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Abstract 
Business process management (BPM) tools offer the advantage that they are relatively easy to 

understand and fast to learn. Some BPM tools are extended with simulation capabilities. These 

simulations can provide useful insights in the performance of processes. However, it is not always 

possible to specify a model correctly in BPM tools, since the expressive power of BPM tools is limited. 

Therefore, it is not always possible to model all characteristics of the business process in detail. This 

research aims to examine the extent to which BPM tools are able to simulate manufacturing processes 

correctly. The objectives of this research are twofold. Firstly, this research captures the various aspects 

of the manufacturing process by means of process patterns. These patterns are simulated in BPM tools 

and their validity is evaluated in terms of the accuracy of waiting times, throughput times and 

utilization rates. The simulations in a BPM tool are compared to the simulations in a more advanced 

simulation tools that allows for specification of the patterns. This research shows that in a BPM tool, 

models containing complex routing patterns and patterns involving multiple resources resulted in 

inaccurate simulations. Secondly, a case study at Philips Healthcare examined whether incorrectly 

modeled patterns impact the validity of a simulation model for a manufacturing process. This research 

shows that this process cannot be simulated well with a BPM tool. The simulation in a BPM tool 

resulted in an underestimation of 33% for the throughput time and an underestimation of 6% for the 

utilization rate for Philips’ refurbishment process. For a large part, this inaccuracy can be attributed to 

the limited input capabilities (in terms of statistical distributions) and the inability to model some 

process patterns properly.  

 

Keywords: business process simulation, BPM tools, validation, manufacturing processes, 
refurbishment, process patterns. 
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1. Introduction 

 
This research aims to provide insights in simulation in business process modeling (BPM) tools, especially 

the simulation of processes typical for manufacturing. Manufacturing processes have patterns that are 

characteristic to describe the processes. This study examines the ability to model these patterns in BPM 

tools. Moreover, this research evaluates the validity of these simulation models in terms of the accuracy 

of the lead times, waiting times and utilization rates. The validity of the simulation of these processes will 

be evaluated by checking whether a specific function of the process can be modeled by the tool or not. If 

a tool does not support such a function, this study will assess the consequences of this modeling disregard. 

This introduction describes the motivation, goals and methodology for this research and concludes with 

the outline of this thesis.  

 
1.1 Motivation 
In a market characterized by increasing market diversity, rapid technological change and uncertainties in 

future product demands, flexibility in manufacturing processes is essential for increasing market 

responsiveness (Bako & Božek, 2016; Jordan & Graves, 1995). Effective process redesign is an important 

tool for obtaining process flexibility. Business process simulation could aid the redesigning process by 

facilitating the evaluation of the impact of a new process design on costs, lead times and throughput. 

Though being widely used in practice, simulation practices still have some room for improvement 

(Jahangirian, Eldabi, Naseer, Stergioulas, & Young, 2010). New simulation interfaces could further increase 

the adoption of simulation technologies. One of these interfaces extends Business Process Management 

(BPM) tools with simulation functionalities. These tools have the advantage that they cover different 

aspects of the business system, such as internal behavior aspects, use of information systems and 

organizational structures (Bosilj-Vuksic, Ceric, & Hlupic, 2007). Moreover, BPM tools are relatively easy to 

understand and to learn. This gives BPM tools a great advantage in their usability, compared to more 

complex simulation tools. Most BPM tools are based on the leading industry standard for business process 

notation: BPMN (e.g. see Clauberg & Thomas, 2013). This notation is rather intuitive and easy to learn, 

which is why this notation is frequently taught as an important method to express business processes. The 

ease of interpretation and wide-spread knowledge on its usage offer a great advantage to BPM tools. 

 

Though frequently used in practice and easy to learn, BPM tools suffer from some drawbacks. One 

important issue is the lack of expressive power of BPM tools. For example, timing restrictions or complex 

dependencies between tasks cannot be expressed in BPMN. As such, the validity of simulations in these 

tools is not straightforward. Process redesign for manufacturing processes has the need to properly model 

and simulate its processes and alternative redesigns to achieve operational excellence and obtain financial 

benefits. This study will contribute to this need by assessing the validity of simulation in popular BPM 

programs. The research will investigate the characteristics of a manufacturing process and evaluate their 

possibilities to be implemented in popular BPM tools. If tools lack the ability to model some patterns, an 

analysis will be performed to assess the margin of error caused by this inability.  
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1.2 Refurbishment industry 
One of the industries with a high need for process flexibility is the refurbishment industry. Over the past 

decades practices that attempt to reuse existing machinery and systems have grown rapidly (European 

Commission, 2017). In a world where resources are scarce and start to get exhausted, production 

companies are looking for new opportunities to maintain their activities. One of these is by means of 

processing used machinery and systems into as-good-as-new ones. This process is referred to as 

refurbishment or remanufacturing1.  Engaging in refurbishment practices is interesting in two ways. Firstly, 

using the value remaining at a product’s end of life supports the transition to sustainable supply chain 

management (Linton, Klassen, & Jayaraman, 2007). Secondly, it provides many profitable opportunities; 

for example by competitive advantage through customer intimacy (Heese, Cattani, Ferrer, Gilland, & Roth, 

2005) or operational efficiencies (Kerr & Ryan, 2001). Reported top motives for engaging in refurbishment 

practices are higher profit margins, environmental responsibility, strategic advantage and increasing 

market share (Parker, Riley, Robinson, Symington, & Hollins, 2015). Recognizing the benefits of 

refurbishment practices, the European Union has put forward a package to support the EU’s transition to 

a circular economy (European Commission, 2015). Amongst others, this package includes research 

funding, industry guidance and regulatory measures. With this support package the EU hopes to encourage 

industrial companies to overcome their doubts on refurbishment. These stimulations are necessary since 

many companies are still reluctant to enter this market, even though it offers a great deal of advantages. 

Amongst the barriers to engage are the lack of availability of core products and poor quality of these, high 

labor costs and the lack of know-how to organize (Parker et al., 2015).  

 

These boundaries to employ refurbishment processes might be lowered by increasing the knowledge of 

these processes and improving their efficiency. Extensive research on production processes provides 

useful understandings in operational control and management practices. A popular way of analyzing and 

improving production processes is by means of modeling and simulation. These techniques can for 

example be used to identify bottlenecks and waste or evaluate process design alternatives (van der Aalst, 

2013). Though these techniques are powerful tools to analyze processes, one has to account for the fact 

that they are simplified representations of the reality (Aalst, Nakatumba, Rozinat, & Russell, 2009). 

