavailable whilst the repair is performed and its timely 
completion is therefore critical to the availability.  

 
Maintenance procedure A, see figure 5: This is the main procedure which 
starts each time a maintenance demand is generated. Activities 1 to 9 always 
have to be preformed. The diamond shaped nodes are decision gates. At 
these nodes a test is performed, as labelled on the node, and the outcome 
determines whether the performance of maintenance procedures B and C are 
required. Activities 7 to 9 do not affect the time to repair since the repair is 
complete by this point and their only affect is to occupy resources. 
 
Maintenance procedure B, see figure 6, is performed when component B is 
failed at the point of inspection in maintenance procedure A. This procedure 
consists of a long chain of serial activities. The only oddity is activity 17, which 
if it fails, results in an additional 6 hours of repair time. 
 
Maintenance procedure C, see figure 7, is performed when component C is 
failed at the point of inspection in maintenance procedure A. The time 
required to pass through this procedure is greatly dependant on the nature of 
the failure. 90 per cent of the time a minor failure is the case, 9.9 per cent it is 
a major failure and 0.1 per cent of the time it is the most severe failure.  
 



 

Figure 5 - Maintenance procedure A. 
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Figure 6 - Maintenance procedure B 

 

 
Figure 7 - Maintenance procedure C. 
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The scenarios simulated for the service support system are shown in Table 1, 
where the base failure rates for components B and C are as described earlier. 
In each scenario the service support system was simulated for a period of 2 
years. Base failure rate indicates that the failure rate from interviews is used 
without modification. 
 

Scenario Number of 
maintenance 
personnel 

Failure rates for 
components B and C 

Number of systems 
supported 

A 2 Base 5 
B 2 50% of base 5 
C 2 Base 10 
D 2 50% of base 10 
E 4 Base 10 

Table 1 – Scenarios simulated for the service support system case study. 

 
3. Results  
 
The results for the mean time to repair (MTTR), mean minimum repair time 
and mean maximum repair times from the simulations of each scenario are 
shown in Table 1. 
 

Scenario MTTR Mean minimum
repair Time 

Mean 
maximum 
repair time 

A 35.10 23.80 97.52 
B 33.91 23.80 94.71 
C 49.64 23.81 170.02 
D 46.81 23.77 161.48 
E 30.81 23.75 71.62 

Table 2 – Results of simulations for scenarios A - E. 

 
A plot of the reliability, where reliability is defined as the probability that repairs 
can be completed within a given time, against completion time for scenarios 
A, B, C, D and E are shown in figure 8. 
  



 
Fi

gu
re

 8
 –

 P
lo

t o
f r

el
ia

bi
lit

y 
ag

ai
ns

t c
om

pl
et

io
n 

tim
e 

fo
r s

ce
na

rio
s 

A
 –

 E
. 



In scenario A, the mean completion time is 35.10 hours. The plot in figure 8 
shows that the reliability rise rapidly as the completion time is increased from 
the minimum repair time, 23.80 hours, to 40 hours where the reliability 
reaches approximately 80%. Repairs that took longer than this time are 
almost exclusively where maintenance procedure B or C were performed due 
to failures of components B and C, and since the range of completion times 
for those procedures are large, the reliability rises slowly after this point. 
 
In scenario B, where the failure rate of components B and C is halved, the 
MTTR is 33.91 hours and mean maximum time is 94.70 hours, representing 
reductions of around 3% compared to scenario A in each case. This 
represents a mean reduction in maintenance time from this procedure, and 
hence also hardware downtime, of approximately 14hrs per year for each 
system. This could be used, for example, to justify investment in improving the 
reliability of components B and C. 
 
The MTTR in scenario C, where the number of systems supported is doubled 
compared to scenario A, increases by 41% to 49.64 hours. The reason for this 
increase is that the two engineers are not always available when a system 
requires the repair due to being occupied maintaining another system. The 
logistical delay whilst a system that requires the maintenance awaits the 
availability of engineers is then compounded by the increased likelihood that 
components B or C have failed when it is finally performed, due to the 
increase in the interval since they were last in the ‘as-new’ state. The 
maximum repair time increases dramatically compared to scenario A, with a 
mean maximum repair time over the 2 year period simulated of 170.03 hours 
– an increase of 74%. Avoiding maximum repair times that are far higher than 
the mean is important for providers of Functional Products as customers 
become accustomed to the mean time and, as expressed by Thompson 
(2009), a service failure occurs when the service performance is worse than 
the customer expectation. Analysis such as this could be used to determine 
how many systems the manufacturer can support with acceptable service 
reliability and customer satisfaction given current resource levels. 
 
In scenario D, where the failure rate of components B and C is halved 
compared to scenario C, the MTTR falls by almost 6%, whilst the mean 
maximum completion time falls by more than 5% from the values for scenario 
C. Comparing these reductions to those found between scenarios A and B 
shows that the benefits of improved reliability for components B and C 
increases when the number of systems supported is 10 rather than 5. This is 
due to the increased time between repair for components B and C in scenario 
D, due to the increased logistical delays caused by supporting a greater 
number of systems. 
 
In the final scenario investigated, scenario E, the number of maintenance 
personnel is doubled compared to scenario C. This results in substantial 
reductions in both the MTTR and mean maximum repair times, with 
reductions of approximately 40% and 60% respectively. This type of analysis 
can be used to optimise the resources available in the service support system. 
Interestingly, the support system performs far better in this scenario than it  



does in scenario A where the number of systems and maintenance personnel 
are halved. This type of analysis can be used to investigate how a 
manufacturer of a Functional Product might benefit from increasing the scale 
of their operations and optimising the number of resources available. 
 
Very little variation in the mean minimum repair time was found between the 
five scenarios. The reason for this is that over a two year period there is a 
high probability that the repair procedure will be performed without logistical 
delay, without failure of either component B or C and with all tasks performed 
in a short time at least once for one of the systems supported, regardless of 
the scenario from the five simulated. 
 
4. Conclusions 
 
A method for simulating the reliability of a service support system in the 
context of Functional Products and its application to an industrial case study 
has been developed and presented. The development of the modelling and 
forming the description of the case study were quite time consuming due to 
the complexity of service support systems in general and of the specific 
system studied respectively. 
 
Part of a service support system from an industrial partner was chosen as a 
case study and simulated using the modelling techniques presented in this 
paper. In collaboration with the industrial partner numerous failures and 
maintenance procedures were investigated. The criteria for choosing which 
systems to use were a combination of impact of failure, frequency and 
availability of data. A complex maintenance procedure, containing two sub-
procedures, was chosen as good data for it was obtained from interviews and 
its timely performance is critical to the availability of the Functional Product.  
 
A variety of different scenarios were simulated and the results generated to 
show the reliability of the service support system in terms of the time to 
complete the maintenance procedure. The results showed the effect on 
reliability of variations in service support system parameters, such as the 
number of systems supported, demonstrating the potential of the model as a 
service support system prediction and optimisation tool. For example, it 
showed that the reliability falls significantly if two engineers must support 10 
instead of 5 systems. It also showed that the service support system reliability 
was far better when 4 maintenance personnel were supporting 10 systems 
than when 2 maintenance personnel had to support 5 systems. 
 
The modelling tool is generic and it should be possible to apply the same 
technique to model service support systems from different industries. The 
most time consuming task is collecting data for the service support system to 
be modelled, although this is made easier by the software implementation 
which conceals the underlying complexity and power of the modelling, only 
requiring the input of the task details and maintenance procedure task 
sequence, in the form of an MP Graph, from the modeller. 
 



The next step will be the addition of a costing model so that optimisation of the 
cost against reliability analysis can be performed. The analysis of the 
complete Functional Product from which the case study service support 
system was taken, including both the hardware and service support system 
components, is also an area for future work. The current developed modelling 
tool and ideas for future work have been favourably received by the related 
organisation. They are looking forward to contributing to the continuation of 
the development of the tool.  
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Abstract: This paper describes the integration of a sensor data stream monitoring 
system into a proposed functional product model capable of predicting 
functional availability. Such monitoring systems enable predictive maintenance 
to be carried out – pre-emptive maintenance that is scheduled in response  
to imminent hardware failure – and are in widespread use in industry. The 
industrial motivation for this research is that agreed upon system availability is 
a critical element of any business-to-business agreement regarding functional 
sales. Such a model is important when making strategic choices regarding FPs 
and can be used to develop a high availability product design through 
simulation-driven development, as well as to provide operational decision 
support that reflects the current reality to enable optimal availability to be 
achieved in practice. The proposed model integrates hardware, support system 
and monitoring system models, and is able to incorporate actual operational 
data. It has been partly verified based on previous research.  
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1 Challenges for simulating industrial system availability 

High availability, achieved through reliability and maintenance is an important customer 
demand which is currently gaining industrial significance. In particular, when entering 
into a business-to-business agreement regarding functional sales, agreed upon availability 
is of the utmost importance, especially since a function’s availability directly influences 
customers’ productivity (Löfstrand et al., 2011). Functional Products (FP) may be seen as 
integrated offerings consisting of Hardware (HW) and Support Systems (SS) (Alonso-
Rasgado et al., 2004) or HW, Software (SW) and services (Brännström et al., 2001). In 
addition, the area of Product Service System (PSS) (Morelli, 2002; Weber et al., 2004; 
Tukker and Tischer, 2005; Morelli, 2006; Baines et al., 2007) contributes research to the 
FP-related area of PSS offerings. In this paper, a functional product is considered as 
consisting of HW and SS, as described by Löfstrand et al. (2011). Löfstrand et al. (2011) 
presented an approach for how models of HW and SS can be integrated to derive and 
optimise the availability of functional products.  

According to Alonso-Rasgado et al. (2004), a typical service support system can be 
divided into a distinct set of four sub-systems. 
 Operations planning. 
 HW maintenance (and remanufacture). 
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 Data storage and decision-making. 

 Service processing. 

According to Shostack (1982), a service support system can be visualised either by 
molecular modelling or by service blueprinting. Another approach for service support 
system modelling based on structure analysis design technique was presented by Ross 
(1988). 

Alonso-Rasgado et al. (2004) stated that: 
Modelling of the proposed service system is a very important stage in service 
development that seems to have received little attention over the years. 
Reasons for this include the lack of an appropriate methodology for services, 
the volume of detail and complexity of the proposed service, time and resources 
required and fundamental differences between new product development and 
new service development, in particular the inability to accurately describe 
human behaviour.  

The challenge identified by Alonso-Rasgado et al. (2004) concerning the problem of 
accurately modelling human behaviour is partly addressed by Löfstrand and Isaksson 
(2010), who present an approach for how to model a process including human behaviour. 
Some additional challenges regarding modelling of human behaviour are addressed in 
Sections 3.3 and 3.4. 

Previously, there have been relatively few suggested simulation-based approaches to 
functional product development. Löfstrand et al. (2005) introduce a schematic representation 
of a simulation support tool for functional product development. Karlsson et al. (2005) 
present an information-driven approach for enabling functional product innovation  
based on modelling and simulation. In addition, Alonso-Rasgado and Thompson (2006) 
proposes a computational tool supporting a rapid design process for total-care product 
creation. They discuss combinations of service support system and hardware design. The 
functional product, called total-care product Alonso-Rasgado and Thompson, could 
consist of the following: 

 Functional product 

o Hardware 

- Mass 

- Volume 

- Cost 

- Material selection 

- Assembly structure 

o Services 

- Service planning 

- Performing maintenance 

- Record keeping 

- Service processing 

- Education 

- Cost 
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A model for improved system availability prediction of a functional product that 
incorporates HW condition monitoring, and is based on discrete event simulation is 
presented in this paper based on the definition of availability by Andrews and Moss 
(2002) below. 

, approximately in steady state
MTTFUA

U D MTTF MTTR
 (1) 

Here, A refers to system availability, U to total system uptime, D to total system 
downtime, MTTF to mean time to failure, MTTR to mean time to repair,  to mean failure 
rate and  to mean repair rate. Both reducing the component failure rate and reducing 
MTTR through developing and using an optimal SS, increases availability. In addition to 
age, the probability of component failure also depends on its environmental conditions, 
system load related to the system duty cycle and its condition. Therefore, HW monitoring 
by, for example, Data Stream Mining (DSM) (Alzghoul et al., 2011) may be used as a 
way to determine the system status and update the component failure probabilities and 
thereby enable the conditional triggering of proactive or reactive maintenance activities 
(known as Predictive Maintenance or PdM). The objective here is to present a model for 
predicting system availability, where the model comprises HW modelling, SS modelling 
and HW monitoring modelling. The model is proposed to be utilised in the enhancement 
of HW availability during two main phases of the lifecycle of a functional product: 
during product development through simulation-driven design and during product 
operation through provision of operational decision support. 

In order to apply the model to a real-world system, certain data for that system must 
be collected and analysed. In this paper, a description is given of how data for a system 
from an industrial partner have been collected through industrial archival records and 
interviews with industry personnel. The techniques for processing this data into a format 
suitable for the model, such as Fault Tree Analysis (FTA) and Block diagrams, so that it 
can predict system availability are also given. By monitoring an industrial HW system, 
faults and failures can sometimes be predicted and detected before any loss of function 
occurs, facilitating predictive maintenance and resulting in increased availability. One 
such proposed monitoring system utilises the system fault trees to develop textual filters 
implemented within a Data Stream Management System (DSMS) to provide this 
information to the model which can then update its availability prediction for the system 
and provide decision support by suggesting an appropriate maintenance response. How 
such a system would be integrated in the model, both in the product development and 
product operation phases are explained in this paper. 

The paper is organised as follows: Section 2 presents the research approach, Section 3 
presents suggested components needed to enable simulation of industrial system availability, 
Section 4 presents the proposed model and Section 5 includes discussions and conclusions. 

2 Research approach 

This research has been carried out in collaboration with the Swedish company Hägglunds 
Drives AB owned by the Bosch Rexroth group. Hägglunds Drives AB is a multinational 
industrial corporation that sells hydraulic drive systems with a high level of availability. 
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2.1 Industrial partner needs 

An understanding of industrial partner needs is achieved by applying Hägglunds Drives 
AB’s knowledge and experience to identify critical hardware-related parameters that 
must be monitored in order to increase system availability. The needs of Hägglunds 
Drives AB related to this work have been identified as: 

 Increased understanding of system availability and associated costs. 

 DSMS monitoring is needed when running systems closer to peak operational 
efficiency, which increases system pressure and wear. 

 Decision Support System (DSS) (whereby it should be possible to simulate system 
fleet availability, incorporating hardware operational status by use of DSMS, to 
provide decision support). 

 Improving the possibility of providing customers with integrated product service 
offerings or FPs.  

2.2 Data collection and analysis 

By interpreting industrial partner needs and using the definition of availability by 
Andrews and Moss (2002), the necessary data to collect were identified. Subsequently, 
data regarding previous failures and failure rates were collected via: 

 Archival reports such as: lists of failures, previously monitored operation field data 
and system data (manuals, CAD models, calculations and technical specifications 
(Yin, 2006). 

 Elicitation of knowledge and experience by semi-structured interviews (questionnaire, 
iteration, complementary questionnaire and sequential analyses). 

Also, literature and state of practice review were performed. The reliability of the 
research was increased by using multiple data sources (see above) and the validity of the 
result was increased by triangulation. 

2.2.1 Hardware data collection and analysis 
Semi-structured interviews (Kvale and Brinkmann, 2006) regarding HW-related issues 
were carried out with nine professionals at the industrial partner company. Furthermore, 
four semi-structured interviews were held with four professionals representing a 
customer of the industrial partner company. In addition, two workshops, comprising one 
day and three days, were held with 15 people and seven people from the industrial 
partner company, respectively. The interviews lasted for approximately one hour and 
were documented through case notes and recordings. Representing the industrial partner 
company were: 

 Site manager 

 Design Manager 

 Development controls Manager 

 Design engineer and PhD student 

 Two service technicians 
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 Two service engineers 
 Aftermarket business development manager 

Representing the customer company were: 
 Research coordinator 
 Maintenance technician 
 Two maintenance engineers 

Material describing the background of the case and a questionnaire were sent to the 
interviewees to prepare them prior to the interview (Kvale and Brinkmann, 2006). The 
questionnaire covered common system and component failures, root failure causes, 
failure rates and failure criticality. The collected data were categorised and analysed 
using sequential analysis (Miles and Huberman, 1994). After the HW-related data 
collection, the authors compiled a summary of the collected material. Case analysis 
meetings (Miles and Huberman, 1994) were held with the research team to discuss the 
summarised results and to refine the focus and questions for a second round of 
interviews. Based on categorising and analysis of the collected data, fault trees were 
developed with the aid of the engineering knowledge and experience of researchers and 
personnel at Hägglunds Drives AB. Textual filters for describing relations between 
various HW parameters were created and expressed as pseudo code. While the textual 
filters are important, they are not further described in this paper, since they are complex 
and specific to the industrial system hardware. In addition, various hydraulic schematics 
including mounting points for sensors were developed to aid researchers as well as 
industrial partner understanding. 

2.2.2 Support system data collection and analysis 
Semi-structured interviews regarding SS-related issues were carried out with five employees 
at the industrial partner company. Furthermore, four semi-structured interviews were 
held with employees representing a customer of the industrial partner company.  
In addition, two workshops comprising one day and three days were held with 15 and 
seven professionals from the industrial partner company, respectively. Interviews lasted 
approximately one hour and were documented through case notes, recordings and by 
sketching up the maintenance procedures on location. Representing the industrial partner 
company were: 
 Site manager 
 Two service technicians 
 Service engineer  
 After-market business development manager 

Representing the customer company were: 
 Research coordinator 
 Maintenance technician 
 Two maintenance engineers 

Material describing the background of the case and a questionnaire were sent to the 
interviewees to prepare them prior to the actual interviews (Kvale and Brinkmann, 2006). 
The aim of the questionnaire and the interviews was to determine what critical failures 
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might occur in the system. Also, the relevant failure rates and related activities required 
to remedy the failures were included. Finally, the necessary sequences and associated 
activity times were of interest, since this information was deemed essential for modelling 
the support system. The collected data were categorised and analysed using sequential 
analysis (Miles and Huberman, 1994). After the SS-related data collection, the authors 
compiled a summary of the collected material. Case analysis meetings (Miles and 
Huberman, 1994) were held with the research team to discuss the summarised results and 
to refine the focus and questions for a second round of interviews. 

