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Abstract 
The aim of the work presented in this thesis is the development of the tools that 
support industry in offering Functional Products as a viable business case. A 
support system modelling and simulation tool, such as the one demonstrated in this 
thesis, improves the possibilities of developing the support system early, 
concurrently with the development of the hardware. By conducting a number of 
individual interviews and group interviews, followed by a fault tree analysis to 
obtain the critical system components, a support system model was synthesised 
from the qualitative data. The model was transferred into computer software 
designed in-house using C# to enable sufficient flexibility.  

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 presents a modelling language for representing the details necessary to 
analyse and model the implementation of maintenance strategies for multi-
component hardware. Some areas of refinement of the support system model are 
exemplified, such as travel distances and the occurrence of rare but harmful events. 
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1 Supporting industry through support system simulation 
This chapter introduces the context, the industrial motivation, research questions, 
and the aim and scope of the presented research. 

When some industrial companies today purchase a product, they demand more than 
just a hardware item. Instead, functionality of all production components is 
demanded (Löfstrand et al., 2011). The functional product (FP) (Alonso-Rasgado et 
al., 2004) is a business case in which the expected output of one such component is 
offered, guaranteed and sold as a function. By offering a function with a specified 
level of availability, the provider of FPs retains the ownership of the hardware and 
the support system and can offer new and competitive business solutions. Retaining 
ownership puts more pressure on the provider, since the terms of the contract are no 
longer upheld once a hardware component is delivered but rather when the term of 
the contract has expired and performance requirements are fulfilled. The advantage 
for customers in an FP agreement is that they no longer have to worry about the 
hardware performing and can focus on their own area of expertise. By offering a 
more inclusive product to the customers, providers of FPs gain the upper hand in 
comparison to their more hardware-oriented competitors. Since the maintenance and 
planning will be managed and run by the provider, they will be able to, by means of 
monitoring and optimisation, guarantee delivery of availability of the agreed-upon 
function. In the long run, the providers of FPs will therefore have a good chance of 
gaining a good reputation among their peers and customers. 

The research presented in this thesis focuses on the modelling and simulation of the 
support system included in a FP. Of specific interest is the distribution of resources 
such as number of maintenance personnel, which affects the performance of the 
support system and, thereby, also the operational availability of the whole industrial 
system.  

1.1 Purpose of support system simulation and modelling 
For the FP to be a viable product to offer, two key parameters have to be predictable: 
the availability of the promised function over the contracted time and the cost related 
to achieving this availability (Löfstrand et al., 2011). The offered function is defined 
by quantifiable outputs such as, for a hydraulic drive system, power, torque or 
speed. Failure to deliver the specified level of availability of the agreed-upon 
function will not only affect the customer but also the provider, who will incur 
financial penalties and diminished reputation. The FP is an integrated product 
offering consisting of hardware and support system as per the definition by Alonso-
Rasgado et al. (2004). Other definitions include Brännström et al. (2001), where 
software, support system and hardware are considered to be sub-entities of the FP. 
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Löfstrand et al. (2011) present a framework for a simulation approach of how to 
develop a functional product for availability, which can be seen in figure 1.1.1. It is 
the provider’s responsibility to deliver the function in a timely manner, and the 
agreed upon availability level is a key parameter for quantifying the delivery of the 
FP. 

 

Figure 1.1.1. Schematic representation of a simulation approach for functional 
product development for availability 

With the framework by Löfstrand et al. (2011) as a theoretical base, the different 
subsystems in Figure 1.1.1 can be further investigated. In this thesis it is the 
support system that is studied and the next section takes a closer look at other 
attempts that have been made in modelling and simulating support systems.  
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1.2 Modelling and simulation of support systems  
Modelling a support system can be approached in different ways. Li and Thompson 
(2009) present an approach for arriving at a design of a support system through 
structured analysis and design technique (SADT) (Marca and McGowan, 1987) and 
suggest how critical activity analysis can be used to improve the service reliability. 
Other methods of modelling a support system include blueprinting and the 
molecular approach (Shostack, 1982). In the research presented in this thesis the 
reasoning by Li and Thompson (2009), and Marca and McGowan (1987) has been 
considered in the modelling of the maintenance procedures. 

Even if the sale of the FP is not the long-term goal, availability is a well-known key 
parameter in quantifying the performance of a component or subsystem. The level of 
availability of function delivered refers to how much of the total contracted time the 
system will spend in operational state. Availability definitions are further addressed 
in section 2.3. This thesis addresses the circumstances regarding events when the 
function fails, becomes unavailable and is restored to working condition through 
maintenance activities.  

Based on Smith’s (2011) definition of repair activities, Figure 1.2.1 shows which 
activities are included in downtime (unavailable time) and how those activities are 
separated. In the support system described in this thesis none of the contributors to 
downtime are considered irrelevant and should all be taken into consideration.  

Downtime

Passive repair activities:
Logisitc time
Administrative time
Access

Active repair activities:
(Realization)
Access
Diagnosis
Spares
Replace
Check
Align  

Figure 1.2.1. Downtime constituents according to Smith 

The passive1 repair activities will not add to the downtime for some availability 
definitions (see section 2.3). Smith’s (2011) terminology for identifying component 
failure is “realization”. Realisation is, in this thesis, not considered a repair activity 
but is included, since it adds to downtime. All time not included in downtime is 

                                            

1 Passive repair activities depend on the maintenance environment, whilst active repair activities 
depend on the skill and speed of the technician performing the maintenance. 
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considered uptime, which means that the system is working and available. The 
accumulated downtime over a certain timeframe divided by the total time will yield 
the unavailability of the system for that time, which in turn also yields the 
operational availability (see section 2.3).  

Alonso-Rasgado et al. (2004) define service reliability as the probability that a 
service will generate a defined functional output within prescribed limits, for a given 
period of time, using defined resources and under prescribed environmental 
conditions. According to Alonso-Rasgado et al. (2004) the total support system 
includes: 

 Actions on hardware (remanufacture, spares provision, on-site work) 
 Decision-making, forecasting 
 Operations planning, data collection storage 

intellectual property (education of users and suppliers) 

To enable the function provider to deliver a function throughout the whole lifecycle, 
a support system is needed to prevent failures and to keep the downtime to a 
minimum. The service support system includes all constituents required to ensure 
that the hardware can deliver the promised function (Alonso-Rasgado et al., 2004) 
over the life span of the FP. Further, the service support system includes: 
documentation, personnel, tools, education, prediction and planning. For less 
demanding products, the support system is often simpler, while for higher demand- 
and complexity levels the requirements on the support system increase. A support 
system designed to support numerous products for a range of customers is complex 
and requires coordination and planning, which could be the case for a supplier of 
FPs. Investigated in this thesis are the possible benefits of modelling and simulating 
the support system and thereby better predicting outcomes of strategies and 
decisions.   

1.3 Research context 
The research presented in this thesis was funded by the Faste Laboratory for 
Functional Product Innovation (Faste online: acc. 2012-08-16). The aim of the Faste 
Laboratory is FP innovation. The research has also been funded by SmartVortex 
(SmartVortex online: acc. 2012-08-16), of which the goal is to provide a technological 
infrastructure consisting of a comprehensive suite of interoperable tools, services, 
and methods for intelligent management and analysis of massive data streams in 
the context of FP development. These tools, services and methods will be used to 
achieve better collaboration and decision-making in large-scale collaborative projects 
concerning industrial innovation engineering. Also, funding has been provided via 
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the Scalable Search of Product lifecycle Information project (SSPI) (SSPI online acc. 
2012-08-16). The goal of the SSPI project is to develop software systems for efficient 
and scalable search of product data and meta-knowledge produced during the entire 
product lifecycle and the intention is to develop such software systems based on 
Data Stream Management Systems (DSMS) and the semantic web model. 

The area of FPs can be approached from different standpoints. This thesis pertains 
to the research subject of Computer Aided Design in the Division of Product and 
Production Development, and research has been conducted within this context.  

The next section will briefly explain the industrial contacts and why they are 
interested in the research conducted in this thesis.  

1.4 Industrial motivation 
The research presented in this thesis has been carried out in collaboration with the 
Swedish company Hägglunds Drives AB (HDAB), a part of the Bosch Rexroth group 
(HDAB online acc. 2012-08-23). HDAB is a multinational industrial corporation that 
sells hydraulic drive systems. Historically, HDAB has sold hydraulic components to 
industrial customers and has over the past decade sold entire hydraulic systems. 
HDAB plans to also sell function and has started investigating how well they need 
to know their own hardware and support system in order to be able to accurately 
predict availability. By monitoring and interpreting signals from hydraulic systems 
in use and incorporating this into a simulation model, HDAB wishes to enhance 
their ability to predict the availability of their hydraulic systems. 

The support system affects operational availability and the cost associated with 
availability. Since HDAB is quite interested in being able to simulate and predict 
their hydraulic system availability, their motivation to present the author with 
accurate information for modelling the support system has been excellent. 
Essentially, HDAB’s needs for future development underlie the research questions 
which are presented in section 1.5. 

1.5 Research questions 
A. How should the support system be modelled to quantify its performance? 

B. How should modelling and simulation of the service support system be used to 

predict availability? 