Signavio, a BPM tool, illustrates this in their white paper: “The modeling language offers an extensive 

variety of modeling elements, though not all elements can be included in the simulation of processes. 

Some symbols will be ignored during the simulation, as a message flow for example. In addition, complex 

gateways cannot be included when simulating processes” (Clauberg & Thomas, 2013, p.12). This 

simplification could harm the validity of the simulation, since influencing factors might be not be taken 

into consideration. Typically, refurbishment processes have a lot of these influencing factors, as they are 

described as complex processes with a lot of variation in operations and performance (Fleischmann et al., 

1997; Guide, Jayaraman, & Srivastava, 1999). Examples of these processes are the backflow of materials 

or complex testing procedures. Having a high need of process flexibility, a clear and manageable process 

evaluation tool would be beneficial to refurbishment companies.  

                                                        
1 Though relatively similar, there is a difference between those terms. Refurbishment is the renovation and updating of old 
systems into new ones, without changing its configuration. Whereas remanufacturing can use parts of different systems to 
manufacture a new system. For the sake of consistency, the term refurbishment will be used in this research.  
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1.3 Research goal  
This study will assess the validity of simulating manufacturing processes in BPM tools. This goal can be split 

into two main goals. The first one is theoretical and has the objective to identify the patterns that exist in 

manufacturing processes. Each pattern describes the dependencies between different activities of the 

process. Therefore, each pattern forms a fundamental part of the manufacturing process. Moreover, this 

research will evaluate if it is possible to model and simulate these patterns in BPM tools and quantify the 

consequences of an inability to simulate a pattern. The second goal is evaluated from a practical point of 

view by means of a case study at the department Refurbished Systems of Philips Healthcare (RS) in order 

to check whether the theoretical results still hold in a practical environment. Specifically, the case study 

will examine whether incorrectly modeled patterns impact the validity of a simulation model for a 

refurbishment process. To structure this research, the following research question has been stated:  

 

“To what extent can current BPM tools simulate manufacturing processes?” 

 

This research question can be broken down into smaller sub-questions, which are easier to answer. 

Together, the answers to these questions contribute to answering the main research question of this 

study. First of all, it needs to be investigated which process patterns are typical for manufacturing 

processes. By testing how many of these process patterns are supported by a simulation tool, this research 

makes an assessment of the extent to which manufacturing processes can be simulated. Therefore, the 

first sub-question is: 

1. Which process patterns are typical for manufacturing operations? 

 

A major part of the research question concerns BPM tools. The goal of the second sub-question is to 

investigate which BPM programs are used most frequently in practice. Then, it can be checked if the tool 

is able to program the specific process patterns Therefore, the second sub-question reads: 

2. What are popular BPM simulation tools and which process patterns are supported by these tools? 

 

It might occur that a BPM tool does not support some of the process patterns that are identified. In this 

case, it is likely that the simulation model will contain some modeling errors. The error of an incorrectly 

specified model (in a BPM tool) can be assessed by comparing the simulation results to a correctly modeled 

one (in a more specialized simulation tool). In this way, an assessment of the simulation error can be made. 

Knowing what deviations in throughput time this error causes, one can account for that when analyzing 

the simulation models. Therefore, it is useful to study what the effects of this modeling errors are: 

3. What deviation in simulation results can be attributed to the inability to model a process pattern 

properly? 

 

 

1.4 Methodology 
This section discusses the action plan that was used to answer the research questions. In line with the two 

goals of this research, this study was performed in two different tracks; a theoretical track and a case study 

at Philips Healthcare for the practical track. The theoretical track considered a literature review on the 



6 
 

problem, to obtain a solid understanding of the topic. In the literature review the concept of process 

patterns will be introduced; smaller parts of a process that perform a pre-defined task (e.g. merge different 

execution paths or approve the results of a task). These patterns were used to catch the different 

dependencies between tasks that occur in a manufacturing process. The second track is more practically 

driven and is completely studied at Philips Healthcare’s department Refurbished Systems (RS). The 

refurbishment processes at this factory will be modeled. This process is also used to identify process 

patterns that are used in manufacturing processes. These patterns were eventually used to evaluate the 

capabilities to simulate manufacturing processes.  First, the simulation of each pattern was tested for each 

pattern individually in a BPM tool. Subsequently, all patterns were linked together to form the production 

process at Philips RS.  This process was simulated in both a BPM tool (Signavio) and a more advanced 

simulation tool (Arena). This allowed to make a comparison between the simulation in a BPM tool and the 

simulation of a correctly modeled alternative. A graphical representation of the methodology is presented 

in Figure 1.1. The different steps will be discussed in more detail.  

 

 
Figure 1.1: Graphical representation of the methodology 

 
1. Pattern identification 

The first step of the practical track is to obtain an overview of the operations at RS. The output of 

this phases is twofold. Firstly, the information will be used to identify and describe the different 

operations in the process and the relations between these tasks. Interviews with engineers on the 

shop floor, observations of the shop floor activities and analysis of the provided work instructions 

will be used to describe the refurbishment process. These different operations can be used to 

identify the process patterns used in a manufacturing process. Secondly, the interviews and 

observations will yield a process map that can be used as a reference model for the simulations of 
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the case study. Ideally, more quantitative methods would be used to obtain a process model. 

However, due to the lack of available data on the process, interviews and observations were used 

to determine the process model of RS’s operations. The result of this step will be a process model 

on the refurbishment processes at RS.  

2. Implementation of patterns in BPM tools 

Firstly, a background section will provide a deeper understanding on the topic. Specifically, the 

background section will focus on three topics: 

i) Manufacturing processes; to gain a better view on manufacturing processes. This has the 

objective to identify characteristics of manufacturing processes. Especially, the focus will 

be on characteristics of refurbishment processes, as these are studied in the case study 

later.   

ii) Current BPM tools; investigate what the most-frequently used BPM tools are and what 

the capabilities and limitations of these tools are. This step will yield an overview of the 

different tools and their abilities. Eventually, one tool was selected to evaluate the 

capabilities of a BPM tool. Moreover, the evaluation of simulation tools will be discussed. 

These practices can be used as a basis for evaluating the BPM tools.   

iii) Process patterns; in this research, process patterns were used to capture the different 

relations the simulation tool must be able to model. Background information on the use 

of these patterns and a literature review on different types of process patterns provided 

a starting point for identifying the patterns used in manufacturing processes. 