Based on categorising and analysis of the collected data, block diagrams representing 
maintenance procedures were developed with the aid of the engineering knowledge and 
experience of researchers and personnel at Hägglunds Drives AB. 

3 Enabling availability simulations 

The method for identifying the components needed for predicting industrial system 
availability is based on four cornerstones. 

 The definition of availability (Andrews and Moss, 2002). 

 The current research in the authors’ research group (Löfstrand et al., 2005, Alzghoul 
and Löfstrand, 2011; Alzghoul et al., 2011; Kyösti et al., 2011; Löfstrand et al., 
2011). 

 Skills of the author’s national and international research partners. 

 Current literature on functional product design and PSS design. 
The four cornerstones listed above led to the identification of the following components 
to be included in the framework presented in this paper: Simulation-Driven Design 
(SDD), hardware component and system modelling through Fault Tree Analysis (FTA) 
and Failure Mode Effect (Criticality) Analysis (FME(C)A). Finally, support system 
modelling (Kyösti et al., 2011), comprising modelling maintenance procedures and 
sensor systems, the latter to enable data stream mining (Golab and Özsu, 2003; Golab 
and Özsu, 2010) are to be included as components of the suggested simulation framework.  

3.1 Hardware component and system modelling  

Models of HW can be developed in various different ways such as CAD models, FEM 
models and CFD models. For this particular paper, HW was modelled using fault trees, 
since failure analysis methods such as FME(C)A and FTA are commonly used in 
reliability and risk assessment (Andrews and Moss, 2002). Using FME(C)A the 
component failure modes can be explored, whilst using FTA the system failure modes 
can be explored. Human behaviour in the form of errors can be included in component 
failure rates according to Vesely et al. (2002). FTA is widely used in different industries 
(Ericson, 1999). 

3.1.1 Fault tree analysis 
FTA is a tool for reliability analysis (NUREG-0492, 1981; Andrews and Moss, 2002; 
Smith, 2005) and fault diagnostics (Hu, 2003). FTA is a logical way of describing 
relations between an unwanted event in the system and the causes of this event (NUREG-
0492, 1981). FTA has been employed in different methods for diagnosing failures 
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(thereby increasing availability) in manufacturing and industrial systems such as those 
described by Hu (2003) and Geymayr and Ebecken (1996). FTA has been identified by 
NASA (Vesely et al., 2002) as a suitable tool to provide information for supporting 
decision-making. Vesely et al. (2002) state that the use of FTA as a proactive tool to 
prevent the top event (failure) and for evaluating upgrades to the system has been shown 
to be most beneficial. Discrete event simulation is used to determine component failure 
times and, through the fault tree logic, the corresponding failure times of the product  
sub-systems. 

3.1.2 FTA as a basis for hardware system monitoring 
In this research, FTA is used to identify needed parameters for monitoring Hägglunds 
Drives AB’s industrial system. The FTA is based on employees’ industrial knowledge, 
experience and previous FME(C)A (MIL-STD-1629a, 1980) performed at Hägglunds 
Drives AB. FME(C)A provides an initial evaluation tool and aids decisions as to whether 
to construct fault trees and what to detail. To develop the textual filters for monitoring 
purpose, the FTs’ basic events are analysed to determine what parameters (temperatures, 
pressures, angular speed, vibration, etc.) in the system influence the failure rate of the basic 
events and should therefore be monitored. For each basic event in the tree (representing 
component failure) unconditional (baseline), failure rates are estimated based on previous 
similar system data, industrial knowledge and experience. An example of a sub-tree  
from an FTA is presented in Figure 1. (Basic Event 2 and Basic Event … of Figure 1 are 
intended to signify that other possible events and basic events may also be possible.) 

Figure 1 Sub-tree of a water-oil cooler 
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The textual filters are expressed as pseudo code (IF-THEN-ELSE statements), since this 
is a good way to create a common understanding among the researchers and industrial 
personnel. The IF-THEN-ELSE statements are used for development of queries for 
monitoring the system. Cooler functionality is evaluated by relations and readings from 
sensors. The filters provide input to algorithms implemented in the DSMS, which gives 
an overall picture of the system status. The related textual filter for the tree is based  
on the trees’ events and basic events. The suggested measurement points (T1, T2, T3  
and T4) are indicated in Figure 2. 

Figure 2 Industrial hydraulic water-oil cooler scheme 

T1

T2
T3

T4

Outlet oil

Inlet oil

Water valve

T5

 

3.2 Support system modelling 

In this paper, the support system is seen as an integrated part of a functional product and 
consists of those activities outside of the HW design that are intended to increase HW 
availability. The modelling of the support system components is discussed in this section. 

3.2.1 Maintenance procedure modelling 

One representation of a maintenance procedure, the repair of a water-oil cooler is 
presented in Figure 3. This maintenance procedure contains the actions required to 
restore system function during planned stops, operation and unplanned stops. In such a 
maintenance procedure, each task has the option of distributed completion times and a 
list of resource requirements to pass the task, such as discussed by Reed et al. (2010). 
The simulation of the execution of a maintenance procedure is performed using a Petri 
net (Petri, 1962; Schneeweiss, 1999) representation of the procedure. The method of SS 
modelling builds on a case study on simulation of a support system presented by Kyösti 
et al. (2011). 
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Figure 3 Maintenance procedure for repair of water-oil cooler (see online version for colours) 
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According to Alonso-Rasgado et al. (2004), an SS is suggested to include all actions 
required to ensure that a certain function is provided to the customer. This total support 
system includes: 

 Actions on hardware (remanufacture, spares provision and on-site work). 

 Decision-making and forecasting. 

 Operations planning and data collection storage. 

 Intellectual property (education of users and suppliers). 

Since the objective of this paper is to be able to calculate and predict availability 
(Andrews and Moss, 2002), only actions on hardware and resource databases are 
included in the support system. Decision-making, forecasting and data collection storage 
(sensor readings/trend analysis) are included in the monitoring part of this system. This 
design enables the SS to be modelled with structures, such as: parallel tasks, failed tasks 
resulting in rework, concurrent usage of resources, topological/sequential changes, 
number and qualification of personnel, failure rate and degradation models for HW. 
Human errors are included in the model by distributed task completion times and through 
variable task sequences (e.g. additional corrective tasks if an error occurs). Differences 
between the herein proposed model and Alonso-Rasgado’s et al. (2004) are further 
discussed in Section 5. 

3.2.2 Data stream management system and sensor modelling 

The DSMS monitoring system performs queries on the data streams produced by the 
system sensors to detect conditions that indicate increased probabilities of a component 
failure. Based on previous research (Alzghoul and Löfstrand, 2011; Alzghoul et al., 
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2011), developing queries for data stream mining for monitoring equipment can be  
a challenge. This is because the parameters’ relations as well as their cause and effect 
relations are often complex. Machine learning can therefore be a useful means for 
training the DSMS queries to determine which conditions represent the possibility of 
component failure. This training can take the form of unsupervised learning, where the 
DSMS looks for conditions that are different from the normal operating conditions or 
supervised where it is given feedback on the conditions that represent failures. In this 
way, the DSMS is able to predict failures before they occur and identify potentially 
harmful system trends. For example, queries performed by the DSMS on a data stream 
from an oil particle counting sensor on a pump lubrication line might detect an increased 
rate of particle growth in the oil, indicating imminent mechanical pump failure. Since the 
DSMS is a software tool, it can be incorporated into the functional product model 
explicitly without the need for development of a separate model. 

The sensor systems within a functional product provide the input data streams for the 
DSMS and must therefore be modelled within the functional product model. Each sensor 
measures some specific variable within the HW environment, e.g. pump cooling oil 
temperature or bearing vibration level. These environmental variables will depend on 
HW states and product loading. The sensors map the states of these variables to a reading 
that is either binary or analogue within a given range. Sensor measurements may also 
contain noise, resulting in a difference between the measured and actual state of the 
variable, and may also fail resulting in an erroneous output. The modelling of the sensor 
system within a functional product will therefore be composed of two parts: 

 A model of the environmental variables that are indicators of HW reliability. These 
will be functions of the HW system states and product loading. 

 A model of the sensors which map these environmental variable states into the data 
streams that provides an input to the DSMS. 

4 A model for predicting and monitoring industrial system availability 

The model proposed builds on research concerning SDD by Lockwood (2009) and 
Jackson (2006). The HW structure modelling is based on Vesely et al. (2002), while the 
SS modelling is exemplified by Reed et al. (2010) and Alonso-Rasgado et al. (2004). 
Additionally, Löfstrand et al. (2011) and Karlsson et al. (2011) are part of the verification 
of the model proposed in this paper. DSM, as discussed by Alzghoul and Löfstrand 
(2011) and Alzghoul et al. (2011), also impacts on the model presented in this paper. In 
addition, further ongoing work includes abstractions and process level interactions on a 
less technical level, as exemplified by Lindström et al. (2012a, 2012b). Thus, the 
research and results presented in this paper are partly verified.  

The model components discussed in the previous section must be integrated to form a 
functional product model for predicting system availability. The integrated HW, SS and 
monitoring systems are shown in Figure 4. The model components are implemented in 
the C# programming language (ECMA, 2006) and Super Computer Stream Queries 
(SCSQ) (Zeitler and Risch, 2010), as shown. Also, a graphical interface could be created 
for end users. This interface should ideally enable users to modify the architecture of the 
product design within the model and change both values of input parameters and desired 
output parameters. The output offers valuable data for evaluation of the industrial system 
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availability and resource utilisation and can be used for decision support. Figure 4 also 
shows some key outputs of the model components, namely The Mean Time to Failure 
(MTTF), Mean Time to Repair (MTTR) and predicted component failures. 

Figure 4 Proposed model for simulating industrial system availability (see online version for 
colours) 

 

The model can be used in two contexts, namely: 

 During the development of the product (SDD). 

 During the operation of the product (DSS). 

During product development, the hardware, service support system and monitoring system 
do not yet to exist. The design is developed through SDD (e.g. identification of parameters, 
parameter relationships, cause and effect relationships in the industrial system, training 
DSMS algorithms, etc.), i.e. modelling and simulating the product at each design 
iteration to obtain a product design with the desired performance characteristics, e.g. 
expected availability. Figure 5 shows the components of the functional product model in 
more detail, along with the data sharing between them during the product development 
phase. The numbered outputs in the diagram correspond to those in Figure 4. As shown, 
the data stream generator is fed data from the hardware model, since the output of the 
sensors is in part a function of the hardware status. The DSMS then feeds its output  
data, the failure signals to the SS model. This allows the development of predictive  
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maintenance strategies during product development, e.g. if trends signifying future 
failures in the system are detected by the DSMS, then the SS model will receive the 
failure signals allowing it to schedule proactive maintenance. The DSMS can be trained: 

 Whilst integrated in the functional product model. In this mode, supervised learning 
can be provided through feedback to the DSMS on component failures that occur 
during the simulations. In this way it can learn to determine any data stream patterns 
that tend to occur prior to component failures. This has the advantage that the DSMS 
can be developed in conjunction with the rest of the FP and that the training data 
stream is realistic in the sense that it corresponds to the current product design. 

 In isolation from the functional product model. In this mode, a data stream 
representing normal operation is interspersed with data stream representing HW 
faults at random intervals. Since the HW fault data streams are identified, the DSMS 
can learn to associate them with the component failures. This has the advantage that 
integration is not required prior to training and that the SS system model will not be 
polluted with spurious failure signals produced by a DSMS that is not fully trained. 

Figure 5 Model components and data sharing during product development phase (see online 
version for colours) 
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Once the product is operational, data on the actual state of the functional product, for 
both HW and SS can be fed into the model so that it can update to the current state. The 
model is then able to simulate forward from the actual FP state, improving the accuracy 
of its performance predictions and enhancing its capabilities as a DSS.  
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Figure 6 shows the model components in more detail, along with the transfer of data 
between them during the operational phase. Again, the numbered outputs in the diagram 
correspond to those in Figure 4. It shows that: 

 The actual output from the DSMS is used to update the component failure rates 
within the HW model, through a Bayesian Belief Network. 

 Any known hardware states, i.e. those components that are known to be either 
working or failed in the operational functional product are used to update the HW 
model. 

 Information from the CMMS with respect to the current maintenance situation is 
used to update the SS model. 

Figure 6 Model components and data sharing during operational phase (see online version  
for colours) 
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Figure 6 also shows that the model can help with decision support by updating 
maintenance schedules. Since the SS will have been developed during product development 
through SDD to react to the failure signals from the DSMS in the optimal way (e.g. by 
scheduling PdM), when actual DSMS signals from operation are fed into the model, it is 
able to update the maintenance schedules in the CMMS in an optimal way. During 
product operation therefore, the model is constantly updating to the current situation and 
then projecting forward to probabilistically determined future outcomes through simulation. 
It can therefore provide operational decision support and product performance predictions 
that reflect the current system status. 

In summary, the main differences between modelling a functional product during 
product development and product operation are: 
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 The primary way in which the model is used – during product development for SDD 
and during product operation as DSS. 

 That during product operation phases, the monitoring system model will incorporate 
live data related to the product status (both HW and SS). 

5 Discussion and conclusions 

One approach to address FPD is taking existing industrial HW as a starting point. Using 
knowledge and procedures from existing HW development, while having good system 
knowledge, adequate system descriptions, updated system simulation and optimisation 
procedures are the good base for increasing system availability. These points may then be 
used for predicting (functional) product availability by simulation and optimisation. 
Optimisation in turn decreases the risk of selling a function if the correct target function 
can be developed. Another approach to decrease the risk of selling a function is to 
monitor systems in use. By having better monitoring of critical systems and system 
parameters, failures can be predicted and maintenance carried out before failure or 
damage occurs, thus increasing system availability. Both approaches benefit from having 
a starting point consisting of an industrial case and a tentatively agreed upon system 
description on which to base discussions. 

In this paper, a discrete event simulation-based model for predicting system 
availability, including suggested modelling and simulation techniques is proposed. It has 
been partly verified, as exemplified by Löfstrand et al. (2011), Alzghoul et al. (2011), 
Kyösti et al. (2011), Reed et al. (2010) and Alzghoul and Löfstrand (2011). Furthermore, 
the purpose of this paper is to show an integrated approach to simulate functional product 
availability that incorporates a DSMS-based HW condition monitoring system. The 
authors consider that cost and revenue should also be included in a complete model. 
However, these are not within the scope of this paper. 

In comparing the proposed model to other simulation-based approaches for functional 
product development, some points can be identified. 

 While Alonso-Rasgado et al. (2004) have developed a computational tool concept of 
a functional product with the intention of creating a graphical representation of all of 
its constituents; the model presented here aims to give an overview of how the HW, 
SS and monitoring system should be connected to enable simulation of system 
availability and resource utilisation. 

 Shostack (1982) and Alonso-Rasgado et al. (2004) have the goal of developing valid 
and detailed descriptions of industrial systems. This paper presents an approach 
based on a specific set of cornerstones and is useful when it comes to simulating and 
optimising industrial system availability including functional product availability. 

 The monitoring part has been given greater scope and is presented as a separate 
entity as compared to Shostack (1982) and Alonso-Rasgado et al. (2004). 

The model developed and discussed in this paper does not aim to do the same as 
Shostack (1982) and Alonso-Rasgado et al. (2004), but to present an approach for 
increasing industrial system availability by enabling simulation-driven product design 
during product development and by providing operational decision support during its 
operation. The components of the model and the integration of those components have 
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been shown in detail. The description shows how the inclusion of the DSMS within the 
model enables it to be used to develop high-availability functional products that utilise 
predictive maintenance. It also shows how the output from the DSMS during operation 
can be fed into the model, along with other data on the FP’s current status, to allow it to 
update its predictions and provide updated maintenance schedules through the CMMS. 
Additionally, a description is given of how the DSMS can be trained to detect imminent 
HW failure when integrated with or isolated from the FP model. 
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a b s t r a c t

A functional product is an integrated package consisting of hardware, software and a
service support system that provides a customer with a certain function and is sold under
a performance-based contract that includes a functional availability guarantee. For the
availability performance, prediction, optimisation and management of risk are therefore
important concerns during product development. This paper describes a software tool that
can generate an integrated model of a functional product from its design details and ana-
lyse it through simulation to provide availability performance information. The model’s
application to the analysis of a real industrial system is demonstrated. Such tools are
important for the development and widespread adoption of functional products. The
resulting analysis gave an indication of a suitable guaranteed functional availability level
for the product and could be used to compare the performance of different design options.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

A functional product (FP) [1] is an integrated package consisting of hardware, software and a service support system [2]
provided by a supplier with the purpose of delivering a specific function to the customer. The service support system
includes the provision of maintenance services designed to keep the hardware delivering its function, according to the
definition by Alonso-Rasgado et al. [1]. The concept of functional products is related to other concepts such as product
service systems (PSS) [3] and Total Offers [4]. Since the delivery of the function to the customer is managed by the supplier,
functional products are sold to customers under performance-based contracts which specify functional availability guaran-
tees. The functional availability a product achieves in a certain time period is defined by Eq. (1), where U is the functional
uptime and D is the unplanned functional downtime accumulated within that period.

Ai ¼ Ui=ðUi þ DiÞ ð1Þ
Unplanned downtime is initiated by hardware failures and ends when a maintenance restoration is completed. O’Connor [5]
divides this downtime into three areas:
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1. Preparation time: finding the person for the job, travel, obtaining tools and test equipment, etc.
2. Active maintenance time: actually doing the job.
3. Logistics time: waiting for spare parts, tools and facilities once the job has been started.