The next chapter will clarify how the research questions are expanded into the aim, 
scope and limitations guiding the research.  
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1.6 Aim and scope 
Given the industrial motivation in section 1.4 and the research questions in section 
1.5, two main parameters for functional offers in technical sciences are availability 
and cost, given that certain boundary conditions in terms of performance are 
fulfilled, for example, the torque and speed of a motor. Thus, for industry, the 
advantages of predicting these parameters are apparent.  

The aim of the research presented in this thesis is to develop demonstrative tools 
and methods for modelling and simulation of support system availability in the 
context of FPs, which are applicable for industry. Employed in industry, these tools 
should increase quality and shorten development time of FPs. 

The scope of this thesis includes creating new scientific knowledge in order to 
support industrial development of FPs. Furthermore, the scope also comprises 
manufacturing industry, business-to-business (B2B) offers and “in-house” 
development of computer software, and should be applicable for standard product 
offerings as well as for FPs. 

The next chapter introduces the theoretical foundations necessary to reach the aim, 
including product development, simulation-driven design (SDD) and various 
definitions of availability. 
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2 Theoretical foundations 
This chapter includes the theoretical concepts of product development, Simulation 
Driven Design (SDD), FP offering, reliability and availability prediction tools, and 
system availability definitions. 

2.1 Product development  
Central in the work presented in this thesis is the development of the tools that 
support industry in offering FPs as a viable business case. One recognised tool is the 
general product development process by Ulrich and Eppinger (2008), which can be 
seen in Figure 2.1.1.  

Planning Concept 
Development

System-Level 
Design Detail Design Testing and 

Refinement
Production Ramp-

Up

 

Figure 2.1.1. Ulrich and Eppinger product development process 

The development process starts with the gathering of customer needs and the 
definition of scope. Once these have been established a requirement list is designed. 
Through concept development methods such as brainstorming, many concepts are 
produced. The number of concepts is then reduced and expanded incrementally by a 
number of techniques to arrive at a good design solution. Figure 2.1.2 illustrates 
how Ulrich and Eppinger (2008) describe how the number of simultaneously 
considered concepts should change throughout the development of a product. 
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Concept generation

Concept screening

Concept scoring

Concept testing  

Figure 2.1.2. Divergent and convergent phases according to the Ulrich and Eppinger 
Product Development Process 

When services are sold today they are more or less developed in the Production 
Ramp-up stage, although consideration is taken during the development, based on 
the experience of the designers, to make sure the component is maintainable. A 
support system modelling and simulation tool, such as the one demonstrated in this 
thesis, would improve the possibilities of designing the support system early. The 
FP development of hardware and support system should be concurrent. Concurrent 
development of support system and hardware will optimise the cost and delivered 
function by taking more factors into account and thereby influencing hardware 
design. The offering of FPs is further discussed in section 2.4. A good simulation 
model of the support system would also be useful in later stages of the product 
lifecycle, such as in the ongoing work of planning maintenance.  

2.2 Simulation Driven Design 
The modelling and simulation tools and methods discussed in this thesis are 
intended to be used as a part of a SDD methodology. This section presents important 
definitions in the area of SDD in relation to support system modelling and 
simulation. 
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A review of the area of SDD was conducted by Karlberg et al. (2012) including 
history, definitions, criteria and effects of using SDD approaches. 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. Sellgren also 
pointed out that the use of simulations, not only as a verifying tool but also as a 
concept generation tool, will maximise 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 (as explained in 
chapter 2.1) is advantageous and will enable the provider to predict operational 
availability and associated costs, thereby simplifying the industrial sale of the FP. 
Simulations provide the opportunity to obtain more information about complex 
systems, which would not be possible by analogous calculations (SPACECLAIM 
Corporation, 2009). Support systems benefit from being included as a part of 
availability simulations early in the product development process event, though they 
allow for late changes to a greater extent than hardware designs (Li and Thompson, 
2007). The implementation of an SDD approach for the support system benefits the 
FP, since the support system will be part of the offer and will impact the delivered 
availability.  

As identified by Li and Thompson (2006), simulation is a suitable method to obtain 
reliability indexes for service design in the context of FP. These reliability indexes 
are useful for decision-making in the development of FP but also in operation. A 
simulation-driven approach can be utilised to implement the support system 
simulations into the FP development in a structured manner. 

2.3 Functional product offering  
FP development shows some similarities to the product development process (Figure 
2.1.2). According to Lindström et al. (2012), since FP promises function, it must 
involve all constituents in the development process including hardware, software, 
support system and management of operation. Additionally, Lindström et al. (2012) 
stressed the importance of knowledge sharing between the development teams 
during the development phase.  

FP development embodies more aspects than the traditional product development, 
since the product is no longer just hardware but rather a system of components and 
services of which the purpose is to deliver a function to a customer (Alonso-Rasgado 
et al., 2004). Alonso-Rasgado et al. (2004) point out that selling function instead of 
hardware is a high-risk venture where availability is a key parameter and also that 
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it is essential that service reliability is predictable. Alonso-Rasgado and Thompson 
(2006) present an approach for how to arrive at a good solution rapidly in the 
development of an FP and also suggest how the different constituent can be 
arranged, which is further discussed in Paper B.   

The FP offering is related to product service systems (PSS) (Baines et al., 2007) and 
industrial product service systems (IPS2) (Meier et al., 2010) through the addition of 
services (servitization) to a product core. Thus, a combined offering is achieved; 
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, emphasising the advantages of increased control 
over environmental impacts. Traditionally, product development has been focused 
on prediction of hardware behaviour. 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) also states that the 
conversion of the product from a traditional hardware-oriented one to a function-
oriented one will require new design perspectives to be taken into account. The 
tangible hardware components can be designed with the intangible service system in 
mind and the service system will have to be more targeted for specific hardware 
demands. According to Morelli (2003), the boundaries between hardware component 
offerings and service offering will have to be merged for this new business model to 
work from a product management perspective. Morelli (2003) further focuses on the 
designer and suggests that more responsibility should be put on the designer 
regarding social construction of technological systems, market orientation and 
organisation. While the author agrees 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 should be utilised together 
with computer tools to allow knowledge to be integrated, according to Sellgren 
(1999). 

PSSs are related to FPs in that they have combinations of tangible and intangible 
elements in the product offering. 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 can 
both aim to fulfil more customer needs and increase revenue. In result-oriented 
PSSs the tangible product is replaced by a service. 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 and sells function to the customer. One main difference 
is that the hardware in a FP is developed to deliver a function and also has a 
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custom-designed support system which ensures that function can be delivered as 
promised. The FP is also more suitable for having an integrated DSMS system 
which secures the availability of the FP (Paper B). All this makes the FP suitable for 
business-to-business contracts where the collaboration between provider and 
customer is continuous and informal. 

2.4 Reliability and availability prediction tools 
Recognised concepts in the area of availability prediction are the process of 
Reliability Centred Maintenance (RCM) and the concept of Reliability, Availability, 
Maintainability and Safety (RAMS). RCM, or Quantitative Reliability Centred 
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 power supply 
industry and the aircraft industry as a method to optimise the maintenance plan by 
balancing pre-emptive and reactive maintenance. The cost is a main parameter, 
where the cost of unavailable equipment is considered 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 in order to achieve the desired 
result. They both deal with availability optimisation but are very different concepts 
with different areas of application. RCM is a programme for optimising maintenance 
which is an issue within the FP. FP is a business case which affects the hardware 
and support system in all of the product development phases, in the manner in 
which it is sold and in the operational conditions.   

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, the objective of the FP is to deliver a function with a certain level of 
availability over a predetermined interval and to continue to do so using monitoring 
technology (see Paper B). 

2.5 System availability  
To obtain a value of the availability one must first define what availability is. How 
much of the repair-delaying activities should be defined as unavailability-
accumulating? From a customer’s standpoint the question is simple to answer. 
Everything that affects the delivery of function should be included in the availability 
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value. However, “everything” is traditionally hard to predict and that is why 
generalisations are useful. Variances between different availability standards can be 
explained through the generalisations made. Many recognised availability 
definitions exclude important support system constituents, such as logistical and 
administrative delays. A state-of-the-art survey of availability of maintained 
systems was performed by Lie et al. (1977) which a dated reference could be 
considered, but the classifications and types are still relevant when deciding to work 
with availability.  Lie et al. (1977) concluded that availability measurements can be 
classified by the timeframe and by the types of downtime considered. The two types 
of classification are outlined below. Classification 1, timeframe: instantaneous, 
average and steady-state availability. Instantaneous availability is the most 
satisfactory measurement for systems for 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. Steady-state availability is the most useful measurement 
for components with a constant and infinite use, such as airport radar. 
Instantaneous availability is defined as the probability that the system will be 
operational at any given time t. Average availability is the same as instantaneous, 
but for a given timeframe, and steady state is similar, but for an unlimited 
timeframe. Classification 2, type of downtime: inherent, achieved and operational 
availability. In this category the form used to describe system availability is that of 
an expected value function which assumes a steady-state condition. Classification 2 
availabilities are presented in Table 2.5.1.  
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Table 2.5.1. Availability definitions 

1.  

MTTR: mean time to repair 

MTBF: mean time before 
failure 

Includes: corrective 
maintenance 

2.  

MTBM: mean time between 
maintenance.  

M: mean maintenance 
downtime resulting from 
both corrective and 
preventive maintenance 
actions. 