Then, a first assessment of the implementation of the process patterns in BPM tools can be made. 

This assessment was based on the information of the background section and the identified 

process patterns. 

3. Analysis of individual patterns 

The different patterns that were identified will be modeled and simulated individually. When there 

is no literature available on the simulation of a specific pattern, this study will propose an 

alternative to model the pattern in the concerned tool. The patterns will be simulated for different 

values of utilization and a different number of resources, to check the results for different 

parameter settings.  In this way, this research evaluates whether or not a pattern can be modeled, 

and what the alternatives are if it is not possible to simulate a specific pattern.  

4. Integrated Simulation 

The model obtained in step three will be built in the popular BPM tools that were identified earlier. 

The construction of the simulation model will be based on the patterns that were identified 

before. By simulating these models in both a BPM tool and a more specialized simulation tool, this 

research compares the simulations in a BPM tool to the correctly modeled simulations in the 

specialized simulation tool. By comparing the results from both simulations, one can quantify the 

error resulting from the incorrect modeling. The simulation step will conclude with an overview of 

the different simulation models and their performances in terms of a deviation from the actual 

throughput, waiting time and utilization rates.  

5. Comparison of the results and conclusion 

The last step of this study combines the results of the two different tracks. The patterns and tools 

obtained from the scientific literature will be validated by means of the results from the practical 
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track (i.e. the integrated simulations from RS). This step will discuss the different tools and their 

ability to implement the different patterns. In doing so, this step provides a complete overview on 

the problem, so the main research question can be answered. This step concludes with a 

discussion of the results, its potential and limitations and possibilities for further research.  

 

 

1.5 Case study company 
One of the companies that has embraced the reuse of old systems is Philips Healthcare. The department 

Refurbished Systems (RS) invests in used medical systems to refurbish them and bring them back to the 

market again. The RS department has the main objective to acquire, refurbish and deliver reused medical 

systems to the Philips key market organizations. The RS department employs the following definition for 

refurbishment: “The process or combination of processes applied during the expected service life to 

restore used medical imaging equipment to a condition of safety and effectiveness comparable to when 

new.2”  A case study will be performed in RS’s production facility in Best, the Netherlands. To get a broader 

understanding of the manufacturing practices at RS, a short description of its refurbishment process is 

given. This study will specifically focus on the refurbishment processes of Philips x-rays for cardiac- and 

vascular systems. A short description of such a system is provided in Appendix A. All process steps- from 

disassembling to testing- are performed at this location, making it a good location to study.  Moreover, 

this process, from manipulation of (raw) materials to assembling and testing represents a manufacturing 

process. Therefore, especially the update and testing phase of the refurbishment process will be discussed 

in this report. The process of refurbishment at RS is summarized in Figure 1.2.  

 

 
Figure 1.2: Overview of the refurbishment process 

The process starts with the marketing department reaching out for used systems in the medical field (e.g. 

hospitals). When a potential seller has been found, the trade-in department starts valuating offered 

system. These market experts make a first assessment on the usability of the system. If the system has the 

potential to be refurbished, a deal can be made. Then, the system will be disassembled and shipped to the 

RS factory in Best. Once arrived at the RS department a team checks the usability of different sub-systems. 

When an order for a machine has been received, the planning for the refurbishment will start. Updates of 

the different sub-systems (e.g. monitors, processors, x-ray stand or patient table) will be performed in 

parallel by different teams of engineers. If all different sub-systems are refurbished, the system is 

assembled and tested in its totality. When a system shows errors, it flows back into the updating phase. 

                                                        
2 Refurbishment can include activities such as repair, rework, replacement of worn parts, and update of software/hardware but shall not 
include activities that result in regulatory submissions. 



9 
 

Systems that are refurbished and of good quality are prepared to be shipped to their customers and gets 

a new life cycle. RS distinguishes four different types of refurbishment: i) regular refurbishment, which 

follows the process as described above, ii) Transformation upgrade, in this case the stand, cabinets and 

table are refurbished, other parts are substituted for new ones, iii) catalyst upgrade, which only reuses the 

stand and renews the other parts, and iv) System Test Machines (STM), these systems were used for 

testing and demonstration purposes and are still in quite good quality and these systems are mostly just 

cleaned and tested. These different types of refurbishment are varying in the degree of materials that 

need to be refurbished. In this regular refurbishment case, all sub-systems are refurbished, making this 

the most intensive case. By focusing on this type of refurbishment, the processes of the other types can 

also be explained. Therefore, this research will only focus on the regular refurbishment. 

 

 

1.6 Outline of this thesis 
The outline of the remainder of this report is closely related to the methodology presented before. Chapter 

2 presents the background on the simulation of manufacturing processes. In this chapter, the foundations 

of process patterns and simulation of business processes will be explained. The identification of process 

patterns that are useful for manufacturing processes is discussed in Chapter 3. This chapter will mostly 

have a practical point of view, as it concerns the identification of the business processes at Philips RS. In 

Chapter 4, the identified patterns will be simulated individually to assess the simulation capabilities of 

BPM tools for a theoretical point of view. Chapter 5 discusses the simulation of the integrated process 

model (as obtained before), analyzing the problem from a practical view. Lastly, Chapter 6 presents the 

discussion containing a conclusion, limitations of this research and some recommendations for further 

research. 
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2. Background on the Simulation of Manufacturing Processes 
 

The main objective of this research is to assess the capabilities of BPM tools to simulate manufacturing 

processes. In order to gain a broader understanding on the topic and its applications, this section provides 

background information. Such information sets the context for this research and recognize the limitations 

and intentions of manufacturing practices. This background section breaks the subject of this research 

down into three different topics. All these three topics are needed to answer the research question. The 

first paragraph shines light on the manufacturing process, to gain a broader understanding of the scope of 

this research. In doing so, special attention will be put on the flexible manufacturing process, as this will 

be the scope of the case study used in this research. Secondly, different BPM & general simulation tools 

are considered, since these can be used to evaluate the process designs Moreover, the use of BPM tools 

for simulation is a key element of this study. Specifically, two simulation tools (one BPM tool and one 

general purpose simulation tool, Signavio and Arena respectively) are compared. This will give a first gasp 

in the simulation capabilities of a BPM tool. Lastly, process patterns are discussed as a means for evaluating 

the capabilities of a simulation tool. In this research, process patterns will be used to express the different 

functionalities a manufacturing process must be able to fulfil. As such, these patterns form the basis to 

evaluate the capabilities to simulate manufacturing processes. 