In hardware sales, customers bear uncertainty in the availability of the required function which may be critical to their
business, yet many factors influencing it, such as the hardware design, are beyond their control or domain experience. In
contrast, a functional product offers customers some certainty in the functional availability achievable whilst the provider,
who is best placed to do so, manages its provision, allowing the customer to concentrate on the core competencies of their
business. Compared to material contracts, functional product contracts also expose the provider to increased financial and
reputational risk. If the functional product fails to achieve the availability level guaranteed in the contract, then the provider
will incur financial penalties and a potential loss of reputation that may impact future sales. Any functional product is
susceptible to a certain level of uncertainty in the functional availability actually achieved during operation, due to the many
random processes involved, e.g. hardware failure and repair rates. The provider must therefore consider the risk of under-
performance, in addition to expected performance, when analysing a functional product design. Supporting this viewpoint
is the fact that interviewees have expressed the desire to understand and minimise the risk of rare but high adverse conse-
quence outcomes.

The prediction and optimisation of functional product availability performance is an important part of the product devel-
opment process and requires the construction and analysis of an appropriate model of the product design. Current research
publications suggest a range of models which might be adaptable to support optimisation of separate elements of a func-
tional product. For example, Johansson and Jägstam [6] suggest simulation-based optimisation of maintenance planning
to reduce downtime, Öner et al. [7] present an analytical approach to the optimisation of component reliability to minimise
downtime and costs, and Li and Thompson [8,9] developed a modelling approach that utilised simulation to analyse the per-
formance of maintenance services in support services. In addition, more general methodologies have been implemented
within commercial tools that are in widespread use within industry. Examples include OPUS 10 [10], from Systecon AB,
for the optimisation of spare-parts inventories and Availability Workbench [11], from Isograph Ltd., for the simulation of
hardware availability. These commercial tools have a practical advantage in that they only require the user to provide a
description of the system to be modelled, from which the generation and analysis of a system model is automated to derive
the desired performance metrics. Whilst these models can be useful, due to the integrated nature of a functional product, the
performance of each element is dependent on the performance of the other elements. Therefore, accurate prediction and
optimisation of a functional product design requires an integrated model of both the hardware and service support system.
To do this, a customised computer code could be developed or a general purpose simulation modelling tool (such as SIMUL8
[12] from Simul8 corporation) used. However, this would require substantial programming and modelling expertise, exten-
sive investment of time and money, and require the code or model to be updated each time the design was modified or a new
design considered. Re-use of the model would also be limited when a new, different functional product was considered for
analysis. There is therefore a real practical need for the development of a tool that can predict and support the optimisation
of the performance of a functional product by generating an integrated model from a description of its design details. This is
supported by a state-of-the-art review of PSS research from Baines et al. [13] which concluded that tools for obtaining quan-
tified predictions of PSS performance are lacking and that their development is essential for the widespread adoption of PSS
within industry.

The idea for an integrated model for the prediction and optimisation of functional product performance was first envis-
aged by Löfstrand et al. [14], who presented a simulation-based framework for modelling and optimising functional products
in terms of availability and support costs. The subsequent development of an implementation of this framework includes a
Petri net and simulation-based model for maintenance support services [15] which builds upon the work of Li and Thompson
[8], and an integrated model of hardware and service support systems which includes modelling of hardware condition mon-
itoring through a data stream management system (DSMS) [16].

The main contribution of this paper is the implementation of a simulation-based software tool that has been developed to model
and predict the availability performance of a functional product2 from a description of its design details, together with the application
of the tool to a real industrial system example. This has been used to apply the Partitioned Multi-objective Risk Method (PMRM) to
measure the availability performance of a functional product, accounting for risk, for the first time. In other words, Löfstrand
et al. [14] is the initially proposed model and this paper is a simulation implementation based on actual industrial data, a part
of the researchers verification and validation strategy. The rest of this paper is organised as follows. Section 2 presents an exam-
ple of a real-world industrial functional product. Section 3 introduces some risk-based availability metrics that can be used to
evaluate functional product availability performance. Section 4 describes the modelling tool and the design details it requires as
input data in order to analyse a functional product. Section 5 discusses the collection of the design data for the industrial system
example. Section 6 presents the results of the analysis of the industrial system example obtained through the software tool.
Finally, Section 7 includes an analysis of these results and concludes the paper.

2 The hydraulic system consists of the elements of a functional product, namely hardware and support system, although not initially designed as a functional
product.
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2. Industrial system example

An industrial example of a functional product produced by Bosch Rexroth Mellansel AB (formerly Hägglunds Drives AB) is
described in this section.

2.1. Hardware

The system is a closed loop hydraulic drive system, shown in Fig. 1, which is comprised of an electric motor, three hydrau-
lic pumps, a hydraulic motor, a control system (not shown), cooling system, a filter and a tank. It provides torque and speed
as its function and features high start-up torque, seamless continuous speed change, compact size and low maintenance
requirements (e.g. no clutch or gearbox to maintain) amongst other advantages over alternative, non-hydraulic solutions.
It is suitable for powering a conveyor belt for bulk material transportation, as shown, as well as numerous other applications.
Certain parts of the system, such as the sensor system and control system, are not included in the figure.

2.2. Support system

To enable the hardware to deliver its function throughout the whole lifecycle, a support system is needed to prevent fail-
ures and to keep the downtime to a minimum.

Whilst routine maintenance can be carried out by onsite staff, specialist technicians are required in the case of failure.
These failures are extremely rare but, due to the critical nature of the function provided by the hardware and support system,
timely repair is essential when failure does occur. Due to the low rate of failure for an individual product, it is uneconomical
for technicians to be based at each plant at which hardware is installed. Instead, they are based at product support centres
which support a large number of products at several different plants across a wider geographical area. Due to the centralised
nature of the workforce, a task common in all the repair activities is the transport of technicians to the repair site. The factors
influencing the length of downtime after a failure are given in Table 1.

The above points are all the identified support system activities that must be taken into account when simulating the
process of restoring the system function in the event of failure. In accordance with Kyösti et al. [15], maintenance procedures
can include queries which will affect the repair time, such as diagnostics to determine what repairs have to be conducted or
verification tasks to ensure hardware functionality after restorative tasks are complete. The flowchart in Fig. 2 represents the
support system response to a hardware functional failure.

2.3. Functional product contract

It is assumed that the hardware and support system are to be sold as a functional product under a contract that guaran-
tees a minimum specified functional availability level (not including expected planned downtime, e.g. due to scheduled
maintenance interventions) in each consecutive one-year period of the contract.

3. Application of the Partitioned Multi-objective Risk Method (PMRM) to the evaluation of functional product
availability performance

The actual availability that a functional product of a certain design will attain is a random variable. Assuming that its dis-
tribution can be estimated (which is addressed by the modelling tool introduced in Section 4), a problem for the functional
product provider is to decide upon a metric, or set of metrics, that can be derived from its distribution and used to judge and
compare the availability performance of different designs objectively and to determine an appropriate availability guarantee.

Fig. 1. A closed loop hydraulic drive system produced by Bosch Rexroth Mellansel AB.
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The use of expected values as a decision-making criterion in problems involving the possibility of rare adverse outcomes
is often inadequate [17]. In the case of functional products, the expected availability is inadequate as a sole indicator of
functional product performance, since it may not sufficiently account for the impact of rare adverse events that result in
availability falling far short of the expected value. The expected value would not be significantly influenced by these events,
owing to the low probability of their occurrence, but they may be highly damaging to the FP provider when they do occur. It
is these events that decision makers at FP providers are likely to be most concerned about, since they determine the risk of
the FP offer, where risk is defined as a measure of the probability and severity of adverse effects. Certain product design
choices may increase the cost and have little effect on the expected availability yet strongly reduce the severity or probability
of these adverse outcomes and therefore remain desirable.

An alternative is the Partitioned Multi-objective Risk Method (PMRM) from Haimes [17] which involves generating a
number of conditional expected value functions, termed ‘‘risk functions’’, that represent the expected value within certain
availability value ranges that correspond to either extreme or non-extreme outcomes. These are then combined with two
additional metrics, the expected value and the cost, to produce a multi-objective optimisation problem. The availability
values that define the boundaries of a partition are determined through a mapping from corresponding partition boundaries
that are chosen on the probability axis of the cumulative availability distribution function. The choice of probability axis par-
tition points for the risk functions is a subjective decision that depends on the risk partitions of interest to the functional
product provider. Since the cumulative availability distribution function, F(a), is non-decreasing (but may not be strictly
increasing), the generalised inverse distribution function shown in Eq. (2) is used to define the unique availability level,
bi, corresponding to the ith partitioning point, ai, on the probability axis.

bi ¼ F�1ðaiÞ ¼ inffbi : PXðbiÞ P aig ð2Þ
Risk functions can then be defined as the conditional expectation of availability within partitions of the distribution that are
defined by these partition points. For example, consider the lower tail of an example cumulative availability distribution
function that is plotted in Fig. 3.

Here, two partition points have been chosen, b1 and b2, corresponding to exceedance probabilities a1 and a2, from which
the following risk functions might be defined (note that Haimes [17] reserves f1 to represent a cost function), where X is the
random variable representing availability:

Table 1
Factors influencing length of downtime.

Downtime component Influencing factors Depends on

Preparation time Availability of technicians Completion time distribution for other jobs (includes time travelling
back from job)
Arrival rate of other jobs
Number of engineers at support station

Time travelling to installation site Travel time distribution

Active time Maintenance procedure completion time Task completion time distributions
Task sequencing constraints

Logistics Time obtaining maintenance resources Availability of maintenance resources
Delay in obtaining maintenance resources that are required but
currently unavailable

Start/
End

Travel to 
site

Repair

Travel 
back

Verify 
function

Acquire 
resources

Spare part storage, 
personnel pool

Maintenance 
procedure

Delay

Post-
Repair 

activities

Fig. 2. Support system response to failures.
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f2 ¼ E½XjX 6 b1�
f3 ¼ E½Xjb1 < X 6 b2�
f4 ¼ E½XjX > b2�
f5 ¼ E½X�

The availability a functional product achieves in an evaluation period may be correlated with previous evaluation periods.
For example, if a failure results in the replacement of a part that has a high failure rate early in its lifetime (i.e. has a high
infant mortality probability), then the likelihood of it failing again in the near future is increased. This is an important con-
sideration, since if availability in different evaluation periods is highly correlated, then it means that customers who expe-
rience loss of availability in one period are more likely to experience it again in another, which could lead to possible
dissatisfaction. The Pearson product-moment correlation coefficient (PPMCC), qX,Y, [18] defined in Eq. (3) gives a measure
of the correlation between two random variables X and Y, where lX is the mean value of X and rX is its standard deviation.
The value for this metric ranges from �1 to 1, where 0 indicates that there is no correlation, 1 indicates a perfect positive
correlation and �1 indicates a perfect negative correlation.

qX;Y ¼ covðX;YÞ
rXrY

¼ EbðX � lXÞðX � lYÞc
rXrY

ð3Þ

4. Functional product modelling and simulation

The authors have developed a tool for the modelling, simulation and analysis of functional product designs from a
reliability engineering viewpoint. The tool is capable of converting a description of a functional product in terms of its design
details into a model, analysing the generated model through simulation and providing various predictions, such as those
related to functional availability, on its performance. This section gives an overview of this tool, including the functional
product design details which are required as inputs and the process it performs to generate a model from this description.
Furthermore, this section explains the use of simulation to analyse the model and some of the methods used to produce
performance prediction metrics and output data from the model analysis.

4.1. Required functional product description details

The tool creates a model of a functional product from input data describing the functional product hardware and support
system.

4.1.1. Hardware
A reliability model for each component type within the functional product hardware that is at the limit of resolution is

described by:

� A Petri net [19] representing the functional state space and the transitions between states in that space.
� A distribution representing the delay for each of the transitions in the Petri net.
� The state (in terms of the token distribution) that represents the ‘working’ condition.

Fig. 3. Partitioning of an example lower tail from a cumulative distribution function.
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Fig. 4 shows Petri net reliability models for a variety of components with different failure behaviour, where the existence
of a particular numbered and labelled state is represented by the presence of a token in that state. Each of these Petri nets
includes a sub-graph, consisting of the unnumbered states, for the repair of the component which is automatically
constructed by the software tool and merged with the user-defined failure Petri net. The labelled transitions represent tran-
sitions for which the transition time is sampled from a distribution, whilst the filled transitions represent instantaneous
transitions.

The tool has built-in models for the most commonly encountered component reliability model types (e.g. binary state and
mutually exclusive multi-failure-mode components) and therefore only the state transition distributions are required for
these. This simplifies the use of the tool, whilst custom Petri net definitions provide the user with the flexibility to describe
practically any component failure behaviour.

The majority of functional product hardware systems that deliver the customer functions are likely complex in nature and
have failure modes that may depend on interactions between the functional states of multiple sub-systems or components.
Due to the system complexity, for each system type, a fault tree [20] describing the relationship between its functional state
of a system and those of its constituent sub-systems and components is specified. The use of Petri net models to represent
hardware reliability events at the limit of resolution together with fault trees to represent how these combine to cause
higher level hardware reliability events enables a detailed model of functional availability to be created for practically
any hardware system.

t

1. Working 2. Failed

Repair

t1

1. Perfect 
Condition

Repair

t2

2. Degraded 
Condition

3. Failed 
Condition

1. Working

t1

t2

Repair

3. Failure Mode 
2

2. Failure Mode 
1

Component with binary states

Component with three levels of degradation

Component with two mutually exclusive failure modes

Fig. 4. Example Petri nets representing reliability models of components with different failure behaviour.
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4.1.2. Service support system
Each maintenance task that is carried out as part of a procedure in the support of hardware is described by:

� The name of the task (that must be unique amongst maintenance tasks).
� The completion time distribution for the task.
� The maintenance resources consumed, utilised and produced.
� The names of the possible, mutually-exclusive, outcomes for the task.
� If the task outcomes are modelled as random: the probability associated with each outcome.
� If the task outcomes depend on hardware states (e.g. inspection task): the predicate function of the hardware states that
evaluates to true, at the time of task completion, when the outcome occurs.

Each maintenance procedure is given a name (that must be unique amongst maintenance procedures) and is described
through an MP Graph that specifies the prerequisite constraints between the maintenance tasks within the process. An
MP Graph consists of a set of nodes (vertices), representing the maintenance tasks, and a set of edges that represent
the precedence constraints. Each task node has an outgoing edge for each of its possible outcomes, where each is labelled
with the name of the corresponding outcome. Each task node also has one or more incoming edge sets, where each set
consists of one or more incoming edges. An incoming edge set for a task represents a set of prerequisite task outcomes
that trigger its initiation once they have all occurred. In addition, each MP Graph has two dummy task nodes, of duration
0, that represent the start and end of the procedure, the former having no incoming edges and the latter having no
outgoing edges.

An example of an MP Graph is shown in Fig. 5. In this maintenance procedure, task 1 is performed first, followed by task 2
if completed successfully (with a probability of 0.8) or by task 3 if it fails (with a probability of 0.2). On completion of task 2
or task 3, an inspection occurs and the procedure ends if component A is not failed, otherwise task 4 is initiated and the
procedure ends on its completion.

The maintenance strategy for the functional product hardware is described through a set of policies. Each policy consists
of:

� A maintenance procedure.
� A component or group of components (e.g. from a system or subsystem) that are restored to the ‘as-new’ condition on
completion of that procedure.

� A trigger condition that defines when the maintenance procedure is initiated. The trigger condition can be set to respond
to a component, subsystem or system entering a certain state (e.g. corrective maintenance initiated when an item fails), a
certain time point or item age being reached (e.g. scheduled maintenance) or a positive inspection outcome (e.g.
unrevealed item failures and condition-based maintenance).

The availability of resources is represented by selecting from one of several built-in logistics models and then
specifying the parameters. The simplest of the logistics models assumes that the maintenance resource provision
remains fixed for the duration of the simulated time period and that there are no logistical delays in allocating available
maintenance resources to maintenance tasks. The parameters which must be specified for the herein presented model
are as follows:

� The name of each maintenance resource.
� The number of each maintenance resource initially available.

Task 1

Task 2 

Task 3

Inspection: 
Component A

Failed?

Success
P=0.8

Fails
P=0.2

Start

End

No

Task 4 Yes

Fig. 5. Example of an MP graph.
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4.2. The computer model

From the input data that describe the functional product, in the form described in Section 4.1, the tool generates a model
of the functional product. Fig. 6 represents a high-level overview of the various elements of the model generated by the tool
and the relationship between these elements.

The modelling of the maintenance procedures is a central element of the overall model and has an important role in the
integration of the hardware and service support system elements, as shown by Fig. 6. The MP Graph descriptions of the
maintenance procedures that are provided as inputs are converted to Petri net models of the procedures by the tool. Petri
nets are used, since they are ideal for representing systems that exhibit concurrent, sequential and competitive activities
[21].

Each general maintenance process task is converted into a Petri net of the form shown in Fig. 7. The dashed transition
output edge indicates that the output token colour is chosen at random according to a defined probability distribution. As
depicted in Fig. 7, the Petri net interacts with the resource model (the interactions between maintenance procedure and
logistical model elements can also be seen in Fig. 6). The Petri net representation of a hardware inspection is shown in
Fig. 8, where the colour of the output token indicates the inspection outcome. The task Petri nets are integrated together
to form a Petri net representation of an overall maintenance activity from which the total completion time for the mainte-
nance activity can be found.

Fig. 9 shows the Petri net representing the example maintenance procedure shown in Fig. 5, where the transitions
labelled T1, T2, T3 and T4 represent the Petri nets for tasks 1–4 of the form shown in Fig. 5; the transition labelled Ti represents
the Petri net for the inspection of component A of the form shown in Fig. 8; the dashed output edges are labelled with the
possible outcome token colours; the filled transitions are labelled with the enabling token colour where applicable.