Includes: corrective and 
preventive maintenance 

3.  Uptime: operational time, 
including ready time 

Includes: corrective 
maintenance, preventive 
maintenance, ready times, 
logistics time and 
administrative time 

 

Since availability definitions (1) and (2) do not include all constituents of the full 
support system, the availability definition chosen for this thesis is the operational 
availability (3) with an average availability time span. The time span is the 
contracted time for the FP. The advantage of using this definition (3) is that the 
result of the model will be more comparable to reality but also require more time for 
data collection and model building. Operational availability is often measured in 
hindsight and not calculated, since it is complex and situational dependant (Lie et 
al., 1977). For the approach presented in this thesis the calculated operational 
availability will be obtained by modelling and simulation of the support system, and 
that is why simulation is a critical part of the availability evaluation method. 

The next chapter describes the research method, including how the work has 
progressed as well as how data were collected and analysed.   
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3 Research approach 
This chapter explains the research approach through the research model, data 
collection and data analysis.  

The theoretical foundation of this thesis relies to some extent on research by Alonso-
Rasgado et al. (2004) and by Löfstrand et al. (2011). The research questions were 
initially addressed through an industrial case study at Hägglunds Drives AB 
(HDAB) (see section 1.4). An understanding of industrial partner needs was 
achieved through close cooperation and discussion with personnel at HDAB. HDAB’s 
knowledge and experience was utilised to identify critical hardware components and 
their related support system activities. Thereby, a more complete picture of the case 
concerning the hydraulic system was obtained. The research approach presented in 
this thesis was a logical way to approach the problem by incrementally increasing 
the sophistication and complexity of the support system model. 

3.1 Research model 
Initially, research questions were defined and a literature review was performed on 
the subject of FPs and related areas such as PSS (Morelli, 2003), service model 
designs (Shostack, 1982), fault tree analysis (MIL-STD-1629a, 1980, Vesely, 2002) 
and reliability analysis (Andrews and Moss, 2002). The research progressed by 
performing a risk assessment (Thompson, 1999) which started the collection of data 
through individual interviews and group interviews, which are further explained in 
Paper B, followed by a fault tree analysis based on the collected data. A model was 
synthesised from the analysed data into the support system model, demonstrated in 
Paper A. The support system model was then included in a total availability model 
which was presented in Paper B. The modelling language in Paper C demonstrates 
the possibilities of optimising maintenance when the individual tasks are structured 
in a logical scheme. Figure 3.1.1 presents the research model.  
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Figure 3.1.1. Research model 

Grey boxes in Figure 3.1.1 are considered important related areas in their own right 
and are outside the scope of this thesis. The areas of hardware modelling and DSMS 
are researched by colleagues Magnus Löfstrand, Björn Backe and Ahmad Alzghoul 
and are explained in Paper B.  

3.2 Data collection 
Data collection was performed mainly through interviews and group interviews with 
HDAB personnel. Data were also gathered through reviewing maintenance manuals 
and operation time reports. Eleven semi-structured individual interviews (Miles and 
Huberman, 1994) were carried out with five employees at HDAB regarding support-
system-related issues. In addition, two group interviews regarding critical system 
components were conducted with ten HDAB employees. Tools used to gather data 
from individual interviews and group interviews include: sketches on paper, 
whiteboard notes, audio recorder and flow charts (block diagrams) made using 
Microsoft Visio. Details about the group interviews and individual interviews, 
carried out within the data collection phase, are found in Paper B. 

The aim of the first round of data collection (i.e. the first group interview and the 
first five individual interviews) was to determine the most critical component 
failures in terms of risk, thus focusing the subsequent data collection. The second 
round of data collection (i.e. the second group interview and the final six individual 
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interviews) aimed to determine how the identified critical failures could be detected 
in terms of monitored sensor data or by manual inspection. The second round of 
data collection also aimed at determining which maintenance tasks are required to 
restore system function in the event of failure. The results, consisting of failure 
types, failure identification and failure restoration tasks, were critical to enable the 
modelling and simulation of the support system with sufficient detail and relevance. 
Construct validity Yin (2006) is upheld, since several HDAB engineers were given 
opportunity to criticise the result of the data collection. HDAB engineers were also 
given opportunity to review this thesis before it was finalised, thus further 
supporting the validity of the results. 

3.3 Data analysis and model development 
Historical data concerning failures and certain relevant parts of maintenance 
history have been lacking at HDAB. The lack of reviewable maintenance history 
made the development of a case description important for accurate modelling of the 
support system. Model development includes compiling the behaviour of the case-
system into a basic structure which has been formulated in a computer model, 
capable of producing results relevant to the research questions. In order to do model 
development, data analysis was carried out as presented below. 

The first round of individual interviews and the first group interview provided data 
which were compiled in a list. The list consisted of all hardware component failures 
critical to maintaining 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 failures and 
failure rates. 

The list of failures and failure rates was visualised though development of a fault 
tree where the top-event is loss of function. The fault tree provides a brief overview 
of parameters affecting the uptime and is used as a basis when modelling the 
hydraulic drive system in the C# computer model.  

For the second round of data collection, the fault tree existed and was used as input 
for the development of the restoration (maintenance) procedures. The purpose of 
maintenance procedures is to restore function in case the top-event in a fault tree, 
such as total loss of torque, is triggered. Maintenance procedures can also be 
triggered by other events, such as routine maintenance or by individual component 
failures. The documented maintenance procedures were visualised in Microsoft Visio 
through block diagrams (such as Figure 4.2.1) where sequence and task time are the 
two most important parameters. The purpose of the maintenance procedures was to 
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structure and visualise how the different parts of the downtimes affect the total 
downtime (see Figure 1.2.1).  

Downtime of specific tasks can depend on specific resource availability and 
stochastic variation of task completion time in the maintenance procedure. Thus, 
the computer model could be expanded to also include downtime and a simulation of 
both uptimes and downtimes was designed. The first version of the support system 
computer model was demonstrated in Paper A.  

Based on the 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. Individual 
interviews and group interviews resulted in a root cause analysis, a fault tree 
analysis (Andrews and Moss, 2002) and maintenance procedures on which the 
included papers (Paper A, B and C) are based.  

Interim case analysis meetings (Miles and Huberman, 1994) were held to discuss 
the summarised results and to refine the focus and questions for the next round of 
interviews. Qualitative data were triangulated by quantitative data points related to 
the presented research. Such qualitative data include failure rates and total service 
times for maintenance jobs. The quantitative and qualitative data match for these 
data points, which strengthens the reliability of the qualitative data obtained. Data 
collection and analysis were conducted together with HDAB, which strengthens the 
reliability of the collected data. Further, HDAB has a lot to gain by obtaining an 
accurate simulation model; thus, they have every to contribute as accurate data as 
possible. The current version of the availability computer model produces results 
which are similar to real-world observations. The match between and real-world 
observations concerning hydraulic drive system availability increases the validity of 
the simulation model. 

The structure of the maintenance procedures was designed using Microsoft Visio 
and modelled using Petri-Nets (Schneeweiss, 1999) within the computer model that 
was written in C# the programming language. The next chapter describes the 
developed computer program, summarised results from the three academic 
contributions and the aggregated results. 
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4 Modelling and simulation of support system availability  
This chapter summarises the main results from the conducted research, including the 
developed computer software, the small-scale support system model, the theoretical 
availability model and the programming implementation. 

The research presented in this thesis aims to develop and demonstrate tools and 
methods for simulating support system availability by means of modelling and 
simulation. 

4.1 Computer software 
Since no commercial software met the author’s requirements on simulation of 
availability, software was designed in-house using C# (ECMA, 2006) to meet the 
requirements. 

The computer software used for performing simulations is designed in-house using 
C# (ECMA, 2006) out of necessity because commercially available software did not 
meet our requirements. Also, C# is an established language with lots of built-in 
libraries, possibilities for integrating with databases and also offers easy-to-use 
interface design possibilities. Another possible route would have been to create a 
module in Matlab: Simulink. Commercially available software which can implement 
large quantities of support system data and produce answers to support-system-
related questions exists. It was, however, previously established that this software 
was lacking in several respects, such as restrictions as to what type of data can be 
inserted and expected as an outcome. In short, these off-the-shelf software 
applications are designed to answer specific important questions, such as what stock 
levels are optimal to prevent interruptions in the production chain (Reliasoft online 
acc. 2012-09-14, OPUS10 online acc. 2012-08-27). In Figure 4.1.1 the support system 
parts of the computer model can be visualised as consisting of four main blocks: 

 Maintenance strategy management, in which scheduling and reaction to 
alarms are handled.  

 Activity management contains all data on maintenance procedures, their 
included tasks and the required resources.  

 Resource management contains information on all resources in the support 
system and their current status.  

 Hardware management serves as an interface to the hardware model and 
updates hardware as an effect of support system action. 
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Figure 4.1.1. Support system computer model 

4.2 Support system model 
The developed support system model processes input data on: required replacement 
parts, personnel requirements, service requests, spare part stock, evaluation of 
current status and the prescribed and performed actions based on this evaluation. 