 

2.1 Manufacturing processes 
Essentially, manufacturing systems consist of a set of machines with different functionalities, a set of 

resources and an operating and control protocol that determines how products should be produced 

(Lafayette, 1998). Its main objective is to construct a final artefact, according to the pre-defined 

specifications. This section describes the need for flexible manufacturing methods, gives an example of a 

flexible manufacturing environment- the refurbishment process-, and discusses the implications for the 

simulation of manufacturing processes. 

 
2.1.1 Evolution of the manufacturing process  

Over the years, the manufacturing industry has changed gradually. Over the course of the 20th century, 

the evolution of controlling, experimental, and statistical techniques provided managers with tools to 

improve their efficiency (May, Spanos, & Wiley, 2006). Simulation of production processes becomes a 

widely accepted tool to design and improve production. These changes are mainly driven by the technical 

and methodological enhancements. Late 20th century, the manufacturing practices are more affected by 

economical and sociotechnical changes. An increased market diversity, rapid market and technological 

change and an increasing spread of manufacturing technologies causes a need for more flexible 

manufacturing processes (Doll & Vonderembse, 1991). A flexible manufacturing process means that  the 

business can effectively cope with demand uncertainties and improve market responsiveness (Jordan & 

Graves, 1995). This increased need for flexible manufacturing processes will even grow further, as 

manufacturing and service provision tend to integrate (Schmenner, 2009). A good example of an emerging 

manufacturing process that requires a lot of flexibility is the refurbishment process. This process will be 

explained in the next section.   
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2.1.2. Refurbishment process – a flexible manufacturing process 

Refurbishment is the renovation and updating of old systems into as-good-as-new ones, without changing 

its configuration. In line with this concept is remanufacturing: “Remanufacturing is the process of restoring 

a non-functional, discarded, or traded-in product to like-new condition” (Lund & Hauser, 2010, p.2).   

Where traditional production processes follow a linear process from raw materials to end-products, the 

refurbishment process has a more cyclical nature. Older systems that have already been used form the 

primary resource for a new production process, closing the circle. This new means of collecting resources 

does not only rise opportunities, but it comes also with new challenges. The quality of the incoming 

systems can vary heavily, since the systems are previously used by different sources. As a result, the 

refurbishment process differs slightly from the manufacturing process. In a literature review on 

refurbishing systems, Guide (2000) distinguishes seven main characteristics of refurbishment processes: 

1. Uncertainty in timing and quantity of the supplies (i.e. the returned systems). A producer is 

dependent on a lot of different third parties for the resources.  

2. The need to balance these supplies with the demand. Acquisition of an old system is done at a 

different partner and an order for a refurbished system may also occur at a later moment in time.  

3. The disassembly of the old systems. Old systems have to be disassembled in order to be able to 

receive updates. This is an extra step compared to traditional processes. 

4. The uncertainty of the quality of the materials from the resources. Since the old systems are 

obtained from a collection of different users, the quality (and thus usability) of these resources 

varies heavily.  

5. The requirement of a reverse logistics network. The recovery of old systems requires a logistic 

network that enables items to flow backwards in the supply chain. There has to be an organization 

to manage the logistics (e.g. see Fleischmann et al. (1997) or Heese et al. (2005)).  

6. Complications with material matching. Often there is a mismatch in configuration of old and new 

system. This can be the result of more advanced technologies or new legislations that are required 

in the new system.  

7. The problems of stochastic routings for materials for remanufacturing operations and highly 

variable processing time. 

These characteristics make that remanufacturing operations require a lot of flexibility. The process must 

be able to deal with entities that take a lot of different paths. As a result of that, operation lay-outs are 

generally in job shop or workstation forms (Guide, Kraus, & Srivastava, 1997). Due to this cyclical and 

complex nature, refurbishment processes tend to have a longer throughput time than regular production 

processes. The variation in operations performed makes it hard to collect data on the ongoing processes 

and operations. There’s only very little data available for each flow and these data are likely to have much 

variance due to the diversity in quality. This makes it a great challenge to measure, analyze and optimize 

refurbishment processes (Jin, 2012;Bras & Hammond, 1996).  

 

2.1.3 Simulation of manufacturing processes 

Simulation could be used to gain a better understanding of the refurbishment process. The typical 

manufacturing simulation model is either used to predict a system’s performance or to evaluate system 

redesign alternatives. Regarding a manufacturing study, the simulation model has a set of features that 

are included in the simulation model. These items are the resources, material handling devices, a control 
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logic, a workstation logic, buffers, processing order or a routing plan, process data and reports (Miller & 

Pegden, 2000). The simulation of manufacturing processes has made a lot of progress in the areas of the 

manufacturing system operation, simulation languages and the design of manufacturing system 

(Negahban & Smith, 2014). As products and processes are getting more and more complex, production 

management decisions will affect more than just the production department. As a result,  the model 

involves many interdependent variables and simulation will become more and more critical to 

manufacturing businesses (Mclean & Leong, 2001). Moreover, the importance of simulation will also grow 

with external factors such as globalization, ever-increasing requirements for higher degree of product 

customization and personalization (Mourtzis, Doukas, & Bernidaki, 2014). Though growing in importance, 

simulation is not for everyone yet. Often, complicated simulation tools, together with a high modeling 

time, form barriers for employing simulations in businesses (Jahangirian et al., 2010). Also, because of the 

high costs of acquisition, maintenance and integration and limited interoperability, simulation technology 

is not always implemented. This research acts on these problems by examining whether easily 

understandable BPM tools are valid tools to build a simulation model. 

 

2.2 Business process simulation tools  

The evaluation of business process designs is essential for determining the best opportunities. One of the 

most important tools for redesigning and optimizing business processes is simulation, as this provides an 

accurate analysis and visualization of the current business situation and alternatives (Tumay, 1995). 

Essentially, business process simulation (BPS) consists of four steps: i) building a model, ii) running a model, 

iii) analyzing the performance measures and iv) evaluate the alternative scenarios. Corresponding with 

these steps, figure 2.1 shows a graphical representation of a traditional simulation study.  