4.3. Simulation of a functional product model

Once the tool has generated a model of the functional product, the model must be analysed in order to determine the
behaviour of the functional product it represents. Due to the complex processes that occur within each element of the model,
and the interactions between the elements, discrete event simulation (DES) [22] is used for this purpose. An analytical
approach would necessitate significant model simplification that would detract from the accuracy and breadth of analysis.
A model simulation consists of a large number of trials, where each trial produces one possible sequence of events that could
occur for the modelled functional product over a specified simulated time period. The choice of the number of trials is a
trade-off between computational expense and collecting more data to enable the calculation of statistics with greater accu-
racy and confidence.

Prior to initiating a simulation, observers can be attached to record the history of the value of particular model variables
during each trial. The tool defines several types of observers for different variable types. For example, one particular observer
type can be attached to any Boolean variable (e.g. the top event of a fault tree representing the loss of hardware function) and
will record the times at which that state changes value during each trial. In this way, the user has the flexibility to record the
data that may be of interest for later analysis whilst disregarding all other data in order to reduce the computational expense.
The data collected across a large number of trials can be analysed in order to determine the statistical behaviour of the mod-
elled functional product. For this purpose, the tool has a number of built-in analysis capabilities such as the ability to cal-

Fig. 6. High-level overview of functional product model.
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culate expected values, variance and mean times between variable state changes. Alternatively, the recorded data can be
exported for external analysis. Additional data, e.g. maintenance resource costs, may also be combined with the data
recorded from the model simulations during this analysis stage.

4.4. Point estimates for metric values

From the functional state transition times that occur within each simulation trial, the availability in each evaluation
period can be calculated. Thus, if a simulation consists of N trials, then N samples from the availability distribution in each
evaluation period are produced. Point estimates of each of the availability-based metrics given in Section 2 can be calculated
from these samples using numerical techniques that are discussed in this section.

To estimate the ith availability partitioning point, bi, corresponding to the ith probability partitioning point, ai, for a
particular evaluation period as defined by Eq. (2), the first step is to calculate the availability achieved in each simulation
trial using Eq. (1), using the uptime and downtime achieved in that period as the values for U and D, respectively. If the avail-
ability values from N trials are then sorted into ascending order, bi can be estimated through the sample quantile estimator
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Notifications
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Fig. 7. Petri net model of the performance of a maintenance task.
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Fig. 8. Petri net model of an inspection outcome.

T1

T2

T3Failure

Ti

T4

?
?

No

Yes

Start 
Maintenance 

Procedure

Maintenance Procedure Complete

Success

Yes / NoSuccess / Failure

Fig. 9. Petri net model of the performance of the maintenance procedure shown in Fig. 5.
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[23] shown in Eq. (4), where xi is the availability achieved in the ith trial when sorted in ascending order and bhc is the largest
integer not greater than h. The expected availability within a partition can then be estimated as the mean availability
amongst the trials where the availability was within the range defined by the partition.

bi ¼ xbhc þ ðh� bhcÞðxbhcþ1 � xbhcÞ where h ¼ N þ 1
3

� �
ai þ 1

3
ð4Þ

The PPMCC for measuring the correlation between two random variables X and Y, defined in Eq. (3), can be estimated from
the sample Pearson correlation coefficient, rX,Y, given in Eq. (5) where N is the number of trials, X is the mean value for the
random variates of X from the N trials and Xi is the random variate for X from the ith trial.

rX;Y ¼
PN

i¼1ðXi � XÞðYi � YÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1ðXi � XÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1ðYi � YÞ2

q ð5Þ

4.4.1. Derivation of confidence intervals
Confidence intervals can be used to indicate the reliability of the point estimates. A brief description of the procedures

used for generating confidence intervals for these is discussed in this section.

4.4.1.1. Overall expected availability. Confidence intervals for the estimator of the overall expected availability are derived
from the assumption that it follows a Student’s t-distribution with N � 1 degrees of freedom [22].

4.4.1.2. Expected availability in partition. The theoretical distribution of the estimator of the expected value within a partition,
as defined by the PMRM, is unknown; therefore, analytical derivation of the confidence interval is not possible. Instead, a
confidence interval with confidence coefficient a is derived through the following bootstrapping procedure:

1. L (e.g. chosen as N) samples are taken from the N trial availabilities with replacement.
2. The risk function value is calculated from the sample generated in step 1.
3. Steps 1 and 2 are repeated M (e.g. 5000) times to generate M estimates A�

1;A
�
2; . . . ;A

�
M .

4. The M bootstrapped values from the previous steps are ordered to define the order statistics A�
ð1Þ 6 A�

ð2Þ 6 . . . 6 A�
ðMÞ.

5. The lower bound of the confidence interval is then chosen as A�
OL

where OL ¼ a
2 ðM þ 1Þ� �

.
6. The upper bound of the confidence interval is then chosen as A�

OU
where OU ¼ ðM þ 1Þ � OL.

4.4.1.3. Pearson correlation coefficient. Confidence intervals for the Pearson correlation coefficient are derived using the Fisher
transformation [24].

5. Input data for industrial system example – hardware and support system descriptions

Section 4.1 outlined the input data describing a functional product that is required for it to be modelled and analysed by
the software tool. In this section, the methods used to obtain the data for the industrial system example that was introduced
in Section 3 are described. Both a qualitative and a quantitative approach were used for the data collection. The majority of
the data collection was performed qualitatively and the methods used consisted of:

� A questionnaire to prepare informants before interviews.
� Semi structured interviews to elicit knowledge and experience [25].
� Two separate workshops with 15 employees, a one-day workshop and one three-day workshop.
� Collection of secondary industrial data such as previously monitored operation field data, system data (manuals and tech-
nical specifications) [25].

Nine employees at the industrial partner company and four interviewees at one major customer were interviewed
regarding the industrial system architecture. The interviews lasted about one hour each and were recorded and documented
by case notes. The interviewed employees from the industrial partner company were one site manager, two service techni-
cians, two service engineers, one aftermarket business development manager, one design manager, one control development
manager and one design engineer who was also a PhD student. The employees of the customer company were one research
coordinator, one maintenance technician, two maintenance engineers. The interviewees were chosen to ensure that no
causes of industrial system availability loss were unidentified. Before the interviews and workshops, background material
concerning the case study and a questionnaire were sent to the interviewees. The questionnaire covered common system
and component failures, root failure causes, failure rates and failure criticality. The interviews and workshops aimed to
determine:
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� Which failures affect system availability?
� At which rate have the components failed?
� Which tasks are required to return the component to a working state?
� In what sequence are tasks required to be performed?
� What resources are needed?

Analyses of the initial interview results were used to iteratively improve the performance of the following interviews.
Case Analysis meetings, as described by Miles and Huberman [25], were held by the research team to discuss and summarise
the results of the interviews. Continuous updating and complementary interviews were carried out throughout the work
with this paper. The collected data were validated by triangulation of statements from the interviewees. Thereafter, in
collaboration with researchers and company representatives, the collected data were reduced [26] and formatted into the
input data format required by the software tool (see Section 4.1). Sections 5.1 and 5.2 describe some of the data collected
for the hardware and service support system, respectively.

5.1. Hardware

The components in the system that were identified as critical to it functioning are as follows: the sensor, the electric
motor, the control systemmain board, the control system power supply, the hydraulic motor and the three hydraulic pumps.
Each of these components, except for the hydraulic motor, was found to have a single failure mode and can therefore be
represented by the binary state component model shown in Fig. 4. The hydraulic motor has two mutually exclusive failure
modes, corresponding to failure with and without seizure of the shaft, and can therefore be represented by the multi failure
mode component model shown in Fig. 4.

Based on discussions with employees and the analysis of a limited set of historical failure data, a distribution for each
component failure transition for each component in the system has been derived. As is common in industrial systems, many
of the components in the system do not exhibit constant failure rates but failure rates which are higher initially (due to
infant mortality) and when the component reaches the end of its design life (due to wear out). However, failures due to wear
out are negligible during the period studied in this paper, thus theWeibull distribution can be used for the component failure
distributions to enable the representation of infant mortality through a shape parameter that is less than one. The Weibull
parameters used for the component working to failed transition distributions in the analysis in this paper are shown in
Table 2. For reasons of confidentiality, these are dummy values and are not necessarily representative of the true values.

The combinations of component failures causing a loss of product functionality were investigated and are described by
the fault tree shown in Fig. 10. This shows that the system has redundancy only in the pumping sub-system and therefore
relies heavily on high component reliability to ensure high system reliability.

5.2. Support system

The input data describing the service support system from the industrial system example are given in this section accord-
ing to the requirements that were outlined in Section 4.1.2. The maintenance strategy associates each component with a
restorative maintenance procedure that is triggered upon its failure and is therefore entirely corrective. Fig. 11 shows the
maintenance procedure for the restoration of a failed hydraulic motor. The completion time of the task ‘‘Mounting of torque
arm’’ is represented by a triangle distribution with minimum, modal and maximum times of 30, 38 and 45 min, respectively.
The data for the other tasks in the procedure are similarly defined.

A further part of the maintenance strategy for the real-world system includes the application of planned preventive
maintenance; however, this was not included directly in the modelling within this paper, as the focus was on analysing
unexpected downtime caused by functional failure.

For the maintenance resources in this model, four repair technicians are available for performing the maintenance
procedures, each of which requires the attendance of two repair technicians. The technicians must sometimes perform other
duties, including the support of other hardware systems and planned maintenance on the modelled system, and are
therefore not always available for restorative maintenance of the drive system. Other work arrives at a constant rate of
0.1 jobs per hour and the length of time to perform these jobs, which each require two technicians, is represented by a
triangle distribution with a minimum, mode and maximum of 2, 6 and 20 h, respectively. It is assumed that jobs are

Table 2
Weibull parameters for component working to failed transition distributions.

Component type Failure mode Scale parameter Shape parameter

Sensor N/A 5.50E7 1.00
Electric motor N/A 4.75E7 0.85
Main board N/A 2.50E9 1.00
Power supply N/A 7.00E7 0.90
Hydraulic motor Seizure without shaft seizure 9.80E6 0.70

Seizure including shaft seizure 3.00E8 0.70
Hydraulic pump N/A 1.80E7 0.70
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processed in the order in which they arrive and that a backlog of jobs can occur. Therefore, if maintenance of the drive sys-
tem is required and the required technicians are unavailable, the job will be placed in the queue and its start delayed accord-
ingly. The travel time from the support base to the customer site is represented by a normal distribution with a mean time of
8 h and standard deviation of 1 h.

6. Analysis and results

The data from Section 5 describing the industrial system example functional product were used as input data to the soft-
ware tool. The tool was used to generate a model of the functional product and analyse it over 10,000 simulation trials,
where each trial consisted of a simulation time duration of 5 years. The functional state of the system was observed in each
trial, such that the times at which functionality was lost and restored were recorded. The collected data were then processed
using the methods described in Section 4.4 and the results of the analysis are described in the remainder of this section.

6.1. Expected availability risk functions

The partition points on the probability axis for exceedance probabilities a1 and a2 were chosen as 0.5% and 1%, respec-
tively, to generate the partition points on the availability axis b1 and b2 through Eq. (8). The risk functions f2 to f5, as measures
of expected availability in different partitions, were then calculated and follow the definitions given in Section 2.
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Fig. 10. Fault tree for hydraulic drive system showing top event of functional failure in terms of component failures.
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Fig. 12 shows the predicted expected availability for the different risk functions F2–F5 in each yearly evaluation period
with 95% confidence intervals, calculated through the methods shown in Section 4.4.1. The confidence intervals are wider for
F2 and F3 than for F4 and F5, since those partitions are smaller, resulting in a smaller sample size. The plot shows that whilst
overall expected availability, corresponding to the F5 risk function, is approximately 0.9999 in each yearly period, the
expected availability in the 0.5% most adverse outcomes, corresponding to the F2 risk function, is much lower and rises from
approximately 0.99625 in year 1 to 0.99675 in year 5. The lower expected availability in earlier years is likely due to infant
mortality component failures.

6.2. Expected availability correlation between consecutive years

The correlation between expected availability in consecutive years was calculated through Eq. (9) and is plotted with 95%
confidence intervals, calculated through the Fisher transformation [24], in Fig. 13. It shows that there is no significant
correlation between the availability in each yearly period and therefore there is no significant increase in risk of loss of avail-
ability in consecutive yearly periods.

7. Conclusions

In the model, a maintenance procedure is associated with the fulfilment of each maintenance strategy goal. In reality,
however, when multiple goals are set simultaneously by the maintenance strategy, a composite procedure consisting of a
sequence of maintenance tasks accounting for conflicts, rationalisation and synchronisation between the tasks will be
further developed to even more accurately describe the real world. This may result in different strategy goal fulfilment times
and maintenance resource usage than the assumption upon which the methodology is based. For example, in the case of the
industrial system discussed in this paper, if two hardware items are failed and require restoration, then separate mainte-
nance visits by technicians for the restoration of each would be modelled by the current methodology.

Fig. 12. Expected availability in each yearly evaluation period (showing 95% confidence intervals). Note that the plot bars for F4 & F5 overlap.

Fig. 13. Correlation between availability in yearly evaluation period and previous year (showing 95% confidence intervals).
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Only the evaluation of functional availability performance was considered in this paper. Other metrics, in particular the
cost of product development, manufacture and operation, are important in the evaluation of a particular product design. The
analysis and consideration of these costs in design evaluation is partly supported by the model and is an area of further work.

Providers of functional products face the challenge of developing an integrated package consisting of hardware, software
and a service support system to provide customers with the desired functionality at a guaranteed level of availability. The
ability to predict the availability performance of such products during product development is crucial to understanding the
risk involved, optimising the design and, ultimately, the widespread adoption of functional products. The risk-based
availability metrics, based on the PMRM, were introduced as indicators of availability performance. These give not only
the expected availability performance but also the availability performance when adverse outcomes occur. Existing methods
developed by researchers for the analysis of availability do not offer the necessary integration of hardware and service
support system models to enable accurate prediction of these metrics for a functional product design. Additionally, the fea-
sibility of availability performance modelling by industrial product developers is increased if such modelling and analysis
can be performed by a tool that is derived from the product design details. The major reasons for this are that custom model
development is time-consuming, requires significant expertise and is not suited to the iterative nature of product design
development. Such tools are available commercially for the optimisation of hardware and logistical availability but are
not designed for the optimisation of functional products. A tool developed by the authors for this purpose was presented,
including the functional product design details that it requires as inputs and the methods used to create and analyse an
integrated functional product model from them. The tool was applied to the analysis of an example industrial system, for
which the collection and formatting of the design details as input data was shown along with the calculation of the avail-
ability performance metrics. The resulting analysis gave an indication of a suitable guaranteed functional availability level
for the product and could be used to compare the performance of different design options.
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Abstract 

The customization of the support site configuration (including the number, locations and capabilities of sites where maintenance staff are 
based) is of critical importance to functional product providers, who must provide maintenance support services for products operated by their 
customers at different locations and ensure that contractual guarantees for functional availability are met whilst keeping support costs under 
control. Since contract fulfilment costs are performance based and long term, they are difficult to predict without modelling. This paper 
discusses a decision support tool designed for use by management and engineering personnel at Functional Product providers to analyse and 
optimize the performance of their support base configuration. It features a graphical user interface for configuration customization, simulation 
modelling to predict performance and outputs a wide range of analytics that can be used to compare and optimize configurations. The tool is 
demonstrated via application to an industrial test case. 
 
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Programme Chair of EPSRC Centre for Innovative Manufacturing in Through-life Engineering 
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1. 1 Introduction 

In order to provide increased customer value and obtain or 
maintain a competitive edge a trend in the industrial economy 
is integrated product-service offerings that combine hardware 
and services. Concepts dealing with this issue are Product-
service systems (PSS) [1], Industrial Product-Service Systems 
(IPS2) [2] and Functional Products (FP) [3-5]. In this paper, 
the concept of FP is investigated where a function is provided 
to a customer for an agreed upon price over a specified period 
with contractually guaranteed functional availability. 
Functional availability is defined as the percentage of uptime 
for the function. This function is provided through hardware, a 
support system, software and management of operation [6]. 
This paper focuses on the hardware and support system 
components of FP. Due to the availability guarantee, an FP 
provider will incur financial penalties when functional 
downtime exceeds the contractual limits. The services 

delivered by the support system include the delivery of 
maintenance services to maintain functional availability at 
acceptable levels and thus reduce these penalty costs [5]. 
However, the provision of these services also incurs costs to 
the provider. These costs comprise of fixed costs from 
operating support sites at which maintenance technicians who 
perform maintenance are based (e.g. facility and labour costs) 
and variable costs from fulfilling the maintenance services 
(e.g. spare parts and travel costs). FP contracts therefore infer 
additional risks for the provider as they are sold for a pre-
agreed price whilst the costs depend on the long-term 
stochastic product performance, in terms of maintenance 
demands and functional availability, where availability is 
defined as the fraction of the total time that function is 
provided. An FP provider must predict costs for the available 
design choices in order to: reach design decisions that 
minimise them, understand the risk exposure and determine 
the commercial viability of the offer. Roy and Cheruvu [7] 
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investigated service costing approaches for whole life cycle 
solutions (WLCC) and concluded that the literature on 
integrated service solutions is scarce and assessing the cost of 
integrated solutions are rare. Part of the design space that has a 
significant impact on the costs is the configuration of the 
support sites. The support site configuration includes the 
choice of the number of support sites, their locations, the 
number of technicians based at each site and the hardware that 
can be supported from each site (e.g. due to spare parts 
availability and technician training). Future research 
challenges to be addressed in PSS include the development of 
tools for modelling and quantitative methods to help 
organisations understand the perceived value that a potential 
customer may hold and evaluate the level of service required 
[2]. Due to the complexity involved with predicting the costs 
arising from supporting a FP and the vast number of possible 
support site configurations, decision support tools are 
required. Since the role of a decision support tool is to enable 
the exploration of different design configurations, investigate 
trade-offs and “play with the model” [8], a visual interface has 
many benefits in terms of user-friendliness, efficient decision 
making and accessibility to those without modelling domain 
expertise. In this paper, a methodology for evaluating support 
site configuration designs using simulation modelling is 
presented along with a decision support tool that provides a 
user-friendly GUI to enable FP providers to interact with the 
model. 