A model for simulating a support system within the context of FPs was developed 
and demonstrated in Paper A. The aim of Paper A was to simulate a support system 
from an industrial case study in order to predict its reliability. A simulation model, 
developed by the authors, was applied to simulate the support system with various 
settings including number of personnel, availability and number of industrial 
systems supported. The results showed not only how modelling can be used to 
improve and predict reliability of the support system but also what input data are 
necessary to arrive at these results. The results of the support system simulation 
are the effects of failures in terms of outputs such as downtimes, respective causes 
and resource usage. One important point is that the computer model can simulate 
age-based, condition-based and predictive and corrective maintenance. In the 
support system model presented in this thesis every failure is considered repairable, 
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with the respective maintenance activities being the remedy of failures. The 
maintenance activities are described within the maintenance procedures, which are 
basic building blocks in the support system. One example of a maintenance 
procedure for restoration of a failed motor can be seen in Figure 4.2.1.  

Start/End

Gather tools and
clean up
Transportation back
to HQ
Restore bus and do
paperwork

Loading van
Travel to site
Report to control
room
Preparations

Removal of
motor
Removal of
shaftcoupling and
torque arm

Mounting of motor
Mounting of
torque arm
Prepare new
motor

Test run pump and check for leakage
Remove interlockings and report to
operation control
Fill motor and tank with oil
Fasten shaft coupling and connect
hoses

Waiting
for

overhead
crane

Inspection
of shaft for failure.

Failed?
Yes

No

Removal of
defect shaft

Isolate motor from
system, disconnecet

hoses, other connections.
Flushing needed?

Yes

Prepare flushing
procedure
Mount extra filter
Flushing

 

Figure 4.2.1. Maintenance procedure for failed motor 

In order to perform simulations the maintenance procedures are converted into 
Petri net representations (Schneeweiss, 1999) prior to analysis. Reed et al. (2010) 
demonstrated and evaluated how this method could be applied on a theoretical 
example. 

The approach chosen for Paper A used an industrial case study to examine the 
support system for a maintenance event, describe the circumstances causing the 
downtime, implement the downtime circumstances into a simulation model and 
evaluate whether the chosen approach is applicable. Figure 4.2.2 shows a graph 
displaying the reliability of the support system which visualises the probability that 
the support system will manage to return the hardware to operational state within 
the given time t.  



22 
 

 

Figure 4.2.2. Reliability of the support system with different inputs 

The different scenarios A to E show cases with different input parameters, where A 
represents the original scenario. One noticeable result is that the overall reliability 
is much higher in case E, where both personnel and number of maintained systems 
are doubled. The result suggests not only that a service support system provider can 
benefit from optimising available resources and from increasing the scale of 
operations, but also that this type of analysis can yield interesting results beyond 
what was first expected. Very little variation in the reliability was found between 
the scenarios where only the failure rate is changed, which is what would be 
expected, since the completion time of the maintenance is not dependent on how 
often something fails, unless frequent failures of one component demand all capacity 
of the support system. Regarding simulation accuracy and reliability of the results 
the following can be noted: according to interviews, one procedure takes about 24 
hours to complete if everything goes as planned. Simulation results show that 24 
hours is enough for maintenance to be completed in about 70% of the cases, which 
could be considered a fairly accurate correlation supporting the validity of the 
simulation model. The interview estimation comes from the same source as the base 
data for the simulation. 
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4.3 Total availability model 
In Paper B a theoretical model is developed which describes how the constituents of 
an industrial system relate in terms of data flow in determining the present state of 
an industrial system and predicting future availability and resource usage. The 
integration of hardware, support system and monitoring system enables predictive 
maintenance to be scheduled in response to predicted or imminent hardware 
failures. The output provided by the model can supply a design team with the 
necessary data to enable grounded strategic choices regarding development of 
availability-dependant industrial systems through simulation-driven development. 
When implemented, the model presented in Paper B can be utilised to provide 
operational decision support to enable optimal system availability. The proposed 
model uses sensor data and continually interprets it in the DSMS. Figure 4.3.1 
shows the model, which contains the three constituents with colour coding: 
hardware (pink), Support system (green) and DSMS/Software (blue). The white 
boxes represent the parts of the model which are external parts but still utilised.  
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Figure 4.3.1. Proposed simulation model regarding operation of a FP (Paper B) 
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4.4 Programming implementation 
The programming implementation (discussed in Paper C) depends on the ability to 
correctly formulate qualitatively gathered data (see section 2.3) into quantitative 
data sets and uses the data as input parameters for the computer model discussed 
in section 4.1 and for sequence optimisation of tasks of the support system. 

In Paper C a modelling language is presented for representing the details of the 
support system in a computer model. A structured approach is utilised to analyse 
and model the implementation of maintenance strategies for generic hardware. By 
first designing a composition relationship diagram in which the relationship 
between the included components is made clear and then grouping the maintenance 
tasks according to prerequisites a context for each component and task is made. To 
describe the maintenance states in the modelling language each item is grouped 
according to possible states. An example of the performed grouping can be seen in 
Table 4.4.1.   

Table 4.4.1. Maintenance states and state sets  

 

An example representation of part of the braking system from a car was used to 
demonstrate the use of the suggested language. Figure 4.4.1 shows how the 
modelling language is implemented on a maintenance procedure.  

 

Figure 4.4.1. Structured maintenance procedure 
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The modelling language allows the representation of common constraints and 
outcomes between maintenance tasks that influence task schedules. Through the 
development of automated planning and decision support tools the performance of a 
strategy implementation can be tested, evaluated and optimised. 
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5 Relations between the appended papers 
This chapter presents the relation of the appended papers and presents the author’s 
contributions. 

All papers are related to the overall objective of enabling FP by predicting 
availability. For the research presented in this thesis it is the behaviour of the 
support system in relation to the operational availability of the FP that is of 
interest. The results from Paper A serve as proof of the reliability of the concept and 
show that the approach used is a viable method for modelling and simulating the 
support system. Paper B demonstrates how the support system model fits into the 
bigger picture of predicting system availability. The data implementation method 
presented in Paper C suggests how qualitative data can be translated into the 
computer model and thereby enable the optimisation of scheduled maintenance.   

Paper A: 

Kyösti, P., Reed, S., Löfstrand, M., Andrews, J., Karlsson, L. & Dunnett Simulation 
of industrial support systems in the context of functional products. (2011). 
Proceedings of the 19th AR2TS Advances in Risk and Reliability Technology 
Symposium. Nottingham: University of Nottingham S. 13 April 2011, 16 pages  

Content: Paper A describes a way to model a support system and produce a measure 
of how well it performs. No detailed hardware is present, but only simple hardware, 
since a support system needs something to act on. This paper demonstrates how 
collected data from interviews can be used to design a support system model to 
predict the behaviour of the support system. 

Contribution: The author was responsible for the data collection and analysis. The 
author was 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. 

Content: Paper B discusses what the necessary industrial system constituents are 
and how they should be connected in order to produce a total availability 
measurement. The model includes both a development phase and an operational 
phase. The three main constituents are hardware, software and DSMS. One 
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important result is the integration of the support system into a total availability 
model. Also, a description of how availability will be obtained when the support 
system is simulated together with the other suggested constituents is demonstrated.  

Contribution: The author, together with the co-authors, developed the integrated 
total availability model, which is the main result of this paper. The author’s 
contribution consisted of data collection, analysis and literature review. The author 
also wrote significant parts of the paper.  

Paper C: 

Reed, S., Andrews, J., Dunnett, S., Backe, B., Kyösti, P., Löfstrand, M. and 
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 

Content: This paper presents a modelling language for representing the details 
necessary to analyse and model the implementation of maintenance strategies for 
multi-component hardware. The maintenance strategy determines which 
restorations and inspections should take place. The paper presents a methodology of 
how to interpret gathered qualitative data in a way which enables scheduled 
maintenance to be resource-optimised though simulation. 

Contribution: The author’s contribution consisted of data collection and data 
analysis. The author, together with others, also contributed to the design of the 
aggregated model of the support system upon which the paper is based. Also, the 
author proofread the paper and suggested revisions.   



29 
 

6 Discussion and conclusions 
This chapter presents the discussion and conclusion in relation to the appended 
papers. 

The performance and costs of support systems is, and will in the future likely be, of 
industrial concern, since support systems cover the aftermarket aspects of industrial 
systems. The prediction of support systems through modelling and simulation will 
thus be a relevant issue in the foreseeable future. Challenges in modelling and 
simulation include generalising variances for different systems without losing 
important information, and also measuring the relative success of both single 
maintenance tasks and of the support system as a whole. It is the author’s 
conviction that modelling and simulation of support systems is an important step in 
developing new and better industrial products in general and better FPs in 
particular.    

When evaluating industrial system function through modelling and simulation, the 
use of steady-state availability values as a decision-making criterion in problems 
involving the possibility of rare and harmful events can prove insufficient. The 
steady-state availability value would not be significantly influenced by low-
probability yet harmful events, but the event could still be highly damaging to the 
customer and thereby also to the provider. One such event could be a sensor failing 
but continuing to indicate normal behaviour. Such events have to be handled 
carefully, since, when they occur, they may lead to breach of the terms of a business 
contract regarding FP delivery. FP providers should be concerned about low-
probability and high-impact events, since they can easily be overlooked, but still 
pose a significant risk, where risk is defined as a measure of the frequency of the 
event and consequence of the event (Thompson, 1999). 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. At present such events are not dealt with separately in the herein 
presented approach for support system modelling and simulation but are something 
which should be studied further. 