 

 
Figure 2.1: Traditional Simulation Study, retrieved from van der Aalst (2013) 

 

Businesses have an increasing focus on the continuous improvement of the process, rather than activities 

themselves. In doing so, simulations can both be used to assess the current situation and its bottlenecks 

and the situations to be (Greasley, 2003). Over the past years, simulations have become one of the most 

important analysis techniques in the field of business process management, due to its versatility, low 

constraints and ease of interpretability (Buzacott, 1996; van der Aalst, 2013). These increasing BPS 

practices have led to an abundance of simulation tools, each with its advantages and drawbacks (Nick 
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Russell, Van Der Aalst, & Ter Hofstede, 2007). Depending on the exact application of a simulation, tools 

may have different functionalities and a different focus of use. Generally, this can vary from BPS tools that 

are relatively general, and easy to use and interpret to tools that are highly specialized in computing the 

dynamics of a model. In their review on BPS tools, Jansen-Vullers & Netjes (2006) make a distinction 

between three types of BPS tools: 

- Workflow management tools: these systems automate the stream of work over the whole process 

cycle. These tools are mainly developed to manage the processes, resulting in high interpretability, 

but less analytical functionalities. Initially, some tools did not even support simulations, like 

FLOWer. A tool that is known as one of the most advanced management tools is IBM’s FileNet. 

- Business process modeling (BPM) tools: BPM are designed to express and analyze business 
processes and support the expressions of control flow of business processes, the resources 

involved and documents being used. Typically, BPM tools have a diagramming environment 

extended with various techniques to enable simulations. Examples of these tools are Protos (Petri 

Net based) and ARIS Toolset (Event-Driven Process Chains). 

- General Purpose Simulation Tools: These tools are specifically designed to simulate, giving them 

the most functionalities of the three types described. Unfortunately, this deep focus will go with 

lower ease of use. These simulation tools range from generally applicable to highly specialized on 

specific domains (e.g. supply chains or military). Examples of more general tools are Arena or CPN 

Tools. 

 

The current standard for describing business processes is the Business Process Modeling Notation (BPMN), 

which is featured in most BPM tools. BPMN is designed to provide businesses with the capabilities of 

understanding and communicating their procedures in a standardized, graphical notation. Though highly 

useful and easy to interpret, BPMN has its limitations when extending it for simulation purposes. Examples 

of such limitations are the inability to assign priorities to a token, no equivalent for queueing, no 

specification for routing policies or no assignment of inter-task times (Mathew & Mansharamani, 2012).  

A lot of BPS tools are based on BPMN, since most of these tools are extended workflow management or 

BPM tools. As a result, these tools vary greatly in the techniques and functionalities they support (Jansen-

Vullers & Netjes, 2006).  

 

Though BPM tools do not allow much details compared to purpose-designed simulation tools, a large share 

of the business process simulation projects is performed in BPM like tools. The reason for this is that most 

business process simulation projects in practice are short, relatively non-technical and rely on project 

management. Therefore, users prefer BPM tools that are easy to learn over detailed simulation software 

(Melão & Pidd, 2003). The choice for a modeling and simulation tool is highly correlated with the modeling 

lead time and purpose of BPS project (Jahangirian et al., 2010).  These findings indicate that simulation 

projects in a real-life business environment are often carried out with workflow management or BPM tools 

instead of the general-purpose simulation tools.  

 

 



14 
 

2.3 Evaluation of simulation tools 

Basically, this research evaluates the simulation capabilities of BPM tools. Specifically, this research 

compares the capabilities of a BPM tool (Signavio) with those of a general-purpose simulation tool (Arena). 

A first comparison between these tools is made to evaluate their capabilities on first sight. This evaluation 

can be used to recognize the capabilities and limitations of the BPM tool. As such, these limitations can be 

taken into consideration in the remainder of this research. This paragraph first compares Signavio and 

Arena from a higher level. The evaluation criteria used for comparing these tools are in line with the 

practices of previous scientific work, as is shown in section 2.3.2.  

 

2.3.1 Comparing Signavio and Arena 

The first thing that springs in mind when opening simulation tools is the look and feel of the application. 

An important aspect of the tool is the user experience, since this influences the extent to which users 

actually use the tool. Like other BPMN based tools, Signavio has a relatively intuitive set-up. The building 

blocks of a process are clearly visible, which makes the tool easy to use and learn. Moreover, the models 

created in this tool are clear, which makes it a suitable tool to transfer the concepts of a business process. 

Arena is a tool that is more difficult to use. The great number of different functionalities and options make 

the tool harder to master. The graphical interface shows provide only little grip on the use of the tool. A 

lot of process blocks (e.g. activities or gateways) look the same and options are hidden under menus. 

Though these options make it harder to select the right function, the user has more possibilities to enter 

the required information.  

 

Arena has a great variety of input options. Different process types (delays, separations, signal functions, 

etc.) can be used to build a process. An equation builder provides a lot of possibilities to specify input 

variables, distributions of parameters or routing options (e.g. by evaluating conditions). As a result, the 

modeling and simulation capabilities of Arena are high. These capabilities are limited in Signavio, since 

Signavio is based on BPMN. For example, specifying complex routing policies, resource dependencies or 

timing restrictions are not possible in Signavio. The simulation capabilities are also limited, since Signavio 

does not support many input options. The randomness of processing times can only be expressed by a 

uniform or normal distribution, where a manufacturing process often uses exponential distributions to 

express the processing time of a task (e.g. see Conway, Maxwell, Mcclain, & Thomas, 1988; Nahmias, 

2009). Also, the arrival rate of new products cannot be specified by means of a statistical distribution; 

Signavio only supports a week-schedule to specify the arrival of new cases. In running the simulations, it 

is not possible to specify a warm-up period or a number of repetitions. Moreover, when repeating a 

simulation is Signavio with the same settings, the simulation will yield exactly the same results as the 

previous simulation. This is not expected, since processing times are subject to some statistical 

distribution. This is an indication that the randomness in simulations in Signavio cannot be well 

represented. The output capabilities in Signavio are also limited. Signavio presents the number of cases 

executed, total processing time (including waiting times), pure execution times, resource utilization and a 

bottleneck analysis. Though these values might suffice for easy analysis, the output is not very extensive. 

Arena provides more extensive output: each simulation results in an output, which specifies the results 
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for each resource, entity of task separately. Moreover, it is possible to create graphical representations of 

the data, for analytical purposes.  

 

2.3.2 Evaluation practices 

The evaluation criteria used in the previous section are relatively similar to the evaluations of simulation 

tools used in previous scientific work. Different studies have focused on the evaluation of business process 

simulation tools. These studies mainly vary in their applications and point of view. For example  Jansen-

Vullers & Netjes (2006) discuss that the suitability of a simulation tool mainly depends on the context it is 

used in. Tools that are used to quickly evaluate simple alternatives might prefer relatively simple and 

comprehensible software, whereas highly specialized practices have a need for the specialized tool. 