2. The support site configuration problem for FP 
providers 

It is difficult for an FP provider to make informed decisions 
regarding the design of the support site configuration, in the 
absence of modelling and decision support tools, due to a 
number of challenges. These challenges include: 

 
 Variation in customer maintenance service demand and 

service level requirements: In this paper, the number and 
location of the sites at which customer operate the 
provider’s FP hardware, the hardware systems that they 
operate and the FP contracts for those hardware systems 
are collectively defined as the customer configuration. FP 
hardware is complex and will usually have many failure 
modes, each requiring specific restorative maintenance 
actions. The number of failure modes, their nature and 
frequency of occurrence will depend primarily on the 
design of the hardware system. In general, the FP hardware 
and contract terms will be customised by the provider 
according to each specific customer functional 
requirement. For example, for highly availability critical 
customer applications, hardware system designs with 
higher availability combined with FP contracts specifying 
higher downtime penalties may be offered. The service 
level required may therefore differ greatly amongst the 
customer base. The costs incurred are also non-linear with 
the service level provided. Downtime is allowed without 
penalty as long as the contractually stated minimum level 
of functional availability is met, whilst penalties may 

increase exponentially once that downtime threshold is 
exceeded. 
 

 Service response time complexity: In cases where a 
customer operates many FPs at a site or operates FPs with 
very high functional availability criticality, colocation of a 
support site at a customer site may be viable. In most 
cases, however, the most efficient solution will be to have 
decentralised support sites that serve multiple customer 
sites. Thus, support technicians will have to travel to 
customer sites to perform maintenance services increasing 
the downtime and costs. This travel time will depend on 
the locations of the customer and support sites relative to 
each other and the transport infrastructure. The 
consideration of the transport infrastructure means that 
there is not a linear relationship between the distance and 
travel time between customer and support sites. 
 

 Risk: Since the costs of supporting an FP are realised over 
the long term and depend on stochastic processes such as 
hardware reliability, the FP provider must predict the cost 
distribution and not only the expected costs resulting from 
a support site configuration design in order to account for 
risk [9]. 

 
The general facility location problem involves a set of 
spatially distributed customers and a set of facilities to serve 
customer demands. Frameworks for optimisation and 
provision of decision support for specific facility types such as 
logistical distribution [10,11], waste management [12,13] and 
emergency service response sites [14,15], as well as the 
general case [16-19], are related areas of research. No existing 
research that specifically investigated the provision of 
maintenance support sites for FP or that addresses the set of 
challenges outlined above was found in the literature. For 
example, in determining the travel time between site locations, 
the Manhattan or right-angle distance metric, the Euclidean or 
straight-line distance metric, or the lp-distance metric have 
been generally employed [16], none of which account for the 
transport infrastructure that is of practical importance in this 
case. In the next section, a method for predicting the support 
costs, including distributions, for a given customer and 
support site configuration over a time period of operation is 
presented. 

3. Decision support tool and modelling method 

Classic decision support tool design is comprised of 
components for (i) database management capabilities with 
access to data, information, and knowledge, (ii) modelling 
functions (iii) user interface designs that enable interactive 
queries, reporting, and graphing functions [20]. A tool for 
giving decision support to FP providers for the support 
configuration design problem is presented in this section. It 
has been developed by the authors in the C# programming 
language. It incorporates a discrete event simulation (DES) 
model and provides a graphical user interface (GUI) for 
setting up the input data, storing and retrieving the input data 
from a database, running simulations, analysing the simulation 



 Petter Kyösti, Sean Reed, Sven Sjödin / PROCIR-D-14-00348  3 

data and displaying output the user in the form of graphical 
charts. The user interface has been developed to be easy to use 
and is targeted toward use by engineering and management 
staff at FP providers. The interface is divided into four tabs: 
Hardware Configuration, Customer Configuration, Support 
Configuration and Simulation Analysis. In the Hardware 
Configuration tab, the user specifies the hardware systems to 
be supported. Failure modes are then defined in terms of time 
to occurrence distribution, time to restoration distribution and 
cost of restoring the failure mode. To make the tool as flexible 
as possible, a wide variety of distributions are available 
including exponential, Weibull, normal, log-normal, triangular 
and uniform. In the Customer Configuration tab the user 
defines the name, location and hardware systems operated for 
each customer site. Uncertainties in maintenance performance 
time can be incorporated through the GUI through selecting a 
suitable distribution along with key parameters. The location 
coordinates can be either entered manually or through the 
integrated Google Maps [21] display. The use of the map 
display which allows site positions to be adjusted precisely 
and quickly through dragging and dropping, makes the tool 
easy to use and facilitates exploration of the solution space. 
For each hardware system, the specification can be chosen 
from a list that is created from the hardware systems specified 
in the previous tab. The FP contract terms are also represented 
by specifying the cost to the provider for each unit of time that 
the system is unavailable. In the Support Configuration tab, 
the name and locations of each support site is specified. 
Again, a Google Maps interface is provided for ease of use in 
inputting and modifying locations. Finally, the fixed costs 
associated with the operation of each support site over the 
simulated time period is specified. The software tool uses the 
Google Distance Matrix API service [22] to obtain realistic 
estimated travel times between customer and support sites that 
account for optimal routing within the transport network. This 
also increases efficiency and reduces errors when compared to 
manual input of travel time estimates from the user. 

A DES model [23] has been developed to predict the costs 
of operating a particular support site configuration design with 
a specified customer configuration. DES models the behaviour 
of a system over a time period as a sequence of events where 
each event comprises a transition in the system state at a 
specific time point. The DES technique was chosen for the 
model for a number of reasons, including that it: 
 Allows the creation of very high fidelity models that 

include detailed representations of complex processes for 
increased realism and accuracy. 

 Enables very detailed output data, including distributions 
that are necessary for understanding the possibility of 
extreme as well as expected outcomes. 
 

The main assumptions and simplifications of reality that are 
used in the model are as follows: 
 Failure modes for a hardware system are independent and 

non-competing. 
 The time to occurrence of a failure mode after each 

restoration is independently and identically distributed. 
 Each support site has unlimited technician availability and 

spare parts. 

 Technicians travel to customer sites by car or van. 
 Support technicians are able to restore any failure mode. 
 The times to failure mode occurrence are independent of 

the customer (for example, different utilization factors are 
not currently considered). 

 The duration between a failure mode occurring at a 
customer site and the initiation of its restoration is the 
travel time from the nearest support site. 

 The FP contract for each hardware system provided to a 
customer specifies a penalty cost paid to the customer by 
the provider for each unit time downtime that is incurred 
over the contract period. 
 
Some of these will be removed in the future to increase the 

realism and accuracy of the model; this is discussed further in 
the future work section of this paper. A Coloured Petri-net 
(CPN) [24] has been developed that gives a formal description 
of the model and is shown in Figure 1. 

 
Figure 1. Coloured Petri-net of state changes  

 
The details of the CPN are omitted but it can be briefly 

summarised as follows: Each FP is represented by a token 
which cycles through the CPN places that represent different 
states A change in state of a FP is represented by the firing of 
a transition which moves its representative token. This occurs 
when an FP begins operation, a failure mode occurs, a 
technician is assigned to restore it, the technician arrives at the 
customer site to begin a restoration, and when the restoration 
is completed. All times, except technician travel times, are 
generated according to the distributions input by the user 
through the GUI. The function “GetNextFailureTime” selects 
the failure mode that occurs next, whilst the function 
“AssignTechnician” assigns a technician from the support 
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base with the lowest travel time as determined from the 
Google Maps API.  

By performing a large number of simulation trials, a wide 
range of statistics can be calculated from the data collected 
including distributions for the cost of supporting the hardware 
and any contractual penalties incurred for product 
unavailability. In the Simulation Analysis tab of the decision 
support tool, the user can setup the parameters for the discrete 
event simulation, consisting of the time period to be simulated 
in each trial and number of trials. Figure 4 shows the 
Simulation Analysis tab after a simulation has completed. In 
the Support Configuration tab, the name and locations of each 
support site is specified. Again, a Google Maps interface is 
provided for ease. In the Simulation Analysis tab, the user can 
setup the parameters for the DES, consisting of the time 
period to be simulated in each trial and number of trials. This 
tab also presents charts displaying cost statistics generated 
from the latest simulation run. Each chart displays the 
distribution for availability, restoration and total costs from 
supporting hardware operated at an individual customer site 
(selectable from a dropdown menu) as well as hardware 
operated across all customer sites.  

4. Example usage: Comparison of support site 
configurations for BRMAB  

The method and tool will be illustrated by applying it to an 
industrial example from Bosch Rexroth Mellansel AB 
(BRMAB) [25]. BRMAB is a manufacturer and supplier of 
high-tech and reliable hydraulic drive systems that provide 
rotational power for use within industrial processes. In order 
to make the move to selling their products as FP, they need to 
be able to very accurately predict the support costs. They 
would like to be able to quickly evaluate different support site 
configurations so that they can minimize these costs. In this 
example, the tool was used to analyse the predicted total costs 
incurred over a period of five years for a single customer 
configuration and two alternative support site configurations 
for BRMAB. For reasons of commercial confidentiality, 
actual data for the industrial company has been replaced with 
fictional data in this paper.  

 
Figure 2.customer configuration tab 

 
The customer configuration consists of 14 customer sites, 

located across northern Sweden (13 sites) and Norway (1 
site), operating various BRMAB systems (typically 2 or 3 
systems per site). The locations of these sites can be seen on 
the map in Fig 2. The first support site configuration, named 
scenario 1, consists of four support sites at the locations 
across northern Sweden. For the second support site 
configuration, named scenario 2, three of the support sites 
were removed to leave a single support site located at Luleå. 

5. Result 

The result from scenario 1 can be seen in Fig 3 and the 
result from scenario 2 can be seen in in Fig 4. In scenario 1 
predicted total cost at the median percentile was 8 200 000 
whilst in scenario 2 it was close to 12 000 000. Scenario 2 is 
predicted to be much higher cost, primarily because the cost 
due to loss of availability is so much greater. The availability 
contribution (green) to the total cost is proportionally much 
higher in scenario 2, demonstrating the impact of reducing the 
maintenance service provision resulting from a reduction in 
the number of support sites. Since the cost of restorations 
(yellow) are much lower than those from availability even in 
the first scenario, this suggests that it may be beneficial for the 
support service provision to be upgraded with for example 
more support locations to reduce the availability costs. 
Another option would be to switch the hardware component 
into one more expensive with higher reliability. The results 
representing the costs from individual sites, such as those 
shown for the site “Kiruna1” in Figure 2, can be used by the 
user to gain further insight. For example, the result for that site 
shows that the costs from performing restorations are greater 
than those due to loss of availability, the opposite to the 
overall result that includes all sites. This suggests that the 
support configuration is such that better than average service 
is provided to this site. Finally, the results show that 
availability costs are the greatest contributor to risk in both 
scenarios. For example, in scenario 2, the availability cost 
varies between the lowest and highest percentiles in a span 
from 8 500 000 to 10 000 000 while the restorations cost is 
relatively more predictable and only varies between 2 400 000 
to 2 600 000. 

6. Discussion and conclusion 

The sale of FPs is a growing trend, where customers are 
provided with hardware that is supported by its provider under 
a contract that guarantees a specified level of functional 
availability. Providers of FP currently face significant 
difficulties in quantifying support costs and finding an 
optimal support site configuration for their customer base. 
The support costs are incurred from penalties for failing to 
meet contractual availability guarantees, fixed costs from 
support site provision and the cost of performing maintenance 
actions (e.g. spare parts costs). The need for decision support 
tools in this area has been highlighted both within the 
literature and poses a unique set of challenges and 
requirements. These challenges include the variation in 
customer service level requirement, the service response time 
complexity due to remote support bases and the management 
of support costs risk. 
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To meet the need for better decision support tools for 
industry, a DES model has been developed that can obtain 
predicted costs incurred for a given set of support sites and 
customer sites. In order to support decisions relating to the 
design of the support site configuration, this has been 
packaged within a software tool that enables easy setup of the 
model parameters using a user-friendly GUI. An example 
application of the tool to an FP was demonstrated to show the 
potential use of the tool in providing decision support for 
investigating different support site configurations by giving 
the user predicted support cost distributions. The tool is a 
concrete suggestion of how support system configurations can 
be modelled and simulated to support management decisions 
and produce direct feedback on how changes in support 
configuration, customer configuration or hardware design will 
affect the delivered function. This issue was identified in [26] 
as one of the key stepping stones for the future success of 
PSSs. A GUI such as the one provided in the software also 
increases the potential to be used in a multi-disciplinary 
setting, by allowing for sufficient overview without being a 
modelling expert. The methodology and decision support 
software tool presented in this paper are works in progress and 
will continue to be developed using feedback from BRMAB 
and other industry contacts. 

 

 
Figure 4. Simulation result from scenario 2 (one support site) 

7. Future work 

The tool presented in this paper is a decision support tool 
which gives the user a clear overview of the customer and 
support situation and the effect that different modifications 
will incur. In the future, an optimisation routine such as 

genetic algorithm could be implemented to provide the user 
with instructions on how to maximize profit and minimize 
risks. For the result of such an optimisation to retain any 
relevance, the income from all possible customers and their 
respective hardware and penalty (of loss of availability) costs 
has to be known. These numbers may be difficult to 
approximate and or confidential information. The following 
improvements to the model are currently under development: 

 
 Representation of the number of technicians based at each 

support site. 
 Representation of the capabilities of each technician in 

terms of the maintenance actions they are qualified to 
perform. 

 Representation of the spare parts held at each support site 
and the transfer of spares between sites. 

 Detailed representations of the hardware system 
availability, including the ability to model system 
redundancy through use of fault trees. 

 Representation of complex functional product contracts in 
order to accurately calculate penalties incurred due to loss 
of functional availability for the hardware systems 
operated by customers. 
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a b s t r a c t

In the functional product business model, a customer is provided with functionality at a
guaranteed level of availability under a pre-agreed pricing structure whilst the provider
retains ownership of the hardware and provides a service support system to deliver ser-
vices such as maintenance. The ability to accurately predict the costs of supporting func-
tional product contracts is crucial to the provider in correctly pricing those contracts and
for the development and implementation of an efficient service support system. Since
the costs incurred are performance based and accumulated over a long duration, they
are difficult to predict without effective modelling and decision support tools. This paper
discusses a decision support tool that has been developed to provide detailed analysis of
the predicted long-term costs of supporting functional product contracts. The tool features
a web based user interface to allow collaborative use of the tool by multiple users. The cost
predictions are obtained through a discrete event simulation model that emulates the per-
formance of the hardware and service support system used by the provider to fulfil the
functional requirements specified in the contracts. The simulations are executed on auto-
matically provisioned remote web based servers, meaning that the computing resources
utilised are not limited by the user’s client device. The tool is demonstrated via application
to an industrial test case.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

The traditional business model for manufacturers of high-tech industrial hardware is to sell the hardware to customers
who then own it and obtain service support through in-house provision, from the original equipment manufacturer or a third
party organisation. Equipment failure and downtime has significant consequences in many industries, such as lost produc-
tion, and the availability of the function provided by the hardware is therefore considered critical. However, with the tradi-
tional hardware and support sales arrangement, the customer is exposed to the risk of costs from failures and maintenance
of the hardware they have purchased. The hardware provider may not be incentivised to improve hardware reliability and
maintainability as the sale of maintenance support services can be a major profit centre. Driven by the need to provide
increased customer value and obtain a competitive edge, a trend in the industrial economy is integrated product-service
offerings that combine hardware, software and services. Some concepts dealing with this issue are Product-service systems
(PSS) [1], Industrial Product-Service Systems (IPS2) [2] and Functional Products (FP) [3–5]. The FP concept is a form of
performance-based contract [6] where an agreed upon function is provided to a customer for an agreed upon price over a
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Nomenclature

Symbol Definition
NH number of hardware system specifications available to provider
IiðtÞ distribution function giving the probability that the installation of a hardware system of specification i is

completed at time t after the procedure is initiated
CIi cost of installing a hardware system of specification i
DiðtÞ distribution function giving the probability that the decommissioning of a hardware system of specification i

is competed at or before time t after the procedure is initiated
CDi

cost of decommissioning a hardware system of specification i
NFi number of failure modes for hardware systems of specification i
NPi

number of preventive maintenance procedures for hardware systems of specification i
hij ðtÞ distribution function giving the probability that failure mode j of a hardware system of specification i occurs

at or before operating for time t from last restoration or new
gij

ðtÞ distribution function that gives the probability that the restoration of failure mode j of a hardware system of
specification i is completed at or before time t after the procedure is initiated

CRij
the cost of performing the procedure to restore failure mode j of a hardware system of specification i

aij the time interval between last completion and next being due for preventive maintenance procedure j of
hardware system specification i

bij the initiation deadline for preventive maintenance procedure j of hardware system specification i
qij ðtÞ distribution function that gives the probability that preventive maintenance procedure j of hardware system

specification i is completed at or before time t after it is initiated
lij

boolean indicator variable that takes value 1 if preventive maintenance procedure j of hardware system spec-
ification i requires that the hardware system is shut-down whilst it is performed and takes value 0 otherwise

CPij
cost of performing preventive maintenance procedure j of hardware system specification i