The research presented in this thesis investigates the possibilities to model, 
simulate and predict the availability of support systems, i.e. the support system 
required to ensure that the hardware keeps delivering its function at a certain level 
of availability. In Paper A maintenance tasks for a compound component were 
modelled and simulated to evaluate what types of result can be achieved. The result 
showed that the model was working, although it was clear that these types of 
support system models are complex to design. The complexity is due to the fact that 
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real-world support system behaviour is highly dependent on local conditions and the 
modelling will have to include these variations. 

The availability model presented in Paper B formulates the different constituents of 
an industrial system and how they should connect in terms of data flow. The model 
is usable when obtaining usable data for analysis and prediction which can be used 
to form rational decisions both from a developmental and operational point of view. 
The model presented in the paper is to be used to develop a tool to predict 
operational availability of the FP. The graphical and structured design of this model 
is intended to be of use in the continued research with the availability simulation 
model.  

In Paper C a modelling language is presented by which support system data can be 
imported rationally into the computer model. The formalisation of the requirements 
and outputs of events in the modelling language enables optimisation analysis to be 
performed. The rational grouping of activities also allows for an improved overview 
of the support system activities compared to manually hard coding the inputs and 
outputs of each task. Instead of the incremental improvement of the model, by the 
discovery of unwanted behaviour, the systematic approach suggested in Paper C will 
include the relations of the components and tasks. These formalised relations are 
intended to be utilised when developing planning and optimisation tools for 
scheduling maintenance of complex support systems. 
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7 Future work 
This chapter presents possible future research activities related to the presented work. 

So far, the research presented in this thesis has only considered one business 
situation consisting of one supplier and one customer. Testing the model on 
additional situations would strengthen it and make it more generally applicable.  

The development process of the support system is also an interesting area of 
research, since it is the experience of the author that these types of model building 
exercises are time-consuming to the point where a company in the private sector 
might want to reconsider investing the required time. 

New technologies include communication technologies which in the context of 
industrial support systems enable wider support regions. To make decisions 
regarding wider support regions, a simulation model which includes logistical delays 
would be useful. The impact of the support system on the system availability has 
been the focus of the research presented in this thesis. The next step is to incorporate 
more real data into the total availability model (Paper B) and evaluate the result 
using additional availability data from systems in operation. 

In the case investigated the low rate of failure for an individual product makes it 
uneconomical for technicians to be based at each plant where 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 
clustered organisation of the workforce, a task common in all the repair activities 
will be the transport of technicians to the repair site. If these delays are included in 
the support system model, the accuracy of the simulation will increase for cases with 
a large distance between support centres and the maintained systems. The 
importance of the support system reaction time on the predicted availability will be 
significant. Thus, the support system as a whole should be considered in future 
endeavours. 
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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. 

Start/End

4

5

6

Component C
Failed?

MP C

No

No

Yes

MP B

Component
B Failed?

Yes

Time to complete
tasks 4 to 5:
12 h 30 min

2 3

1
(Consumes: 2

Maintenance Personnel)

Time to complete tasks
1 to 3:

10.75 hrs – 15.60 hrs

9
(Produces: 2 Maintenance

Personnel)

7

8

Time to complete tasks
7 to 9:

10.75 hrs – 15.6 hrs

N
o

ad
di

tio
na

lt
im

e
to

M
TT

R

Time to complete task 6:
0.5 hrs



 
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. 
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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
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Outlet oil

Inlet oil
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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). 



  
 

  

  

 

  

   A model for predicting and monitoring 149   
 

   
 
 

  

    

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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Abstract: This paper presents a modelling language for representing the details necessary to analyse 
and model the implementation of maintenance strategies for generic hardware.  The maintenance 
strategy determines which, and when, restorations and inspections should take place whilst the 
scheduling of maintenance tasks implements these goals. The manner of maintenance strategy 
implementation therefore has important implications for maintenance cost and other performance 
metrics. Despite this, maintenance strategy optimisation models found in the literature lack detailed 
maintenance implementation models, which may lead to inaccurate and misleading results. The 
presented modelling language permits the representation of all common constraints and outcomes 
between maintenance tasks that influence task schedules. In doing so, it provides a platform for the 
future development of maintenance task schedule modelling, planning and decision support tools. The 
modelling language is demonstrated through application to part of a car braking system. 
 
Keywords: Maintenance scheduling, maintenance planning, maintenance optimisation. 
 

1. INTRODUCTION 
Maintenance can be defined as the performance of actions to detect, predict, prevent and restore 
failures of hardware items (systems, sub-system and components) with the aim of increasing 
operational availability. In this paper, maintenance of hardware is considered within a two tier 
framework. At the top level is maintenance strategy which is the plan that defines which, and under 
what conditions, maintenance goals are designated for particular hardware items (e.g. components, 
subsystems or systems) within the maintained hardware. These goals are of the following types: 
 

 To restore the functional condition state of a hardware item (where restore is used in the 
general sense to mean bringing back to a former, or normal, condition and therefore pertains 
to preventive as well as corrective actions). This may involve replacement, servicing or any 
other activity that increases reliability through a perfect or imperfect restoration (Pham & 
Wang 1996). 

 To observe the functional condition state of a particular hardware item, either directly (e.g. 
inspecting for failure) or indirectly (e.g. inspecting for symptoms of failure). The purpose 
usually being to determine whether, and if so which, restorative actions are required. 

 
Part of a typical maintenance strategy for a car might be to renew the spark plugs (the goal) after 
whichever occurs first of 30,000 miles, 2 years or failure (the conditions). At the bottom level is the 
performance of tasks to fulfil these goals and implement the maintenance strategy.  The following 
outcomes that might result from performing a maintenance task have been identified by the authors: 
 

 Observation of functional condition state – the execution of a task may result in the functional 
condition state of a particular hardware item being observed on completion. 

 Restoration of functional condition state – the execution of a task may result in the functional 
condition state of a particular hardware item being restored on completion. Observation and 
restoration are the critical outcomes required to fulfil maintenance strategy goals. 

 Transition in a hardware item maintenance attribute state – the execution of a task may cause 
a transition in the physical configuration, location or other state of particular maintained 
hardware items on completion. For example, a task that removes a maintenance access cover 
will alter the physical configuration of the system. 



 Alteration in availability of maintenance resources – the execution of a task may utilise, 
consume or produce particular resources such as tools, spare parts, facilities and labour. This 
will therefore result in an alteration in the availability of resources for other maintenance. 

 Operational shut-down and start-up of hardware items – the execution of a task may cause 
particular hardware items in the maintained systems to be shut-down or restarted. These 
transitions correspond with changes in hardware item attribute maintenance states. For 
example, the performance of a maintenance task that disconnects the power supply to an 
electrical system might cause it to shut-down. 

 
In addition, the following constraints that might prevent the performance of a maintenance task have 
been identified by the authors: 
 

 Completion of prerequisite tasks - a task may form part of a multi-task process with defined 
sequencing constraints such that each task can be performed only when particular tasks from 
that process, known as prerequisite tasks, are completed. 

 Availability of maintenance resources – particular maintenance resources may be required to 
perform the task. 

 Hardware  item attribute states – the performance of a task may only be possible when 
particular items in the maintained hardware have particular maintenance attribute states. For 
example, replacement of a failed part within a certain hardware system may require that the 
system is located at a particular workshop facility, a particular maintenance access panel is 
removed and the electrical supply disconnected. 

 Hardware item operational status – a task may require particular hardware items to be either 
operational or shut-down whilst performed. For example, a task to observe vibration levels in 
a hardware item may require that it is operating. In contrast, maintenance tasks performed 
within a mechanical system, close to rotating parts, might require that it is shut-down for 
safety reasons. 

 
To implement a maintenance strategy, maintenance tasks must be performed in a schedule that: 
 

 Includes the tasks that achieve the outcomes set by the maintenance strategy goals – i.e. the 
observations and restorations of the functional condition state of particular hardware items. A 
schedule with this property is defined in this work as a sufficient schedule. 

 Meets the constraints of each task for the entire task duration. A schedule with this property is 
defined as a feasible schedule. The feasibility of a schedule depends not only on the 
composition and arrangement of tasks in a schedule but also the initial maintenance state of 
the maintained hardware and availability of maintenance resources. 

 
The schedule also determines the delay in accomplishing maintenance goals, the maintenance 
resources used and the time the hardware items spend under, or shut-down for, maintenance. An 
optimal task schedule should therefore be sufficient, feasible and optimise for these factors. The key 
contribution of this paper is the presentation of a modelling language (i.e. set of graphical and textual 
syntaxes) for representing the details pertaining to the implementation of a maintenance strategy for 
particular hardware items. This will enable tools for maintenance strategy implementation modelling, 
planning and decision support to be developed in the future. Some benefits of such tools are discussed 
in Section 2, the language itself is described in Section 3, an example maintenance strategy 
implementation for part of a car braking system is given in Section 4 and Section 5 summaries and 
concludes the paper.  