Though these specialized tools might induce more functionalities, their learning curve is very flat and the 

preference for these tools in practice is rather low (Jadrić et al., 2014). Focusing on the evaluation of 

business process simulators for the use of business process change projects, Bosilj-Vuksic, Ceric, & Hlupic 

(2007) propose a set of guidelines managers can use for selecting the right BPS tool. Most reviews in 

scientific literature (e.g. De Vreede, Verbraeck, & Van Eijck, 2003; Jansen-Vullers & Netjes, 2006; Law & 

Kelton, 2000) base their evaluations on the seven categories to evaluate business process re-engineering 

software tools, as defined by Bradley, Browne, Jackson, & Jagdev (1995). These seven categories are tool 

capabilities, tool hardware and software, tool documentation, user experience, modeling capabilities, 

simulation capabilities, and output analysis capabilities. Especially these last four categories are in line with 

the evaluation made between Signavio and Arena in the previous section.  

 
 

2.4 Process patterns 
Process pattern are introduced as a means to evaluate the capabilities of simulation tools. By means of 

process patterns, it is possible to study whether a specified functionality (e.g. a transformation of state or 

dependency between tasks) can be simulated or not. First, this section gives an introduction on process 

patterns by describing the intuition behind the concept and a definition. Next, different process patterns 

that are described in current scientific literature will be discussed. These process patterns will in later 

stages be used to select the patterns that are applicable for manufacturing processes.  

 

2.4.1 Definition of process patterns 

Following its general definition, business processes can be described as a set of ordered activities 

performed to reach a well-defined goal (Anderson, Bider, Johannesson, & Perjons, 2005). As these goals 

and activities can vary greatly over different industries, and even companies within the same industry, 

business processes are specific for each situation that they are applied in. Recent literature on business 

processes intends to formalize and structures these processes into frameworks or patterns, such that it 

can be reused to assist and accelerate process redesign and process innovation (O. Barros, 2007; Cline & 

Girou, 2000). Instead of analyzing the business process as a whole, these researches break down the 

process into smaller sub-problems (i.e. the different value adding steps). Examples of these sub-problems 

are simple sequences, split and merge operations or more complex ones as a dependent choice or a 

feedback loop. The sequences of activities that solve these smaller problems is referred to as a process 

pattern. One of the first researches that gives a formal definition of a pattern is in Riehle & Züllighoven 
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(1996, p.3): “A pattern is the abstraction from a concrete form which keeps recurring in specific non-

arbitrary contexts.” Where they use patterns to describe reoccurring parts of software to reproduce a 

solution for the situation. This notion is followed in later researches, for example, Ambler (1998) describes 

process patterns as a set of general actions or techniques to solve common problems. In this line of 

thought, “Process patterns are examples that show how to connect activities together to solve a common 

problem”  (Atwood, 2006, p.2).  

 

Figure 1 gives a graphical representation of a process. Each square represents an activity, where an activity 

can create, delete, wait or transform a given object (van der Aalst, 2011). Activities are linked together in 

a given order, indicating the dependency on each other. The set of activities and links together form the 

process. The process consists of some smaller, recurring sequences that enable certain interactions 

between activities: the process patterns (Van der Aalst, Ter Hofstede, Kiepuszewski, & Barros, 2003). In 

figure 2.2, a split into multiple instances, partial join or rework operation are given as an example of such 

pattern.  

 
Figure 2.2: Position of patterns in a process 

As such, process patterns can be seen as the building blocks for a business process. In this research, the 

term process pattern will be used to describe the set of linked activities that can be used to solve 

reoccurring problems. One could argue that each activity itself is also a process pattern, since, though not 

linked to other activities, it solves a smaller level problem of the process. However, the focus on patterns 

as a set of linked activities gives some advantages. First of all, representing a complex business process 

difficult endeavor. It is not rare that businesses have hundreds of processes. Reusing these patterns makes 

it easier and more efficient to model their processes (Mcdavid & Medike, 2004). Secondly, process 

patterns enable its users to communicate more efficiently and with less ambiguity (Gschwind, Koehler, & 

Wong, 2008).   

 

2.4.2 Different Types of Patterns 

As patterns form the typical functionalities of a business process, they should be able to perform the 

operations needed in the process. This implies that each pattern should describe the sequence of and 

relations between activities that need to be used to perform an operation. The function and scope of each 

pattern depends on the context and hierarchical level it is used in (Mcdavid & Medike, 2004). As the use 

of different patterns evolves over time, so does the pattern itself. Therefore, patterns are the result of an 

iterative process (Atwood, 2006).  
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The most fundamental patterns are presented in Van der Aalst, Ter Hofstede, Kiepuszewski, & Barros, 

(2003). This paper describes the elementary workflow patterns from a control point of view. These 

patterns specify which activities need to be performed and in what order. In this paper, patterns are 

described by means of i) a description, ii) synonyms, iii) some examples, iv) the problem solved with the 

pattern and v) implementation strategies. As indicated earlier, patterns are the product of some iterations. 

In a later stadium, Russell, Hofstede, Aalst, & Mulyar (2006) revised these patterns and removed some 

ambiguity. Also, twenty-three more control flow patterns were added, that allow for more specific cases. 

All these basic control patterns are presented in Appendix A. Over the last decade, these forty-three 

patterns have proven to be widely accepted as a standard for elementary patterns, given the high number 

of citations the original article has (over 3,500). However, over the past years a lot of other patterns have 

been proposed as an addition to the control patterns. Some provide an extension to the original patterns, 

whereas others describe patterns that are used in another context. Table 2.1 presents an overview of 

different categories of patterns that have been proposed over the years. 

 
Table 2.1: Overview of different process patterns in scientific literature 

Pattern type Source Suitable for 
this research? 