NC number of customer sites
LCi

location of customer site i
NFP number of functional product contracts
ai percent availability guaranteed to the customer for functional product contract i
SFPi start date for functional product contract i
EFPi end date for functional product contract i
qFPi customer site for functional product contract i
Hi acceleration factor for the time to occurrence of failure modes due to the operating conditions for functional

product contract i
pFPi compensation payment from provider to customer for each unit time of downtime in excess of the availabil-

ity guarantee for functional product contract i
sFPi specification of hardware system chosen by the provider to deliver the functionality for functional product

contract i
NS number of support sites operated by the provider
SSi start date of operation for support site i
ESi end date of operation for support site i
LSi location for support site i
NTi

number of technicians available at support site i at any time
CSi cost per unit time for operating support site i
CTech cost per unit time for each technician available at a support site
Cðx; yÞ function that gives the travel time between locations x and y
Dðx; yÞ function that gives the travel distance between locations x and y
wi the support site where technicians providing support services for customer site i are based
CD cost per unit distance travelled by a technician
TCCi

total compensation payment from provider to supplier for excess downtime incurred in functional product
contact i

Uðx; yÞ function that gives the time interval between start date x and end date y
maxðx; yÞ function that gives the maximum value of x and y
TCTi

total cost of travel for a technician performing a service support procedure for contract i
TCPi

total cost of performing service support procedures for contract i
TCSi total cost of operating support site i
TCT total overall service support costs
exponential(x) exponential distribution with rate parameter x
Weibull(x, y) Weibull distribution with shape parameter x and scale parameter y
triangular(x, y, z) triangular distribution with minimum parameter x, mode parameter y and maximum parameter z
uniform(x, y) uniform distribution with minimum parameter x and maximum parameter y

P. Kyösti, S. Reed / Simulation Modelling Practice and Theory 59 (2015) 52–70 53



specified period with guaranteed functional availability, defined as the percentage of time that the function is available for
use by the customer, with compensation for the customer if the guarantee is not met and the provider responsible for the
provision of all services through a service support system. Under FP, the provider delivers the function to the customer
through integrated hardware, service support system, software and management of operation [7]. In contrast to leasing,
where the means of delivering the function is specified in the contract, in FP the provider is free to determine how to fulfil
the function that the customer has purchased [8]. The role of the service support system is to provide services for the instal-
lation, setup, maintenance and decommissioning of the hardware to provide customers with the required functionality at
availability levels that meet the guarantee over the contract period [5]. The provider retains ownership of the hardware
and is granted exclusive and unhindered access to it so that they can perform services. The provision of services through
the service support system incurs costs to the provider from operating support sites at which technicians who perform
the services are based (e.g. facility and technician employment) and from fulfilment of the demanded services (e.g. travel
costs and resources such as spare parts). In addition, the cost of compensation paid to customers, incurred due to downtime
that exceeds that allowable under the contracted availability guarantees, depends on the reliability of the hardware and
timeliness with which corrective maintenance services are performed. FP contracts therefore infer additional risks for the
provider as they are sold for a pre-agreed price whilst costs depend on the long term performance of the product. By com-
bining fixed price, cost-sharing and performance-based compensation, FP transfers risk from the customer to the provider
and provides incentives for the provider to reduce the long-term costs of fulfilling customer functionality requirements.
Asiedu and Gu [9] state that operating and support costs are the most significant proportion of life-cycle costs and yet
are the most difficult to predict. As soon as FP contracts are sold, the provider is committed to the long-term costs of deliv-
ering those contracts. Predicting the cost of supporting FP contracts is therefore of utmost importance for providers in terms
of contract bidding, cost control and budgeting. Roy and Cheruvu [10] investigated service costing approaches for whole life
cycle solutions and concluded that the literature on integrated service solutions is scarce and predicting the cost of inte-
grated solutions is rare. Part of the design space that has a significant impact on the costs is the configuration of the hard-
ware, in terms of reliability and maintainability, and of the service support system, which includes the number of support
sites, their locations and the number of technicians based at each site. Meier et al. [2] emphasised the challenge for product-
service offerings to develop tools for modelling and quantitative methods to help organisations understand the perceived
value that a potential customer may hold and evaluate the level of service required. Due to the complexity of predicting
the costs arising from supporting FP contracts and the vast number of possible service support system designs, decision sup-
port tools are required. Lanza and Ruhl [11] presented a method for deriving costs of providing service contracts for machine
tool operators, using Monte Carlo simulation, resulting in a density function of service contact costs. According to Lanza and
Ruhl, the challenge for the machine tool manufacture is to provide product-accompanying services over a certain time of the
life cycle for his products or production systems. Lanza and Ruhl do not consider down time consequences or the configu-
ration of the support sites at which support technicians are based. Löfstrand et al. [12] presented a method for evaluating the
availability of functionality provided under an individual FP contract using Petri nets and discrete event simulation; however
the evaluation of support costs was not considered. Lanza et al. [25] found that a challenge for providing the included ser-
vices of a PSS is to determine the expenses over the life cycle. Through a simulation driven approach the optimal point of
service technicians and number of components supported from a cost point of view was obtained. In a conference paper,
Kyösti et al. [26] presented a decision support tool for use by management and engineering personnel at functional product
providers to analyse the costs of corrective maintenance and downtime penalties for a fixed set of FP contracts under differ-
ent support site configurations. The user inputs information on the customer and support site locations; the hardware spec-
ifications including failure modes and corrective maintenance actions; and the FP contracts to be supported at each customer
site. The tool was implemented as desktop software with a graphical user interface (GUI) for the Microsoft Windows oper-
ating system and utilised a discrete event simulation (DES) model to obtain the cost predictions and presented the analysis
to the user in the form of a chart showing the cumulative distribution of overall support costs for the simulated time period.
Several areas for improvement were identified with the tool presented in that paper. The model used within the tool has
several limitations, such as been unable to consider a portfolio of FP contracts that changed over time and only considering
the cost of corrective maintenance and downtime but not the cost of preventive, installation and decommissioning services.
The cost analysis produced by the tool was limited to the distribution of costs over the entire period analysed, with a split
between corrective and downtime costs. Whilst useful for comparing costs between different scenarios, the analysis did not
give detailed information on where the costs were being incurred in terms of source (e.g. by contract or by support site) or
time, which makes discovery and insight into areas for improving the service support design or correct pricing of individual
contracts difficult. The desktop software is also not optimal for a collaborative workflow required by the multiple users (both
for input and output data) within an FP provider and, additionally, potential users are often restricted by IT departments in
the installation of software. The optimisation and provision of decision support in applications involving the provision of
services provided by technicians based at remote locations has also been studied in other areas such as logistical distribution
[15,16], waste management [17,18], emergency service response sites [19,20] and the general facility location problem
which involves a set of spatially distributed customers and a set of facilities to serve customer demands [20–24]. Since
the role of a decision support tool is to enable the exploration of different design configurations, investigate trade-offs
and ‘‘play with the model” [13], an accessible and easy to use interface has many benefits for efficient decision making.
According to Baines et al. [14] ‘‘More quantitative methods are called for, to help organisations to understand the perceived value
that a potential customer may hold, and to evaluate the level of service that is required.” Alonso-Rasgado et al. [3] emphasised
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the need for computational tool that integrates service design, simulation of services, hardware architecture, hardware and
service support system costs for total care products. Such a tool, they suggested, could be used to carry out sensitivity anal-
ysis to determine critical system elements and cost/benefit analyses to determine optimal resource levels.

The main objectives of this paper are to present:

� The challenges relating to the prediction of the costs of supporting FP contracts.
� A decision support tool, significantly improved from the tool presented by Kyösti et al. [26], for service support cost pre-
diction which features:
– A web-based interface through which FP providers can:

� Collaboratively input details on a FP scenario comprising of the contracts, the hardware systems used to deliver the
functionality required by customers, the service support system design and various costs.

� View detailed analysis of the predicted support costs in the form of a range of statistical charts.

– A discrete event simulation (DES) model [27] that has been developed to predict support costs for different FP scenar-
ios and which runs as a cloud based web-service where servers that perform the simulations are provisioned automat-
ically on demand.

� The application of the decision support tool to an example based on an industrial FP provider.

The decision support tool is not specific to the analysis of FP in a particular industry, but rather it is applicable to any FP
scenario where the provided hardware requires installation, multiple failure mode corrective maintenance, preventive main-
tenance and decommissioning service support from technicians based at remote support sites. Since these features are com-
mon to the sale of many engineering systems to industry through the FP business model, the tool is widely applicable to
many real world scenarios. For a specific FP provider, the tool can be adapted through the customisation of the hardware
and support models to suit their individual case. The intended target user that would benefit most from the use of the tool
is product strategists in management positions within companies supplying or intending to supply engineering systems to
industry. The tool would help them to utilise the FP business model and to predict the outcomes of different scenarios in
order to make well informed decisions. Such a tool would aid to accurately predict the costs of supporting the contracts sold
as it is essential for correct pricing, designing an efficient service support system and understanding the risks involved.

2. Challenges related to predicting and optimising support costs for FP contracts

The types of cost analysis that are useful for the intended target user include:

� Overall expected cost and distribution of service support costs over a specified time period.
� Distribution of the above costs for the purpose of assessing risk.
� The expected support costs incurred through a specified time period in order to assess cash flow.
� Partitioned costs by individual support site.
� Partitioned costs by individual FP contract.

The challenges relating to producing the above types of analysis are discussed in this section.
FP contracts are customised to the functional requirements of each customer application resulting in a non-homogeneous

portfolio of contracts to be supported by the provider. Since the functional requirements will vary between customers, and
the provider is free to decide how to deliver the functionality to meet those requirements, the FP provider will either select
an appropriate hardware system from their existing product catalogue or produce a bespoke system design. Each hardware
system will differ in terms of the installation procedure, reliability, procedures for corrective and preventive maintenance
and decommissioning procedure. Since the significance and cost of downtime will vary for different customer applications,
different availability guarantee and penalties payable to the customer by the provider in the case of excess downtime may be
negotiated for each FP contract. The FP provider will be able to charge a higher price where a customer demands much stric-
ter availability requirements. The frequency and harshness with which a hardware system is used will influence the amount
of maintenance required to meet a given functional availability level. An FP contract must therefore specify terms that dic-
tate the allowable usage and use a monitoring system to ensure compliance. This also avoids the moral hazard risk that
would otherwise be present where a customer may be tempted to increase usage of a product when it is not owned by them
and they are not responsible for its maintenance [28]. Furthermore, the contracts to be supported by an FP provider will vary
over time as new contracts are sold and existing contracts expire. Any analysis of support costs will therefore need to
account for the differences between individual contracts, the hardware used to fulfil the functional requirements and the
variation in the contracts to be supported over time.

FP providers might have numerous global customers and therefore need to support hardware that is installed at diverse
locations. The variations between the contracts to be supported result in a complex demand for support from the service
support system. Since individual hardware systems will usually only require maintenance infrequently, according to its
preventive maintenance schedule and in the rare case of failure where corrective maintenance is required, it will normally
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be uneconomical for the provider to have service technicians based at the customer sites as they would not be utilised effi-
ciently. Instead, it is usually more efficient for a FP provider to base technicians at strategically positioned support sites, who
can then travel to perform services at multiple customer sites. Condition monitoring systems mean that the provider can
often be notified automatically as soon as any failure requiring corrective maintenance occurs without intervention from
the customer. However, the use of remote support sites increases the delay between a failure occurring and a service support
technician initiating the corrective maintenance due to the travel time involved, thus increasing unplanned downtime. It
also increases the costs incurred due to travel and technician time. The locations of the support sites and number of tech-
nicians employed, both of which may vary over time to reflect changes in the FP contracts to be supported, must be
accounted for in the prediction and analysis of support costs.

The main costs of supporting FP contracts arise from:

� Operating support sites and employing the technicians.
� Installing and decommissioning hardware at customer sites whenever an FP contract begins and ends.
� Contractual penalties for excess functional downtime caused by hardware failures.
� The performance of maintenance procedures by technicians at customer sites.
� Travel of technicians between support sites and customer sites in order to perform services.

The costs of downtime penalties, corrective maintenance requirements and the amount of travel to perform corrective
maintenance depend on hardware reliability, which is a stochastic process and therefore the FP provider must consider
the distribution of the predicted costs and not only the expected cost value in order to account for risk [11]. The calculation
of distributions demands a more sophisticated statistical analysis than is required for the calculation of only expected values.

Another challenge to the analysis of support costs is that the development and operation of FP is a cross-functional and
collaborative process [5] that involves a range of different departments within a provider company, including the engineer-
ing teams responsible for developing the hardware systems; the sales and marketing teams responsible for negotiating con-
tract sales terms and predicting future demand; and the senior management responsible for long term business planning.
This means that information relating to the scenario to be analysed is spread across many people in the organisation. The
need to collate information across different functions within the provider organisation therefore introduces further complex-
ities into the process of predicting support costs for FP contracts. Accurate predictions from a model will also depend on the
availability of accurate information on the FP being modelled, this is particularly challenging for new and innovative sys-
tems, where greater reliance on expert opinion and estimation will be required. However, this is a challenge that providers
must seek to address through data collection, testing, and elicitation of expert knowledge within their organisation and col-
laborative partners if they wish to pursue the FP business model. The availability of modelling tools for support cost predic-
tion will also motivate providers to collect and obtain accurate data on the products they wish to sell through the FP business
model.

3. Tool for analysing the cost of supporting FP contracts

To address the challenges of predicting the costs of supporting FP contracts that were discussed in Section 2, the authors
have developed a model and software tool that provide the user with a detailed analysis of the predicted support costs based
on a description of an FP scenario consisting of the FP contracts, the hardware used to deliver the functionality required by
customers and the configuration of the support system used to deliver support services. These predictions can support deci-
sions such as determining the viability of different scenarios, pricing individual contracts and finding ways to improve the
efficiency of the support system design. As stated by Shim et al. [29], classic decision support software tool design is com-
prised of components for (i) sophisticated database management capabilities with access to internal and external data, infor-
mation, and knowledge, (ii) powerful modelling functions accessed by a model management system, and (iii) powerful, yet
simple user interface designs that enable interactive queries, reporting, and graphing functions. The tool that has been devel-
oped, based on an earlier tool presented by Kyösti et al. [26], comprises of all the elements of classic decision support soft-
ware tool design. It features:

1. A user interface, through which details on the FP scenarios to be analysed are input, analysis initiated and analysis results
presented.

2. A database management system that stores the input data and analysis results.
3. An analysis engine that models the performance of an FP scenario in terms of support costs and calculates statistics to be

presented to the user in a resulting analysis.

3.1. Mathematical model

The mathematical model for the support of functional products by technicians at remotely located support sites is defined
in this section using the notation summarised in the Nomenclature.
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Hardware item specifications: A provider has NH specifications of hardware item available that can be used to deliver the
functionality required by customers, where each specification i has distribution function IiðtÞ giving the probability of instal-
lation being completed at or before time t after initiation of the procedure; cost of installation CIi ; distribution function DiðtÞ
giving the probability of decommissioning being completed at or before time t after initiation of the procedure; cost of
decommissioning CDi

; a set of NFi independent and non-competing failure modes; and a set of NPi preventative maintenance
procedures. Failure mode j for hardware specification i has distribution function hij ðtÞ giving the probability of occurrence at
or before operating time t since last restoration when operating under nominal conditions, distribution function gij

ðtÞ giving
the probability of restoration being completed time t after initiation of the procedure and a cost of performing the restoration
procedure CRij

. When a failure mode occurs, the hardware system is shut-down until it is restored. Fig. 1 describes the failure

and restoration process for a hardware item of specification i.
Preventive maintenance procedure j for hardware specification i has time interval between last completion and being due

again of aij , initiation deadline time period of bij
, distribution function qij

ðtÞ giving the probability that the procedure is com-

pleted at or before time t after initiation, Boolean indicator variable lij
that takes value 1 if the procedure requires that the

hardware system is shut-down whilst it is performed and takes value 0 otherwise and cost of performance CPij
. If a preven-

tive maintenance procedure is not initiated within its deadline time period of becoming due, then the hardware systemmust
be shut-down until that procedure has been initiated. The state transition diagram shown in Fig. 2 describes the process for
preventive maintenance procedure j of a hardware item of specification i.

Functional product contracts: There are NC customer sites with functional requirements to be fulfilled by the provider
hardware, where site i is situated at location LCi

. The provider agrees upon NFP functional product contracts to fulfil the cus-
tomer functional contracts, where contract i specifies terms that obligate the provider to deliver functionality to the cus-
tomer with availability of ai percent between start date SFPi and end date EFPi at customer site qFPi

. In addition, the
contract stipulates that the customer will operate the supplied hardware system in an application with operating conditions
that result in an acceleration factor Hi for the time to occurrence of failure modes compared to nominal conditions and that
compensation is due to the customer at a rate of pFPi

for each unit time of excess downtime over the contract period. The
provider chooses to use a hardware system of specification sFPi to deliver the functionality under contract i. The probability
that failure mode j of the hardware used to fulfil contract i occurs at or before operating time t from last renewal is therefore
hsiFPi j ðHFPi � tÞ.

Maintenance support: The provider operates NS support sites, where support site i operates between start date SSi and end
date ESi , is situated at location LSi , has NTi technicians available at any time during operation and has an operating cost per
unit time of CSi . The cost per unit time per technician available at a support site is CTech. The travel time and travel distance
between locations x and y are defined by functions Cðx; yÞ and Dðx; yÞ respectively. All support service procedures at cus-
tomer site i are performed by technicians based at support site wi which satisfies:

min
wi

CðLCi
; LSwi Þ; x 2 f1 . . .NSg

i.e. the support site with the lowest travel time to the customer site. In addition, each procedure is performed by a single
technician and any technician is capable of performing any procedure. When a support service procedure is due, if a tech-
nician at the assigned support site is available then they are assigned to the job immediately, otherwise they are added to a
queue. When a technician becomes available at a support site with queued procedures then they are assigned to the job with
highest priority. The procedures for hardware restoration, preventive maintenance, installation, decommission are priori-
tised by in that order with highest priority amongst procedures of the same category given to the procedure that was added
to the queue first. Once a technician is assigned to perform a procedure, they travel from the support site to the customer
site, initiate the procedure and then travel back to the support site on completion of the procedure – as shown in Fig. 3. The
cost per unit distance travelled by a technician is CD.