2. MAINTENANCE OPTIMISATION 
The modelling language facilitates the analysis of maintenance strategy implementation in order to 
optimise decision making and the design of hardware, maintenance tasks and the maintenance 
environment (e.g. maintenance resource availability) for high performance. For example, it enables 
the development of automated planning tools that can analyse the task constraints and outcomes to 
determine the composition and scheduling of maintenance tasks required to fulfil the goals set by the 



maintenance strategy. Since task completion times, availability of maintenance resources, designation 
of maintenance goals etc may be stochastic, the planner will need to rely on online decision making 
and artificial intelligence techniques (see e.g. Russell and Norvig (2009)) to adapt the schedule to the 
current situation and predicted future. Wiers (1997) reviewed a number of planners that have proved 
useful as decision support tools in other fields such as production scheduling. The ability to analyse 
and optimise maintenance task scheduling can also help with optimising maintenance strategy. 
Methodologies such as reliability centred maintenance (Moubray 1999) have been developed for 
finding good maintenance strategies for general, non-specific, maintained hardware. In addition, 
researchers have developed methods for finding optimal maintenance strategies for a wide range of 
specific maintained hardware types (e.g. k-out-of-n standby safety systems (Lu & Jiang 2007)). 
Almost universally, these methods are based upon the assumption that the cost to the specified 
objective function (e.g. in terms of time under maintenance, resource costs etc) of achieving a 
particular goal set by the maintenance strategy (e.g. replacing a failed hardware item) is either fixed or 
ignored altogether. For example, a recent review of maintenance optimisation models by Horenbeek 
et al (2011) found that the majority of models assume negligible maintenance durations, which they 
note can have a big influence on the determination of optimal maintenance policy and lead to 
suboptimal solutions. However, even the fixed cost assumption will often lead to suboptimal solutions 
since it ignores the possibility that conflicts and rationalisation of maintenance tasks can arise under 
different strategies. For example, consider the replacement of two distinct hardware items within a 
system. If the actions required to replace each of those parts share some common setup tasks then 
their simultaneous replacement could result in reduced total maintenance time. In contrast, if the 
replacement of one of the items requires the performance of tasks that conflict in some way with those 
from required for the replacement of the other, e.g. due to maintenance access restrictions, then the 
total maintenance time may increase. These details influence whether or not an optimal maintenance 
strategy would designate simultaneous replacement. Some researchers have addressed this by altering 
the cost of individual maintenance goals directly when certain goals are designated together (e.g. 
those requiring common setup tasks), as exemplified by Dekker (1995), Dekker et al (1992) and Liang 
(1985). However, this assumes that the cost for each possible goal combination can be determined and 
used as an input to the model. This poses practical problems due to the huge number of possible 
maintenance goal combinations and the complex relationship between the cost and the hardware, 
maintenance task and maintenance environment designs. Representing the maintenance details 
through the modelling language presented in this paper enables the implementation of maintenance 
strategy to be modelled explicitly to derive its cost, avoiding these practical problems. 

3. MAINTENANCE TASK MODELLING LANGUAGE 
The maintenance task modelling language is presented in this section. Maintenance for part of a car 
braking system is described using the language, in order to demonstrate its use, throughout. 

3.1 Maintained Hardware Diagrams 
For describing the hardware item types that are subject to maintenance and 
the relationships between them a diagrammatic method, named the 
maintained hardware diagram method, is introduced. These relationships 
are important since a maintenance task will often involve constraints and 
outcomes pertaining to multiple hardware items that are related to the 
principal hardware items acted on by its containing procedure. For 
example, a maintenance procedure to replace a car brake disc (see Figure 1) 
will involve tasks that act and depend on the state of other parts such as the 
corresponding wheel and brake caliper. An example of a maintained 
hardware diagram is shown in Figure 2 that describes the hardware items 
that form part of the braking system within a car. Each block in a 
maintained hardware diagram describes a particular hardware item type, 
each of which is labelled with a single word symbol that names the item 
type and is unique across all the maintained item types. Note that the blocks 
represent item types and not items themselves, for example a brake disc is 

 
Figure 1 – Photo of a car 
brake disc (credit: Dave 

Baker). 



represented by the item type “BrakeDisc” whilst an instantiation of that type such as the front nearside 
wheel is an item of that type. 
 
An edge connecting a pair of blocks denotes a relationship between items of those types. Three types 
of relationship can be expressed: 

 Composition – this describes where an item of a particular type (the child type) constitutes a 
part or element of an item of another type (the parent type). 

 Inheritance – this describes where an item type (the child type) is a specialised type of 
another type (the parent type) and that the former derives all the characteristics (i.e. 
relationships and maintenance states) of the latter. The parent type may be an abstract type 
such that items of that type do not actually exist but the type serves as a description of 
characteristics common to multiple specialised item types that inherit from it. 

 Connection – this describes where an item of a particular type has some form of connection 
or interaction with an item of another type. 

COMPOSITION RELATIONSHIP 
A composition relationship between two items is denoted by an edge that terminates with a filled 
circle where it connects to the child item type block. A composition relation edge is also labelled with 
a single word symbol (unique amongst relation symbols for the related types) that names the relation 
and a positive integer that indicates the number of item of the child type from which an item of the 
parent type is composed. For example, Figure 2 shows via a relationship named “CarWheel” that an 
item of the type named ‘Car’ is composed from 4 items of the type named “Wheel”.  

 
Figure 2 – Maintained hardware item diagram for part of a car braking system. 

INHERITANCE RELATIONSHIP 
An inheritance relationship between two items is denoted by an edge that terminates with an unfilled 
arrowhead where it connects to the parent item type block. For example, Figure 2 shows that an item 
type named “Rear Axle” inherits from an item type named “Axle”. 

CONNECTION RELATIONSHIP 
A connection relationship between two items is denoted by a plain edge between them. The edge is 
labelled with a single word symbol (unique amongst relation symbols for the related types) that names 
the relationship and a positive integer where it connects to each item type block that indicates the 
number of items of that type associated with each item of the related item type.  For example, Figure 2 
shows that each item of the type named “Axle” has a connection relationship, named “WheelAxle”, 
with two items of the type named “Wheel”. It is possible to have a connection relationship between 
items of the same type, as well as between items of different types. For example, Figure 2 shows that 
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an item of the “Wheel” type has a connection relationship, named “OtherAxleWheel”, with another 
item of the same type. 

NOTATION FOR REFERENCING RELATED ITEMS 
The modelling language uses a notation to enable items related to another to be referenced.  The 
notation a.B[i], where a is the name of a variable representing an item of a particular type, refers to 
the ith item that is related to it by the relationship named B. If there is only a single item related to the 
item represented by a, according to the relationship named B, then the abbreviated notation a.B can be 
used instead of a.B[1]. For example, if blueCar is the name of variable representing an item of type 
“Car” then blueCar.CarWheel[2] refers to the 2nd item of the four items of type “Wheel” related to it 
via the relation named “CarWheel” (see Figure 2). 

HARDWARE ITEM MAINTENANCE ATTRIBUTES 
A physical attribute of a hardware item that can be in multiple states is defined here as a maintenance 
attribute if the state for that attribute can constrain the performance of certain maintenance tasks and 
transitions in the state of that attribute occur due to the performance of maintenance tasks. To describe 
the hardware item maintenance attributes in the modelling language, each attribute pertaining to items 
of a particular item type is named by a single word symbol and a set of single word symbols that 
represent the mutually exclusive set of possible states for that attribute are given. The symbol used to 
name a maintenance attribute for an item type must be unique amongst those for that item type. Table 
1 shows the maintenance states and state values for the item types from the car braking system shown 
in Figure 2. For example, it shows that items of the “Wheel” item type has a maintenance attribute 
called “Fitted” which can have a state of “true”, “false” or “?”. The interpretation of this attribute is 
whether or not the wheel is fitted to the car with the value “true” interpreted as the wheel is fitted, 
“false” interpreted as the wheel is not fitted, and “?” indicating an intermediate state (i.e. that the 
removal or fitment of the wheel is in progress). 
 

In the modelling language, 
the notation A(b), where b 
is the name of a variable 
representing a hardware 
item instantiation of a 
particular item type and A 
is the name of a 
maintenance attribute 
defined for that type, 
evaluates to the state of that 

maintenance attribute for that item. For example, if blueCarBrakingSystem is the name of a variable 
representing a item of the type “BrakingSystem” that is in the state “true” within the maintenance 
state “MasterCylinderDrained”, then MasterCylinderDrained(blueCarBrakingSystem) would evaluate 
to the symbol “true”. Further maintenance attributes can be defined for a particular item type in terms 
of predicate functions formed from the values of maintenance attributes defined for items of that type, 
and related items, and the logical operators that are given in Table 2. Table 3 shows the predicate 
function maintenance attributes for the item types from the car braking system shown in Figure 2. 
 

Table 2 – Logical operators. 

Operator Symbol Arity Output 
NOT ¬ Unary ¬a  evaluates to the state “true” if a is the state “false”, and to the state “false” 

otherwise. 
AND  ∧ 

Binary a ∧ b evaluates to the state “true” if both a and b are the state “true”, and to the 
state “false” otherwise. 

OR ∨ Binary a ∨ b evaluates to the state “true” if a or b (or both) are the state “true”, and to 
the state “false” otherwise. 

EQUALS = Binary a = b evaluates to the state “true” if a and b refer to the same state, and to the 
state “false” otherwise. 

Table 1 – Base maintenance states and state sets for the items types shown in 
Figure 2. 