Control patterns (Van der Aalst et al., 2003) Yes 
Resource patterns (Russell, Hofstede, Edmond, & van der Aalst, 2004a) Yes 
Data patterns (Russell, Hofstede, Edmond, & van der Aalst, 2004b) No 
Contracting patterns (van Dijk, 2003) No 
Transaction patterns (Dietz, 2003) No 
Change patterns (Weber, Reichert, & Rinderle-Ma, 2008) No 
Time patterns (Lanz, Weber, & Reichert, 2014) Yes 
Service interaction patterns (A. Barros, Dumas, & Hofstede, 2005) No 
Flexibility patterns (Nataliya Mulyar, Russell, & Aalst, 2008) No 
Scientific workflow patterns (Dashtban, 2012) No 
Workflow activity patterns (Thom, Reichrt, & Iochpe, 2009) Yes 
Domain process patterns  (Koschmider & Reijers, 2015) Yes 

 

Though there are a lot of process patterns available in scientific literature, not all of these patterns are 

suitable for modeling and simulating manufacturing processes. Each pattern has a certain scope; a domain 

in which the pattern can be applied. Some of these domains are not applicable for production processes 

and can therefore be taken out of consideration. For example, for the data patterns it is clearly stated that 

they describe how data (e.g. variables or matrices) are connected in different steps. Now, in the analysis 

of the performance of production processes the transfer of data is not a relevant measure. Consequently, 

this domain will be taken out of consideration. Also, contracting patterns (van Dijk, 2003) and transaction 

patterns (Dietz, 2003)are out of the scope of this research, since they consider the interactions between 

different parties. Change patterns (Weber et al., 2008) and flexibility patterns (Nataliya Mulyar et al., 2008) 

describe behaviors resulting from deviations from the process. As such, these patterns are applicable for 

analysis when processes are running, instead of the design of processes. Therefore, these patterns will not 

be taken into consideration. There are also some patterns which are simply not in the scope of production 

processes, since they describe functionalities that are applicable in other fields of study. Accordingly, the 

service interaction patterns (A. Barros et al., 2005), scientific workflow patterns (Dashtban, 2012) are also 
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dropped for this research. The remaining categories of patterns will be used in this research. Resource 

patterns present different patterns concerning the various ways in which resources are represented and 

managed (e.g. the allocation of resources or tasks) (Nick Russell, Hofstede, Edmond, & van der Aalst, 2004). 

As the use of resources has a large impact on the performance of a production process, these patterns are 

included in this research. With the introduction of time patterns(Lanz et al., 2014), different abilities to 

deal with temporal constraints in the production process are included as well. These factors might affect 

the production process, since timing is also a component that has a high influence on the production 

process (e.g. think of scheduling issues). Another set of patterns that might be useful in production 

processes is presented as the workflow activity patterns (Thom et al., 2009). The patterns introduced in 

this article discuss the interaction between actors inside the process to guide the flow of activities (e.g. 

requests for execution, approval or notifications). Lastly, the domain process patterns are suitable for this 

research as well (Koschmider & Reijers, 2015). These patterns describe patterns on a more aggregated 

level. As a result, the focus in this paper is on the reuse of these patterns to ease the design of processes.  
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3. Pattern identification 
 
A real-life example of a manufacturing process is used to identify the process patterns that are required 

to model and simulate a manufacturing process. This example concerns the order realization process at 

the Refurbished Systems department of Philips Healthcare in Best, the Netherlands (RS), specifically its in-

house manufacturing processes. This section describes the predefined process for the operations to be 

performed on their production floor. Being an ISO certified division, RS has explicitly documented all its 

production processes in its quality management system (QMS). The documentation in this QMS formed 

the basis for the reference model, especially for the flow of activities and documents. Next to that, 

interviews with engineers on the production floor and observations at the RS facilities provided extra 

insights in the flow of resources and practical issues. These two sources formed the basis for the reference 

model presented in this section.  

 

An overview of the production part of the process is described in more detail. This process is described 

from an activity and resource perspective. From this detailed model, different lower-level process patterns 

can be derived. These different patterns are described by means of the transformation of state they 

induce, their inputs and outputs and situations in which they can be applied.  In the end, this section will 

conclude by linking these descriptions to the process patterns from current academic literature, resulting 

in an overview of the different process patterns that are used in a manufacturing process.  

 

3.1 Order Realization – IGT systems  
The realization of a production order concerns all the steps from the production planning until the release 

of a system. All of these steps are performed inside RS’ production facilities and are referred to as the 

order realization process. This case study considers the refurbishment of cardiac and vascular imaging 

systems, together labelled Image Guided Therapy (IGT). A description of an IGT system and its terminology 

is presented in Appendix A. Contrarily to the whole refurbishment process, the order realization process 

is rather linear, working from the incoming materials (i.e. a used medical system) to an as-good-as-new 

system. Figure 3.1 presents an overview of the order realization process. 

 

In the preparation phase, all the required materials and documents for the refurbishment order are 

organized. Typically, work instructions are generated and some raw materials are ordered. After that, the 

work instructions are delegated to the concerning work stations. Generally, the system is split up into 

different sub-systems (i.e. stand, patient table, monitors, cabinets and user controls). These sub-systems 

are refurbished separately, each on its own work station. These steps can be performed in parallel, and 

each sub-system has engineers that are trained to work on the specific sub-system. After the sub-systems 

are refurbished, the system will be assembled and installed in the testing bay, where it is calibrated and 

tested. After the quality check and document control, the system is ready to be disassembled, packed and 

shipped.  
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Figure 3.1:  Refurbishing process iGT system 

The different steps of the order realization process (i.e. each block as represented in figure 3.1) will now 

be discussed in more detail. By analyzing the steps on this detailed level, the different changes of the state 

of the system can be studied more closely. Moreover, the relation between the different tasks can now be 

clearly expressed. This allows to identify the different functionalities that the order realization process 

fulfils. In later stages, these functionalities can be translated to the process patterns that are necessary for 

simulating the refurbishment process. First, the preparation step will be discussed. This step forms the 

start of the order realization process and thereafter the work will be divided among the different work 

stations. As such, this step provides interesting insights for the allocation of resources in these processes. 

Then, to represent the processes at the different working stations, the refurbishment of the stand will be 

explained in more detail. This step is the most complex of all sub-systems, hence will provide the most 

insights in the different functionalities of the process. The processes for refurbishing the monitor 

suspension, cabinets and patient table are relatively easy to analyze, since they mainly follow a sequential 

flow. The testing process and control and packaging process are a little more difficult. However, the 

patterns that are required in these processes are already covered by the processes mentioned before. 

Therefore, this report will not go in-depth on these sub-systems. For the completeness, the processes for 

these sub systems are presented in Appendix D. 