Cost calculations: TCCi
is the compensation fee due to the customer from the provider for downtime Di over the duration

of contract i, calculated as:

TCCi
¼ maxð0;Di � ai �UðSi; EiÞÞ � pi

where Uðx; yÞ gives the time duration between start date x and end date y and maxðx; yÞ gives the maximum value between
values x and y. TCTi is the total cost of a technician travelling between the support and customer sites to perform a service
support procedure for contract i, calculated as:

TCTi ¼ 2 � DðLCqFPi ; LSwi Þ � CD

TCPi is the total cost of performing service support procedures for contract i, calculated as:

TCPi ¼ CIsFPi
þ CDsFPi

þ
Xj¼NFsFPi

j¼1

NIFMj;sFPi

� ðTCTi þ CRsFPi j
Þ þ

Xj¼NPsFPi

j¼1

NIPj;sFPi
� ðTCTi þ CPsFPi j

Þ
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where NIFMj;k
is the number of times the restoration procedure for failure mode j of hardware item specification k was initi-

ated and NIPj;k
is the number of time that preventive maintenance procedure j of hardware item specification k was initiated.

TCSi is the cost of operating support site i and is calculated as:

TCSi ¼ UðSSi ; ESi Þ � ðCSi þ NTi � CTechÞ
TCT is the total overall service support costs, calculated as:

TCT ¼
XNC

i¼1

ðTCCi
þ TCPi Þ þ

Xj¼NS

j¼1

TCSj

Fig. 1. State transition diagram showing the failure and restoration process for a hardware item of specification i, where tDj
is the operational time since

failure mode j was last restored.

Fig. 2. State transition diagram showing the process for preventive maintenance procedure j of a hardware item of specification i.

Fig. 3. Flow chart showing the steps involved in the performance of a service support procedure.
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3.2. Discrete event simulation model analysis

The DES technique [27] was chosen as the methodology for constructing and analysing the mathematical model as part of
the software tool since it meets the following requirements:

� Model complex and dynamic processes from the mathematical model, such as the hardware reliability and maintenance
processes, where transitions in state occur at discrete points in time.

� Produce output data including distributions which show the probabilities of extreme as well as expected outcomes.

DES was deemed as the only suitable method that meets these requirements without excessive complexity and compu-
tational demands. For example, the use of the discrete-time Markov chain [30] method was deemed unsuitable due to the
presence of non-memoryless stochastic processes within the mathematical model and the huge state space that would be
required. The DES models the behaviour of a system over a time period as a sequence of events, where each event comprises
a transition in the model state at a specific time point. A simulation consists of the execution of a large number of simulation
trials, where each trial emulates the support of FP contracts over a duration, beginning at a specified start date and ending at
a specified end date, according to the chosen simulation setup. In each trial, events are generated according to the model
such as hardware failures, completion of services and arrival of technicians at customer sites. A simulation clock is set ini-
tially to the simulation start date and is advanced to the soonest event which is then processed and may generate further
events. For example, the arrival of a technician at a customer site will generate an event for the completion of the service
they were dispatched to perform. This continues until the simulation duration end time is reached and the trial ends. A flow-
chart giving an overview of the DES algorithm is shown in Fig. 4. In this flowchart, and those that follow, the start and end
points are denoted by ovals, the process steps and decisions are denoted by rectangles, the process sequence is denoted by
solid arrows and dashed arrows denote the reading and storage of key data.

An overview of the key algorithms in the simulation models, in terms of the processes that occurs when certain simula-
tion events occur, is given by the flowcharts shown in Figs. 5–7. In each of these flowcharts, the start points correspond to the
possible events that may occur during a simulation trial related to the hardware system. Fig. 5 describes key algorithms
within the model of an FP contract, Fig. 6 describes the key algorithms within the model for a support site and Fig. 7
describes the key algorithms within the model of a service job.

The model was implemented in the C# programming language [31]. During a simulation, the sequence of events that
occurs in each simulation trial is recorded. Since certain processes within the model are stochastic, such those related to
hardware reliability and the performance of services by technicians, the events that arise will differ in each simulation trial.
Once all simulation trials have been executed, the event sequences from each trial are analysed in a post-simulation process-
ing step and values such as costs due to downtime and the performance of services by technicians are calculated. By analys-
ing the sample of values calculated from the set of trials, statistics that describe the support costs in the modelled scenario
are then calculated. The simulation code is executed on remote web servers that are provisioned automatically upon demand
whenever a simulation is initiated. This means that regardless of the client device used by the user to access the tool, they
have access to powerful computing resources that are necessary due to the computationally intensive nature of the DES tech-
nique. The trials in a simulation can also be split across multiple servers to be performed in parallel to reduce the time
needed to obtain the analysis results. Once a simulation and analysis is complete, the results are stored on an online file stor-
age service in JSON format [32] and can be viewed by the user in the form of tables and charts through the web interface. The
tool also provides the capability for the user to download the raw event data produced from a simulation in the form of a text
file to enable them to perform their own custom analysis if desired.

3.3. Tool implementation

Since the information to analyse the costs of supporting FP contracts and the people that would benefit from the analysis
results are dispersed across many departments within a provider organisation, the tool was developed as a web application,
accessible through a standard web browser, facilitating collaborative data input and sharing of results between multiple
users. Additional advantages of a web application compared to native desktop application include that it does not require
installation by the user, updates to the application can be pushed to all users instantly and the application can be accessed
through devices running on any operating system capable of running a web browser. These advantages were important for
gaining feedback from partner companies whilst developing the tools, as they often have strict policies regarding the instal-
lation of new software and utilise a range of operating systems. The web application was developed using the open-source
Django framework [33] in the Python [34] and Javascript [35] programming languages. The PostgreSQL open-source data-
base system [36] is used for storing all data with the exception of analysis results which are stored on an online file storage
web service due to the large file size. Fig. 8 shows the overall architecture of the implemented decision support tool.

To use the tool, the user must go to the URL (web address) at which the web application is hosted using a standard web
browser connected to the Internet. The user can then register for an account by providing a user name and password which
they will then use to log on and access the tool. Once logged on, the user can open an existing project, that was created pre-
viously or has been shared with them by another user, or create a new project. Each project is given a name by the user that
creates it. Once opened, the user is able to input the details relating to a FP scenario to be analysed, initiate analysis and view
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analysis results. Therefore multiple projects can be used to analyse different FP scenarios. To facilitate the latter, the user is
given the option of importing data from an existing project when they create a new one. Once a project is opened, the user
can enter new data or edit the existing data relating to the FP scenario to be analysed. The data that must be input is
described in Section 3.1 on the mathematical model. For the distributions, such as hardware failure mode time to occurrence,
the user selects from a distribution functions supported by the tool (including uniform, triangular, normal, Weibull, expo-
nential and log-normal) and inputs the parameter values. For example, if the user chooses to use the triangular distribution
they will need to input minimum, modal and maximum parameter values. The location of customer and support sites are
displayed within a Google Maps [37] graphic within the web tool. The use of the map display allows customer and support
site locations to be adjusted precisely and quickly through dragging and dropping, helping to make the tool easy to use and
facilitating exploration of the solution space. The interface also utilises the Google Distance Matrix API service [38] to provide
the user with guideline values for travel times and distances between the customer and support site locations based on opti-
mal road routing. The collaborative nature of the tool enables different experts within the provider company to input data
related to their particular area of expertise and experience, thus helping to address the challenge relating to the need for
accurate input data in order to obtain accurate support cost predictions. The tool applies some validation of input data to
check that it is valid and notifies the user if invalid input data is detected. For example, if a triangular distribution is entered
and the lower limit parameter value is higher than the upper limit parameter value, the user is prompted to change this
before proceeding.

Once the details relating to an FP scenario have been input within a project, the user can run simulations to analyse the
support costs. Simulations are performed on remote servers that are provisioned automatically, allowing the user to con-
tinue to interact with the tool whilst they are performed. Once a simulation is complete, the user can view the following
charts within the tool:

Fig. 4. Flowchart showing an overview of the discrete event simulation (DES) algorithm.
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� A column chart showing the expected support costs over the complete simulated time period from performing services,
operating the support sites, travel, employing technicians and downtime penalties.

� A line chart showing the expected support costs from performing services, operating the support sites, travel, employing
technicians and downtime penalties against time in the simulated time period.

� A stacked column chart showing the expected costs attributable to each individual FP contract over the complete simu-
lated time period in terms of services performed technician travel and downtime penalties.

Fig. 5. Flowchart of the algorithms within the FP contract model for the response to certain simulation events.

Fig. 6. Flowchart of the algorithms within the support site model for the response to certain simulation events.
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� A stacked column chart showing the expected costs for each support site (and the technicians based at that site) over the
complete simulated time period in terms of performing services, operating the support site, technician travel and employ-
ing technicians.

� A histogram of the support costs in each simulation trial over the complete simulated time period from performing ser-
vices, operating the support sites, travel, employing technicians and downtime penalties.

The user also has the option of downloading the raw data on the events that occurred in each simulation trial which can
be used to perform further analysis in an external software tool.

4. Application of the tool to support cost analysis for some example FP scenarios

For the purposes of demonstration and testing, the tool was applied to an example industrial scenario. For the example
scenario, 6 different hardware systems, 10 customer sites, 4 support sites and 14 FP contracts were defined. The screenshot
from the tool in Fig. 9 shows the locations of the customer sites in Sweden. The input data used in the example scenario can
be seen in Appendix A–I (hardware specifications, failure modes, periodic maintenance, customer sites, support sites, FP con-
tracts and general costs, travel distances and travel times).

To compare support costs in different scenarios as a what-if analysis, seven projects were created based on this initial
project, each with different permutations of the four support sites but with the rest of the FP scenario unchanged. For each
of these scenarios, a simulation with a simulated time period of nine years and 100 simulation trials was performed. The

Fig. 7. Flowchart of the algorithms within the service model for the response to certain simulation events.

Fig. 8. Architecture of the decision support tool.
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delay between initiation of a simulation and the availability of results in the tool was approximately 10 s in each case. In
Fig. 10, the expected support costs derived from the simulations of each scenario can be seen. This shows that the scenario
where Sundsvall support site is excluded results in the lowest expected costs. This is not something that could easily be
determined without use of the decision support tool and therefore provides an example of how the tool can be used to pro-
vide useful cost analysis. The chart also shows the partitioning of the expected costs in terms of performance of services,
support site operations costs, technician travel costs, technician employment costs and excess downtime penalty costs for
each scenario. As shown, the scenarios with fewer support sites have lower costs for support site operations and technician
employment, but greater expected costs due to technician travel and penalties for excess downtime.

Fig. 11 shows a histogram giving the distribution of the total support costs over the entire simulated time period across
the simulation trials in the scenario with all support sites. Since the histograms describe the possible variation in costs that
can occur due to the stochastic nature of the modelled processes, they are useful for assessing the risk to the provider from
extreme adverse outcomes. It is apparent that there is considerable variation in the possible cost, ranging from approxi-
mately 300 million in the simulation trial with the best (lowest cost) outcome to approximately 380 million in the simula-
tion trial with the worst (highest cost) outcome.

In Fig. 12, the expected costs incurred due to the support of FP contracts over time are shown for the selected scenario.
Expected downtime costs are initially zero for the first few years since the downtime allowed according to the availability
guarantee is not exceeded for any contracts. Downtime costs rise quickly later on however, since any additional downtime
incurs a penalty at the rate specified in the contract once the allowable downtime has been exceeded. This chart could be
useful for the FP provider in assessing the cash flow implications of supporting the FP contracts.

Fig. 9. Screenshot from the tool showing the customer site locations for the example FP scenario.

Fig. 10. Stacked column chart showing the expected support costs over a 9 year period for each example scenario.
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Fig. 13 shows the expected support costs attributable to each individual contract for the scenario where the Sundsvall
support site is excluded is shown. From the comparison given in the chart, it is evident that some contracts contribute a sub-
stantial part of the total support costs. The three most expensive contracts are Rotator.SVA, Crane.VOL and Conveyor.RON.
Together, they cost about 115 million, which is approximately a third of the total service cost. This analysis could be used
to determine appropriate pricing for each contract and whether changes are necessary to ensure the contracts form compet-
itive offers for customers. Furthermore, this chart shows the contribution of various sources to the costs of supporting each
contract. This provides the user with insight into how the costs might be reduced. For the Rotator.SVA and Conveyor.RON
contracts, the main costs is due excess downtime, suggesting that more reliable hardware or a less strict availability
guarantee should be considered. In contrast, for the Crane.VOL contract, the main contributor to support costs is travel time,
suggesting that the closest support site to the hardware installation site may be too far away.

Fig. 11. Histogram showing the distribution of total support costs across all simulation trials for the scenario with all support sites.

Fig. 12. Expected costs throughout the simulated period for the scenario excluding the Sundsvall support site.

Fig. 13. Expected costs for individual contracts for the scenario excluding the Sundsvall support site.
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The tool has been validated to ensure that it gives the results expected from the mathematical model by comparing the
output from the tool for some simple FP scenarios to those obtained through manual calculations.

5. Discussion and conclusion

The sale of functional products (FP) is a growing trend, where customers are provided with hardware that is supported by
its provider under a contract that guarantees a specified level of functional availability. Providers of FP currently face signif-
icant difficulties in predicting the long term costs of supporting FP contracts which is vital for decisions such as contract pric-
ing and the design of the service support system. The need for tools to help providers of FP to predict and analyse the long
term support costs for the purpose of decision support has been highlighted within the literature, as well as in our own dis-
cussions with industrial companies. The main challenges in obtaining support cost predictions were identified as the non-
homogeneous nature of the individual contracts and the hardware used to deliver the required functionality to customers,
the use of remote support sites where technicians that perform services are based, the need to account for risk in the cost
predictions and the cross-functional and collaborative nature of FP development. A decision support tool, featuring a web
interface and DES model, that has been developed by the authors was presented. One of the main reasons for choosing a
web interface was to enable multiple users in different locations and functions within the organisation of an FP provider
to work together to input the information relating to the FP scenario to be analysed. The tool was also constructed to allow
different scenarios and what-if type analysis to be setup quickly and with minimal additional data input. The mathematical
and DES model that has been developed, based on a set of assumptions regarding the delivery of FP from provider to cus-
tomer, and from which support cost predictions are obtained has been presented. The use of the DES methodology enabled
the complex processes that impact on support costs, and the interactions between them, to be modelled and for detailed
support cost statistics to be produced. By implementing the simulation and analysis engine as a web-service, with servers
automatically provisioned on demand, the simulations are always performed on powerful computing resources regardless
of the client device through which the tool is accessed. It also means that simulations, and simulation trials within a simu-
lation, can be performed in parallel across multiple servers to reduce the time until results are obtained. The tool is able to
produce a range of analysis on the support costs that were identified as useful to an FP provider for decision support, includ-
ing partitioning of cost according to the source and the distribution of the costs over the complete time period analysed.
These results are presented to the user through a series of charts that are viewable within the web interface. Compared
to the existing high level models in the literature [2,3,5,10], the model presented in this paper shows a concrete implemen-
tation of a tool for obtaining detailed support cost statistics for a scenario consisting of hardware specifications, a support
site configuration and a set of FP contracts to be supported. In comparison to the only previous existing tool for prediction
and analysis of long term support costs for FP contracts [26], the tool offers:

� Improved modelling capability such as the inclusion of multiple types of support services rather than just corrective
maintenance and changes to the set of FP contracts that are supported over time.

� Detailed analysis of the service support costs, such as cost probability distributions and breakdown of costs by source and
area.

� Web based interface that enables collaboration and access to powerful simulation capabilities for multiple users.

The tool was used to analyse support costs for some example FP scenarios, each having a different set of support sites.
From the results, it was clear that a particular set of support sites was optimal for minimising the expected costs and showed
that certain contracts were disproportionally expensive to support. These gave a clear illustration of the types of insight that
can be obtained from the tool that are useful in decisions relating to the pricing of contracts and optimisation of the service
support system design. The simulation model developed within the tool is based on assumptions which may differ signifi-
cantly from reality for certain real world FP scenarios. Nevertheless, the research presented in this paper is a concrete
demonstration of the feasibility and importance of developing such tools. It has shown the key challenges that tools devel-
oped for this purpose must address, the benefits of using a web interface, the suitability of DES as the modelling technique
and a practical implementation of a model of an FP scenario for calculating support costs. Furthermore, the results from the
example analysis have shown that the tool has the potential to produce analysis with significant value FP providers in rela-
tion to decisions regarding the sale, delivery and support of FP contracts. As with any model, the accuracy of the output
depends on the accuracy of the input data. The tool requires input data on various aspects of an FP scenario including the
FP contracts, hardware, services, support sites and costs. This data may be difficult to approximate, particularly data that
involves future projections such as the sale of contracts. However, this is a limitation present whichever method of predic-
tion is used and cannot be avoided. In the initial stages of the development of new products, best estimates may be input into
the tool to gain insight into likely support costs, which can then be refined and updated as understanding and knowledge of
the product increases.