Maintenance State 
Name 

Defined for Item Types Mutually Exclusive 
Set of State Values 

Fitted Wheel, 
BrakeCaliperAssembly 

{true, false, ?} 

Jacked Wheel {true, false, ?} 
OnStands Wheel {true, false, ?} 
MasterCylinderDrained BrakingSystem {true, false, ?} 



The operator precedence is ¬,∧,∨, =. 

HARDWARE ITEM FUNCTIONAL CONDITION ATTRIBUTES 
The attributes of hardware items that trigger the designation of maintenance goals from the 
maintenance strategy or are the subject of observations or restoration from maintenance tasks are 
known as functional condition attributes. Unlike maintenance attributes, the value of a functional 
condition attribute for an item depends not only on maintenance tasks but also external processes. 
Each of these attributes is described in the modelling language by a single word symbol together with 
the valid range of states. Table 4 shows the functional condition attributes for the items types shown 
in Figure 2, where ℕ signifies the natural numbers. Table 4 also states whether each functional 
condition attribute is revealed or unrevealed, depending on whether its state is known at all times or 
only at the time of an observation 
 

Table 3 – Predicate function maintenance attributes for the items types shown in Figure 2. 

Maintenance 
Attribute 
Predicate Name 

Defined for 
Item Types 

Predicate (where x is a variable representing the item being evaluated). 

Operational Car ¬MasterCylinderDrained(x. CarBrakingSystem) ∧Fitted(x. CarBrakingSystem. BrakeSysFBCA)  ∧Fitted(x. CarBrakingSystem. BrakeSysRBCA) ∧Fitted(x. CarBrakingSystem. BrakeSysFBCA. CaliperDisc[1]) ∧Fitted(x. CarBrakingSystem. BrakeSysFBCA. CaliperDisc[2])  ∧Fitted(x. CarBrakingSystem. BrakeSysRBCA. CaliperDisc[1])  ∧Fitted(x. CarBrakingSystem. BrakeSysRBCA. CaliperDisc[2]) ∧Fitted(x. CarBrakingSystem. BrakeSysFBCA. CaliperPads[1]) ∧Fitted(x. CarBrakingSystem. BrakeSysFBCA. CaliperPads[2])  ∧Fitted(x. CarBrakingSystem. BrakeSysRBCA. CaliperPads[1]) ∧Fitted(x. CarBrakingSystem. BrakeSysRBCA. CaliperPads[2]) ∧Fitted(x. CarWheel[1]) ∧ Fitted(x. CarWheel[2]) ∧ Fitted(x. CarWheel[3]) ∧Fitted(x. CarWheel[4]) ∧ Grounded(x. CarFrontAxle) ∧ Grounded(x. CarRearAxle)  
Grounded Wheel ¬Jacked(x) ∧ ¬OnStands(x) 
SecuredOnStands Wheel OnStands(x) ∧ ¬Jacked(x) 
SecuredOnStands Axle SecuredOnStands (x. AxleWheel[1]) ∧ SecuredOnStands(x. AxleWheel[2]) 
Grounded Axle Grounded (x. AxleWheel[1]) ∧ Grounded(x. AxleWheel[2]) 
WheelJackable  Wheel Grounded(x) ∧ Grounded(x. WheelAxle. OtherAxle)∧ Grounded (x. OtherAxleWheel)∨ SecuredOnStands(x. OtherAxleWheel[2])  
 

Table 4 – Functional condition attributes for the items types shown in Figure 2. 

Functional condition 
state Name 

Defined for Item Types State Values set or 
range 

Revealed or Unrevealed? 

Mileage Car ℕ Revealed 
Wear Brake Pad, Brake Disc 0 – 100 Unrevealed 

3.2 Maintenance Tasks and Procedures 
The second part of the modelling language is used to describe maintenance tasks and procedures. 

MAINTENANCE TASKS AND MAINTENANCE PROCEDURE GRAPHS 
A process consisting of one or more maintenance tasks1 with defined sequencing constraints between 
them, known as a maintenance procedure, is represented in the modelling language by an MP Graph. 
An MP Graph consists of a start node, one or more intermediate nodes and an end node. The start and 
end nodes represent dummy tasks of zero duration that signify the start and end of the process 

                                                      
1 Only tasks with deterministic outcomes are considered in the modelling language presented in this paper 
although an extension to deal with non-deterministic outcomes has been developed by the authors. 



respectively, whereas intermediate nodes represent a task or sub-procedure in the process with defined 
constraints and outcomes. The process precedence constraints are described by directed edges that 
connect to a node from each of its immediate predecessors – i.e. the nodes representing the 
prerequisite tasks that must be completed before the task represented by the successor node can begin. 
Example MP Graphs for the car braking system from Figure 2 are shown in Figure 3 and Figure 4. 
 
The start node of an MP Graph is labelled with the name of the maintenance procedure that the MP 
Graph represents. Beneath the name is a comma delimited list of variable declarations in brackets. 
Each variable declaration is of the form a:B where a is a single word symbol that names the variable 
and B is the name of a hardware item type. These variables are bound to hardware items of the 
declared item types when the maintenance procedure is instantiated and are used to reference those 
items, and those related to them, that constrain and are acted upon by the procedure. The use of 
variables therefore enables a maintenance procedure to be described abstractly in terms of items of 
particular types rather than specific item instantiations. 
 
Intermediate nodes that represent a maintenance task are labelled with the name of the maintenance 
task. Intermediate nodes that represent a sub-procedure are labelled with an asterisk (*) followed by 
the name of the sub-procedure which is represented by a separate MP Graph.  References to the 
hardware items that bind to the variables in the sub-procedure MP Graph are then given in brackets. 

 
Figure 3 – MP Graphs representing maintenance procedures for the car braking system from Figure 2 that 
perform critical actions to fulfil maintenance strategy goals. 

MAINTENANCE ATTRIBUTE CONSTRAINTS 
The maintenance attribute constraints that must be satisfied during the performance of a maintenance 
task are expressed in the modelling language through a predicate function that follows the notation 
introduced in Section 3 and evaluates to the symbol “true” when the constraints are satisfied. Each 

Start – Bed Brakes
(car: Car)

Accelerate to 60mph
Constraints: Operational(car)

Decelerate under braking to 10mph
Constraints: Operational(car)

Accelerate to 60mph
Constraints: Operational(car)

Decelerate under braking to standstill
Constraints: Operational(car)

End

Start – Replace Brake Pads
(pads: BrakePads)

Apply grease to rear of
replacement brake pads

Replace brake pads
Constraints:

¬Fitted(pads.CaliperPads.WheelCaliper) ∧
¬Fitted(pads.CaliperPads)

Resources: Consume(BrakePads, 1)
Actions: Restore(Wear(pads))

*Bed Brakes
(pads.CaliperPads.WheelCaliper.Car)

Start – Replace Brake Disc
(disc: BrakeDisc)

Replace disc
Constraints:

¬Fitted(disc.BrakeCaliperAssembly.WheelCaliper) ∧
¬Fitted(disc.BrakeCaliperAssembly)
Resources: Consume(BrakeDisc, 1)

Actions: Restore(Wear(disc))

*Bed Brakes
(disc.CaliperDisc.WheelCaliper.Car)

Start – Inspect Brake Pad Wear
(pads: BrakePads)

Visual brake pad wear inspection
Constraints:

¬Fitted(pads.CaliperPads.WheelCaliper)
Actions: Observe(Wear(pads))

Start – Inspect Brake Disc Wear
(disc: BrakeDisc)

Visual brake disc wear inspection
Constraints:

¬Fitted(disc.CaliperDisc.WheelCaliper)
Actions: Observe(Wear(disc))

End

End

EndEnd



node in a MP Graph is labelled with its corresponding constraint predicate under the header 
“Constraints”. 

REQUIRED MAINTENANCE RESOURCES 
The maintenance resource utilised, consumed and produced when a maintenance task is performed are 
expressed in the modelling language using one or more terms of the form:  

 Utilise(x,y);  
 Consume(x,y); 
 Produce(x,y);  

where x is a one word symbol that uniquely names the resource and y is the amount of the resource 
utilised, consumed and produced when the task is performed respectively. The resources requirements 
for a task are given in the corresponding MP Graph node under the heading “Resources”. For the 
example car braking system from Figure 2, each task has the resource requirement 
“Utilise(Technician, 1)” which has been omitted from the MP Graphs in Figure 3 and Figure 4. Any 
additional resource requirements are shown in Figure 3 and Figure 4. 
 

 
Figure 4 - MP Graphs representing maintenance procedures for the car braking system from Figure 2 that 

perform supplementary actions. 

Start – Remove Wheel
(wheel: Wheel)

Constraints: Fitted(wheel)
Actions: Fitted(wheel) = ?

Loosen the wheel bolts
Constraints: ¬Grounded(wheel)

Remove the wheel bolts
Constraints:

SecuredOnStands(wheel.WheelAxle)

Remove the wheel
Constraints:

SecuredOnStands(wheel.WheelAxle)
Actions: Fitted(wheel) = false

Start – Remove Brake Caliper Assembly
(bca: BrakeCaliperAssembly)

Constraints: ¬Fitted(bca)
Actions: Fitted(bca) = ?

Unbolt caliper from rotor
Constraints: ¬Fitted(bca.WheelCaliper)

Remove caliper from rotor
Constraints: ¬Fitted(bca.WheelCaliper)

Actions: Fitted(bca) = true

Jack up wheel
Resources: Consume(Jack, 1)
Actions: Jacked(wheel) = true

Start – Jack up wheel
(wheel: Wheel)

Constraints: Jackable(wheel)
Actions: Jacked(wheel) = ?

Lower Jack
Resources: Produce(Jack, 1)

Actions:Jacked(wheel) = false

Start – Lower Wheel
(wheel: Wheel)

Constraints: Jacked(wheel)
Actions: Jacked(wheel) = ?

Start – Replace Brake Caliper Assembly
(bca: BrakeCaliperAssembly)

Constraints: ¬Fitted(bca)
Actions: Fitted(bca) = ?

Place caliper on disc
Constraints: ¬Fitted(bca.WheelCaliper)

Bolt caliper to disc
Constraints: ¬Fitted(bca.WheelCaliper)

Actions: Fitted(bca) = true

End

Start – Replace Wheel
(wheel: Wheel)

Constraints: ¬Fitted(wheel)
Actions: Fitted(wheel) = ?

Tighten the wheel bolts
Constraints: Grounded(wheel)
Actions: Fitted(wheel) = true

Replace the wheel bolts
Constraints: SecuredOnStands(wheel.WheelAxle)

Replace the wheel
Constraints: SecuredOnStands(wheel.WheelAxle)

Start – Insert Axle Stand
(wheel: Wheel)

Constraints: ¬OnStands(wheel)
Actions: OnStands(wheel) = ?

Insert Axle Stand
Constraints: Jacked(wheel)

Resources: Consume(AxleStand, 1)
Actions: OnStands(wheel) = true

Start – Remove Axle Stand
(wheel: Wheel)

Constraints: OnStands(wheel)
Actions: OnStands(wheel) = ?

Remove Axle Stand
Constraints: Jacked(wheel)

Resources: Produce(AxleStand, 1)
Actions: OnStands(wheel) = false

End

End

End

End

EndEnd

End



MAINTENANCE AND FUNCTIONAL CONDITION ATTRIBUTE ACTIONS 
Changes in the maintenance and functional condition attribute states of hardware items that result 
from the completion of a maintenance task can be expressed in the modelling language under the 
heading “Actions” of the relevant MP Graph node. A transition in the maintenance attribute named A 
of a hardware item referenced by variable b to the state named c is expressed by a term of the form 
“A(b)=c”. E.g. if car represents an item of the “Car” item type from the car braking system shown in 
Figure 2, then the term “Fitted(car.CarWheel[1]) = false” represents an action that sets the “Fitted” 
maintenance attribute of a related item of the “Wheel” item type to the state “false”. A restoration of 
the functional condition attribute named A of a hardware item referenced by variable b to state c is 
expressed by a term of the form “Restore(A(b), c)” or simply “Restore(A(b))” if the item is restored to 
the ‘as-new’ condition. E.g. if pads represents an item of the “BrakePads” item type from the car 
braking system shown in Figure 2, then the term “Restore(Wear(pads))” represents an action that set 
the “Wear” functional condition attribute of that item to 0. 

TASK DURATION 
The task durations, given as either fixed values (i.e. deterministic task times) or distributions (i.e. 
stochastic task times), are necessary if maintenance of the described system is to be modelled. For 
reasons of brevity, they are omitted for the car braking system example given in this paper. 

4. EXAMPLE 
An example solution for the fulfilment of a set of maintenance strategy goals for an item of the “Car” 
item type (see Figure 2), represented by the variable car,  is shown in this section. The initial situation 
is as follows:  
 

 The maintenance attribute states of the hardware items related to car  are such that 
Operational(car) (see Table 3) evaluates to the symbol “true”.  

 There are 2 of the resource named “Technician” available, 2 of the resource named 
“AxleStand” available and 1 of each of the resources named “Jack”, “BrakePads” and 
“BrakeDisc” available.   

 The initial states of the functional condition attributes Mileage(car), 
Wear(car.CarWheel[1].WheelCaliper.CaliperPads) and 
Wear(car.CarWheel[1].WheelCaliper.CaliperDisc) are 15000, 85 and 75 respectively.  

 
The maintenance strategy is such that the functional condition attribute named “Wear” of the items 
car.CarWheel[1].WheelCaliper.CaliperPads and  car.CarWheel[1].WheelCaliper.CaliperDisc are 
obeserved when Mileage(car) reaches 15000 (i.e. these goals are set in the initial state). The 
maintenance strategy also dictates that if the “Wear” functional condition attributes of either of those 
items is greater than 70 then they must be restored (i.e. these goals are scheduled upon observation of 
the functional condition attribute). 
 

 
Figure 5 – Graph showing temporal constraints between tasks in a possible solution to the maintenance goals 

resulting from the example maintenance strategy for the example car system. 

Loosen the
wheel bolts (1)

Remove the
wheel bolts (1)

Remove the
wheel (1)

Jack up wheel
(2)

Insert axle stand
(3) Lower jack (4) Jack up wheel

(5)
Insert axle stand

(6)

Unbolt caliper
from disc (11)

Visual Brake Pad
Wear Inspection

(9)

Visual Brake
Disc Wear

Inspection (8)

Remove caliper
from disc (11)

Apply grease to
rear of

replacement brake
pads (10)

Replace brake
pads (10)

Place caliper on
disc (13)

Replace disc
(12)

Lower Jack (7)

Bolt caliper to
disc (13)

Replace the
wheel (14)

Replace the
wheel bolts (14)

Jack up wheel
(15)

Remove axle
stand (16) Lower jack (17)

Tighten wheel
bolts (14)

Jack up wheel
(18)

Remove axle
stand (19)

Lower jack (20) Accelerate to
60mph (10/12)

Decelerate
under braking to
10mph (10/12)

Accelerate to
60mph (10/12)

Decelerate to
standstill
(10/12)

Start

End



 

Figure 5 shows a graph that represents the temporal constraints, between the initiations of tasks, in an 
analogous form to the MP Graph, in a possible solution.  Each node is labelled with the name of the 
task it represents and a number that refers to the maintenance procedure instantiations to which it 
belongs (see Table 5). By considering the initial state of the car and the outcomes resulting from each 
task, it can be verified that the constraints are met for each task and therefore that the schedule is 
feasible if these temporal constraints are followed and no more than two tasks are performed 
simultaneously (due to limitations of the “Technician” resource). Furthermore, given the task 
initiation and completion times, the task outcomes can be used to determine the precise system 
operational shut-down and start-up times, hardware item functional condition attribute restorations 
and observation times (and hence sufficiency of the schedule for the given maintenance strategy), and 
maintenance resource usage durations. Comparing this solution for the set of maintenance goals to 
standalone solutions for each individual goal shows that many of the tasks and sub-procedures, such 
as “Remove Wheel” and “Bed Brakes”, have been rationalised. 
 

Table 5 – Instantiation of maintenance procedures, represented by MP Graphs in Figure 3 and 
Figure 4, corresponding to the solution shown in Figure 5. 

Number Name Hardware Item Binding 
1 Remove Wheel car.CarWheel[1] 
2 Jack Up Wheel car.CarWheel[1] 
3 Insert Axle Stand car.CarWheel[1] 
4 Lower Wheel car.CarWheel[1] 
5 Jack Up Wheel car.CarWheel[1].OtherAxleWheel 
6 Insert Axle Stand car.CarWheel[1].OtherAxleWheel 
7 Lower Wheel car.CarWheel[1].OtherAxleWheel 
8 Inspect Brake Disc Wear car.CarWheel[1].WheelCaliper.CaliperDisc 
9 Inspect Brake Pad Wear car.CarWheel[1].WheelCaliper.CaliperPads 
10 Replace Brake Pads car.CarWheel[1].WheelCaliper.CaliperPads 
11 Remove Brake Caliper Assembly car.CarWheel[1].WheelCaliper 
12 Replace Brake Disc car.CarWheel[1].WheelCaliper.CaliperDisc 
13 Replace  Brake Caliper Assembly car.CarWheel[1].WheelCaliper 
14 Replace Wheel car.CarWheel[1] 
15 Jack Up Wheel car.CarWheel[1] 
16 Remove Axle Stand car.CarWheel[1] 
17 Lower Wheel car.CarWheel[1] 
18 Jack Up Wheel car.CarWheel[1].OtherAxleWheel 
19 Remove Axle Stand car.CarWheel[1].OtherAxleWheel 
20 Lower Wheel car.CarWheel[1].OtherAxleWheel 
 

5. CONCLUSION 
The manner in which a maintenance strategy is implemented for hardware items, in terms of the 
schedule of maintenance tasks performed, has important implications in terms of hardware availability 
and maintenance costs. A number of different maintenance task outcomes and constraints have been 
identified that dictate whether a given schedule of tasks is feasible and sufficient for fulfilling the 
maintenance strategy. Based on this, a concise and expressive modelling language that enables the 
representation of the details relevant to maintenance task scheduling was developed and has been 
presented in this paper. This provides a basis for the future development of maintenance strategy 
implementation modelling, planning and decision support tools. A literature review of maintenance 
strategy optimisation models found that they lack detailed strategy implementation models and that 
enhanced modelling in this area would benefit the determination of optimal strategy. An example 
representation of part of the braking system from a car was used to demonstrate the use of the 
language and show how it could be used to analyse the implementation of a maintenance strategy. 
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