Future work includes a plan to improve the tool through the integration of more detailed and accurate models, for
example through the use of Petri nets [39] for the modelling of hardware reliability and maintenance, and options for dif-
ferent assumptions to make the tool more generally applicable to different FP providers. These changes to the model will
alter the input data required and therefore necessitate corresponding changes to the user interface. Another area for future
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development is to extend the tool beyond decision support by integrating algorithms for automated decision making and
optimisation based on the support cost analysis output from the simulations. Since the aim of the tool is to provide decision
support to FP providers, it should continue to be developed with input from industrial companies. So far only maintenance
management and engineering personnel have been involved with the tool’s development and it would be interesting to gain
input from other functional roles.
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Appendix A. Hardware specifications

Name Installation
cost

Decommission
cost

Installation
time
distribution
(h)

Decommission
time
distribution (h)

Failure modes
(see Appendix B)

Periodic
maintenance (see
Appendix C)

1 Hydraulic
system
CBM1200

1,000,000 30,000 triangular
(5.0, 6.0, 7)

triangular
(2.0, 3.0, 4.0)

1, 2, 3, 4, 5, 6 1, 2, 3

2 Hydraulic
system
CBM2000

1,100,000 30,000 triangular
(2.0, 3.0, 4.5)

triangular
(2.3, 3.6, 6)

7, 8, 9, 10, 11 4, 5, 6

3 Hydraulic
system
CBM2600

1,200,000 30,000 triangular
(8.0, 11.0, 15)

triangular
(3.1, 5.0, 6)

12, 13, 14, 15, 16 7, 8, 9

4 Hydraulic
system
CBM3000

1,300,000 45,000 exponential
(0.05)

exponential
(0.06)

17, 18, 19, 20, 21 10, 11, 12

5 Hydraulic
system
CBM4000

1,400,000 40,000 uniform
(20, 30)

uniform(10, 20) 22, 23, 24, 25, 26 13, 14, 15

6 Hydraulic
system
CBM5000

1,500,000 50,000 exponential
(0.03)

exponential
(0.05)

27, 28, 29, 30, 31 16, 17, 18

Appendix B. Failure modes

Name Time to occurrence distribution (h) Time to restoration distribution (h) Restoration cost

1 Cooler clogging exponential(0.0005) triangular(2.0, 3.0, 4.5) 20,000
2 Electric motor failure exponential(0.0002) triangular(5.0, 6.0, 7) 20,000
3 Filter change exponential(0.0003) triangular(1.0, 1.5, 3) 10,000
4 Motor failure exponential(0.0001) triangular(20, 22, 30) 30,000
5 PEC short circuit exponential(0.0005) triangular(4.0, 5.0, 7) 50,000
6 Pump seizure exponential(0.0003) triangular(5.0, 6.0, 8) 50,000
7 Cooler failure exponential(0.0003) triangular(1.0, 2, 4.0) 50,000
8 Electric motor failure exponential(0.00045) triangular(5.0, 6.0, 8) 60,000
9 Motor failure exponential(0.0001) triangular(20, 24, 30) 40,000

10 PEC failure exponential(0.0003) triangular(5.0, 6.0, 10) 50,000
11 Pump failure exponential(0.0001) triangular(10.0,12, 4.0) 50,000
12 Cooler clogging exponential(0.0003) triangular(2.0, 3.2, 4.0) 10,000
13 Electric motor exponential(0.0001) triangular(5.0, 6.0, 10) 10,000
14 Motor failure exponential(0.0001) triangular(20.0, 25, 30) 10,000
15 PEC failure exponential(0.0003) triangular(5.0, 7.2, 10) 10000
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Failure modes (continued)

Name Time to occurrence distribution (h) Time to restoration distribution (h) Restoration cost

16 Pump failure exponential(0.0005) triangular(5.0, 6.0, 8) 50,000
17 Cooler failure exponential(0.0005) triangular(2.0, 3, 4.0) 50,000
18 Electric motor failure exponential(0.0002) triangular(12.0,13, 4.0) 10,000
19 Motor failure exponential(0.0001) triangular(10, 15, 30) 10,000
20 PEC failure exponential(0.0003) triangular(10, 12.0, 15) 80,000
21 Pump failure exponential(0.0005) triangular(10.0,12.0,18) 50,000
22 Cooler clogging exponential(0.0004) triangular(2.0, 3.2, 4.0) 20,000
23 Electric motor failure exponential(0.0003) triangular(10, 12, 16) 40,000
24 Motor failure exponential(0.0001) triangular(20.0, 30.0, 45) 40,000
25 PEC short circuit exponential(0.0002) triangular(5.0, 6.0, 8) 10,000
26 Pump seizure exponential(0.0003) triangular(4.0, 5.0, 6.5) 15,000
27 Cooler failure exponential(0.0003) triangular(1.0, 2.0, 4) 100,000
28 Electric motor failure exponential(0.0002) triangular(10.0, 13.0, 16) 120,000
29 Motor failure exponential(0.0001) exponential(0.5) 500,000
30 PEC failure exponential(0.0003) triangular(10.0, 12.0, 14) 100,000
31 Pump failure exponential(0.0003) triangular(5.0, 6.0, 8) 100,000

Appendix C. Periodic maintenance

Name Shutdown
requirement

Interval time
(h)

Initiation deadline time
(h)

Completion time distribution
(h)

Cost

1 Cleaning True 10,000 10 triangular(1.0, 2.5, 3) 30,000
2 Oil change True 8000 10 triangular(2.0, 3.0, 4.5) 50,000
3 Seal change True 9000 10 triangular(2.0, 3.0, 4.5) 20,000
4 Oil change True 10,000 10 triangular(2.0, 3.0, 4.5) 50,000
5 Overhaul True 12,000 10 triangular(2.0, 3.0, 4.5) 10,000
6 Seal change True 8000 10 triangular(2.0, 3.0, 4.5) 10,000
7 Oil change True 12,000 10 triangular(2.0, 3.0, 4.5) 30,000
8 Overhaul True 10,000 10 triangular(20.0, 30.0, 40.5) 10,000
9 Seal change True 8000 10 triangular(2.0, 3.0, 4.5) 10,000

10 Filter change True 9000 10 triangular(2.0, 3.0, 4.5) 40,000
11 Oil change True 10,000 10 triangular(2.0, 3.0, 4.5) 30,000
12 Seal change True 13,000 10 triangular(20.0, 30.0, 40.5) 10,000
13 Cleaning True 10,000 10 triangular(1.0, 2.0, 2.5) 50,000
14 Oil change True 9000 10 triangular(2.0, 3.0, 4.5) 10,000
15 Seal change True 8500 10 triangular(20.0, 21, 24) 10,000
16 10000hrs

check
True 10,000 10 triangular(10.0, 15, 17) 30,000

17 Filter change True 12,000 10 triangular(2.0, 3.0, 4.5) 50,000
18 Seal change True 9000 10 triangular(2.0, 3.0, 4.5) 10,000

Appendix D. Customer sites

Name Location (Latitude, Longitude) Support site (see Appendix E)

1 Arlanda airport (59.65, 17,93) 1, 2, 3, 4
2 Gallivare Mine (67.16, 20.68) 1, 2, 3, 4
3 Hudiksvall Metalservice (61.77, 17.05) 1, 2, 3, 4
4 Kiruna Mine (67.88, 20.05) 1, 2, 3, 4
5 Luleå Hamn (65.56, 22.19) 1, 2, 3, 4

(continued on next page)
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Customer sites (continued)

Name Location (Latitude, Longitude) Support site (see Appendix E)

6 Östersund Energi (63.15, 14.70) 1, 2, 3, 4
7 Rönnkärsverken (64.69, 21.21) 1, 2, 3, 4
8 Svappavaara Mine (67.64, 21.01) 1, 2, 3, 4
9 Umeå Harbour (63.69, 20.32) 1, 2, 3, 4

10 Volvo Cars (57.72, 11.84) 1, 2, 3, 4

Appendix E. Support sites

Name Location (Latitude,
Longitude)

Start
date

End date Annual
cost

Setup
cost

Number of technicians
available

1 Kiruna office (67.83, 20.28) 2/1/2015 1/1/2040 200,0000 200,0000 2
2 Övik HQ (63.28, 18.73) 2/1/2015 1/1/2040 200,0000 200,0000 2
3 Piteå office (65.28, 21.50) 2/1/2015 1/1/2040 200,0000 200,0000 2
4 Sundsvall
office

(62.40, 17.30) 1/1/2030 1/1/2040 200,0000 200,0000 2

Appendix F. FP contracts

Name Contract
start date

Contract
end date

Acceleration factor
for time to
occurrence of
failure modes

Guaranteed
availability
(%)

Compensation
payment per hour
of excess
downtime

Hardware
specification
(see
Appendix A)

Customer
site (see
Appendix
D)

1 Compacter1.
OST

1/13/2020 1/1/2023 0.9 95 10,000 3 6

2 Compacter2.
OST

2/4/2020 1/11/2023 0.9 97 10,000 3 6

3 Conveyor.
RON

1/23/2019 4/22/2024 0.9 99 50,000 3 7

4 Crane.LHB 1/14/2015 1/1/2023 0.9 99 10,000 6 9
5 Crane.VOL 2/26/2016 3/1/2024 0.9 99 10,000 3 10
6 Crusher.GAL 1/30/2018 3/31/2023 0.9 99 10,000 6 2
7 Crusher.KIR 1/7/2018 4/30/2024 0.9 99 10,000 6 4
8 Harbour
Crane1.UHB

1/4/2019 12/19/2024 0.9 99 40,000 5 9

9 Harbour
Crane2.UHB

1/5/2018 12/1/2024 0.9 99 40,000 6 9

10 Luggage
crane1.ARL

1/15/2015 1/19/2024 0.9 99 10,000 3 1

11 Luggage
crane2.ARL

2/5/2015 1/1/2024 0.9 95 10,000 1 1

12 Luggage
crane3.ARL

1/20/2018 12/1/2024 0.9 99 10,000 6 1

13 Pump.HMS 1/7/2017 1/17/2023 0.9 96 50,000 2 3
14 Rotator.SVA 1/12/2017 1/1/2024 0.9 99 80,000 3 8
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Appendix G. General costs

Cost type Cost

Technician availability cost per hour 57
Travel cost per kilometer 100

Appendix H. Travel distances (km)

Kiruna office Övik HQ Piteå office Sundsvall office

Arlanda airport 1197.0 49.0 811.0 345.0
Gallivare Mine 121.0 610.0 294.0 761.0
Hudiksvall Metalservice 937.0 234.0 551.0 85.0
Kiruna Mine 12.0 716.0 401.0 867.0
Luleå Hamn 334.0 379.0 63.0 530.0
Östersund Energi 811.0 256.0 539.0 186.0
Rönnkärsverken 473.0 237.0 86.55 388.0
Svappavaara Mine 46.0 670.0 354.0 821.0
Umeå Harbour 610.0 119.0 224.0 270.0
Volvo Cars 1588.0 885.0 1202.0 736.0

Appendix I. Travel times (h)

Kiruna office Övik HQ Piteå office Sundsvall office

Arlanda airport 13.25 5.00 8.75 3.50
Gallivare Mine 1.50 7.00 3.50 8.75
Hudiksvall Metalservice 10.90 2.75 6.50 1.00
Kiruna Mine 0.30 8.45 4.85 10.15
Luleå Hamn 4.20 4.45 1.00 6.15
Östersund Energi 10.40 3.30 6.90 2.50
Rönnkärsverken 5.50 2.75 1.00 4.50
Svappavaara Mine 1.00 7.90 4.40 9.55
Umeå Harbour 7.15 1.50 2.80 3.15
Volvo Cars 18.00 9.90 13.50 8.00

References

[1] M. Goedkoop, C. van Haler, H. te Riele, P. Rommers, Product Service-Systems, ecological and economic basics. Report for Dutch Ministries of
Environment (VROM) and Economic Affairs (EZ), 1999.

[2] H. Meier, R. Roy, G. Seliger, Industrial Product-Service Systems-IPS2, CIRP Annals – Manuf. Technol. 59 (2) (2010) 607–627.
[3] T. Alonso-Rasgado, G. Thompson, B.O. Elfström, The design of functional (total care) products, J. Eng. Des. 15 (6) (2004) 515–540.
[4] O. Brännström, B.-O. Elfström, G. Thompson, Functional products create new demands on product development organisations, in: International

Conference on Engineering Design (ICED), Glasgow, 2001.
[5] M. Löfstrand, M. Karlberg, L. Karlsson, J. Andrews, Functional product system availability: simulation-driven design and operation through coupled

multi-objective optimisation, Int. J. Prod. Develop. 13 (2) (2011) 119–131.
[6] S. Kim, M.A. Cohen, S. Netessine, Performance contracting in after-sales service supply chains, Manage. Sci. 53 (12) (2007).
[7] J. Lindström, M. Löfstrand, M. Karlberg, L. Karlsson, A development process for functional products: hardware, software, service support system and

management of operation”, Int. J. Prod. Develop. 16 (3/4) (2012) 284–303.
[8] E. Sundin, B. Bras, Making functional sales environmentally and economically beneficial through product remanufacturing, J. Clean. Product. 13 (9)

(2005).
[9] Y. Asiedu, P. Gu, Product life cycle cost analysis: state of the art review, Int. J. Prod. Res. 36 (4) (1998) 883–908.
[10] R. Roy, K.S. Cheruvu, A competitive framework for industrial product-service systems, Int. J. Internet Manuf. Serv. 2 (1) (2009) 4–29.
[11] G. Lanza, J. Ruhl, Simulation of service costs throughout the life cycle of production facilities, CIRP J. Manuf. Sci. Technol. (2009).
[12] M. Löfstrand, P. Kyösti, S. Reed, B. Backe, Evaluating availability of functional products through simulation, Simul. Model. Pract. Theory 47 (2014) 196–

209.
[13] A.P. de Guess, Planning as Learning, Harvard Business Review, 1988.

P. Kyösti, S. Reed / Simulation Modelling Practice and Theory 59 (2015) 52–70 69



[14] T.S. Baines, H.W. Lightfoot, S. Evans, A. Neely, R. Greenough, J. Peppard, R. Roy, E. Shehab, A. Braganza, A. Tiwari, J.R. Alcock, J.P. Angus, M. Bastl, A.
Cousens, P. Irving, M. Johnson, J. Kingston, H. Lockett, V. Martinez, P. Michele, D. Tranfield, I.M. Walton, H. Wilson, State-of-the-art in product-service
systems, Proc. Inst. Mech. Eng., B: J. Eng. Manuf. 221 (10) (2007) 1543–1552.

[15] G. Montibeller, H. Yoshizaki, A framework for locating logistic facilities with multi-criteria decision analysis, in: Evolutionary Multi-Criterion
Optimization, Lecture Notes in Computer Science, vol. 6576, 2011, pp. 505–519.

[16] L. Yang, X. Ji, Z. Gao, K. Li, Logistics distribution centers location problem and algorithm under fuzzy environment, J. Comput. Appl. Math. 208 (2)
(2007) 303–315.

[17] S. Cheng, C.W. Chan, G.H. Huang, An integrated multi-criteria decision analysis and inexact mixed integer linear programming approach for solid waste
management, Eng. Appl. Artif. Intell. 16 (2003) 543–554.

[18] I. Giannikos, A multi-objective programming model for locating treatment sites and routing hazardous wastes, Eur. J. Oper. Res. 104 (1998) 333–342.
[19] M.A. Badri, A.K. Mortagy, A. Alsayed, A multi-objective model for locating fire stations, Eur. J. Oper. Res. 110 (1998) 243–260.
[20] L. Brotcorne, G. Laporte, F. Semet, Ambulance location and relocation models, Eur. J. Oper. Res. 147 (3) (2003) 451–463.
[21] A. Klose, A. Drexl, Facility location models for distribution system design, Eur. J. Oper. Res. 162 (1) (2005) 4–29.
[22] M.T. Melo, S. Nickel, F. Saldanha-da-Gama, Facility location and supply chain management – a review, Eur. J. Oper. Res. 196 (2) (2009) 401–412.
[23] M.S. Daskin, Network and Discrete Location: Models Algorithms and Applications, second ed., Wiley, 2013.
[24] M. Goetschalckx, B. Fleischmann, Strategic Network Planning. Supply Chain Management and Advanced Planning, Springer, Berlin, Heidelberg, 2005.

pp. 117–137.
[25] G. Lanza, B. Behmann, P. Werner, S. Vöhringer, Simulation of life cycle costs of a product service system. In Functional Thinking for Value Creation,

Springer, Berlin, Heidelberg, 2011, pp. 159–164.
[26] P. Kyösti, S. Reed, S. Sjödin, A Decision Support Tool for Optimising Support Site Configuration of Functional Products, Procedia CIRP, vol. 22, 2014, pp.

175–180.
[27] J. Banks, Handbook of Simulation, Wiley, New York, 1998, pp. 3–389.
[28] W. Reim, V. Parida, J. Lindström, Risks for functional Products-Empirical insights from two Swedish manufacturing companies, Procedia CIRP 11 (2013)

340–345.
[29] J.P. Shim, M. Warkentin, J.F. Courtney, D.J. Power, R. Sharda, C. Carlsson, Past, present, and future of decision support technology, Decis. Support Syst. 33

(2) (2002) 111–126.
[30] J.R. Norris, Markov Chains, Cambridge University Press, 1998.
[31] A. Hejlsberg, M. Torgersen, S. Wiltamuth, P. Golde, The C# Programming Language, fourth ed., Addison Wesley, 2010.
[32] The JSON Data Interchange Format, Standard ECMA-404, ECMA International, first ed., 2013.
[33] Django Version 1.7 [Computer Software], Django Software Foundation, 2015. Available at <https://djangoproject.com>.
[34] Python Language Reference Version 2.7, Python Software Foundation, 2015. Available at <http://www.python.org>.
[35] D. Flanagan, JavaScript: The Definitive Guide, sixth ed., O’Reilly, 2014.
[36] PostgreSQL Version 9.4.1 [Computer Software], The PostgreSQL Global Development Group, 2015, <http://postgresql.org> (URL accessed February,

2015).
[37] Google Maps API, 2015, <https://developers.google.com/maps/> (URL accessed February, 2015).
[38] Google Maps Distance Matrix API, <https://developers.google.com/maps/documentation/distancematrix/> (URL accessed February, 2015).
[39] W.G. Schneeweiss, Petri Nets for Reliability Modeling, LiLoLe Publishing, 1999.

70 P. Kyösti, S. Reed / Simulation Modelling Practice and Theory 59 (2015) 52–70