 

3.1.1 Project preparation step 

The project preparation step has the main objective to manage that the refurbishment order can be 

processed smoothly. Figure 3.2 shows the project preparation step graphically. This step starts with an 

incoming production order (PSO). The project preparation engineer will then prepare the project. Activities 

in this step include the scheduling of the project, creation of work instructions, ordering of materials and 

convert client specific information. These activities enable the engineers of the sub-systems to efficiently 

perform their tasks. The output for this step is twofold. First of all, the materials, change orders and lay-

out orders enable that the engineers have access to the required materials in later stages. Secondly, the 

documentary and work instructions are created. These instructions are delegated to the specific sub-

system, where a new step starts. 
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Input: Customer sales order Outputs: Project map & material requests   Roles: Project Preparation Engineer (PPE), engineer 

 
Figure 3.2:  Preparation process 

3.1.2 Stand Refurbishment step 

The stand is one of the sub-systems of an iGT-system. It is refurbished at its own work stations. This sub-

system has the most actions and highest workload. The refurbishment of the sub-systems starts with the 

incoming work instructions, provided by the project preparation. Refurbishment of the stand is done is 

two steps; the pre-fabrication and the re-assembly. During the pre-fabrication the different components 

are checked, cleaned and renovated. In order to do this, the system will be totally disassembled. The covers 

of the system will be brought to the cleaning and painting division. Here, the covers will be restored to as-

good-as-new. In the meantime, engineers can check every component. If a component is still of decent 

quality, it will be refurbished. If the component is worn out, it needs to be ordered and replaced in its 

entirety. This might induce some delays in the refurbishment.  Then, all components are placed back 

together and the stand is installed and updated. Mounting all materials together can only be performed if 

all components are refurbished. If a system is re-assembled, the its software will be updated and some 

client specific features can be installed. Once the sub-system is ready, it will be moved to the testing bay. 

Here, the system can be calibrated. Eventually, the sub-system needs to be controlled by a quality 

inspector, to guarantee that the work instructions have been followed neatly.  

 
Input: Old sub-system, work instructions Output: refurbished sub-system  Roles: Engineers, Cleaner, Painter, Shop floor Control,  
        Quality and Regulatory (Q&R) 

 
Figure 3.3: Refurbish stand process 
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3.2 Procedure for identifying the process patterns  
The processes described above contain some typical dependencies between tasks. This section describes 

how these dependencies are translated to different process patterns. These process patterns will be used 

to test for the different capabilities of the simulation tools. Basically, the identified relations between tasks 

are linked to process patterns by linking their descriptions to the descriptions of process patterns 

described in academic literature. Table 3.1 presents the domains that are applicable to refurbishment 

processes, as discussed in the background section.  

 
Table 3.1: Different process patterns in scientific literature and their applicability for this research 

Pattern type Source  
1. Control patterns (Van der Aalst et al., 2003)  
2. Resource patterns (Russell, Hofstede, Edmond, & van der Aalst, 2004a)  
3. Time patterns (Lanz et al., 2014)  
4. Scientific workflow patterns (Dashtban, 2012)  
5. Workflow activity patterns (Thom et al., 2009)  
6. Domain process patterns  (Koschmider & Reijers, 2015)  
7. Patterns in problem domain (Mulyar & Aalst, 2005)  

 
All process patterns are defined by a description, synonyms, motivation/problem they solve, examples and 

implementations. In the next section, different dependencies in the refurbishment process are described. 

These can be linked to the process patterns by means of their descriptions provided. Let the pattern for 

the multi-choice (see pattern number 9 below) serve as an example for this procedure. The relationship 

that was identified was: 
 

The old system is de-assembled into its different components. Some of these components need to be refurbished, some 
don’t. Some materials do not need to be refurbished, as they are still functioning well. As a result, the refurbishment 

activity for this material can be skipped.  

 

Characteristic for this problem is that the thread of control is passed to one or multiple of the outgoing 

branches. So, a process pattern has to support this feature. The description of the Multi-choice pattern 

supports this: 
 

“The divergence of a branch into two or more branches such that when the incoming branch is enabled, the thread of 

control is immediately passed to one or more of the outgoing branches based on a mechanism that selects one or more 
outgoing branches.” (Van der Aalst, Ter Hofstede, Kiepuszewski, & Barros, 2003, p.28) 

 

The description of the task relations required (i.e. the multi-split) clearly matches the description of the 

multi-choice pattern as described in Van der Aalst, Ter Hofstede, Kiepuszewski, & Barros (2003). Since this 

was one of the characteristics of the order realization process, the coherent process pattern (multi-choice) 

is recognized as one of the patterns that is typical for a manufacturing processes. This matching procedure 

is performed for each functionality identified above. This results in 13 process patterns that are typical for 

production processes. The next section will elaborate on these patterns 
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3.3 Different patterns in the order realization process  
The goal of these sections is to identify different process patterns that form the fundamentals for the 

refurbishment process. Now the order realization process has been discussed in detail, different relations 

between tasks (e.g. a split into different branches, or a pass of control to another resource) can be distilled 

from it. First of all, five elementary patterns are identified. These elementary patterns are used in almost 

every industry, so can be considered as the core elements for business process modeling (Zur Muehlen & 

Recker, 2008). 

1. Sequence: the control over the entity is passed to the following task. The sequential task implies a 

strict order in which the activities need to be performed. As such, there is a dependency relation 

between sequential tasks: one task cannot be started if its predecessor has not been finished yet.  

2. Exclusive Choice: a number of alternative paths is offered as possibilities for the next task to be 

performed. Exactly one of these paths is chosen. This can be based on a predefined condition (e.g. 

if the system is older than 3 years, pass the control to line A, else pass the control to line B) or any 

other predefined heuristic. 

3. Simple merge: the different paths, as mentioned in the second functionality, come back together. 

After the XOR-join, all cases follow the same path again.  

4. Parallel split: the control over an entity is passed to a various number of paths. In doing so, the 

entity is ‘split’ over the different parts. All of these paths have to be taken, the order in which the 

paths are executed, however, does not matter.  

5. Synchronization: The combining of two (or more) parallel paths into one path. In doing so, the 

entities in the different paths are merged together and the control is passed to the next task.  

During the project preparation, two processes can be identified: 

6. Receive materials: During the first incoming system inspection, a first indication of the state of an 

incoming system has been made. Different materials need to be renewed. In order to save waiting 

time, the materials are ordered during the preparation.  For example, the PPE requests blueprints 

of a customer’s location or orders a system from the warehouse. Also, in later stages of the 

process, receiving the materials is a direct consequence of this job. This pattern can be modeled 

as an event in BPMN.  

7. Role-based distribution: In the end of this process, the refurbishment work is delegated to the 

engineers. They receive the set of work instructions and order to perform the refurbishment of 

the concerning sub-system. Not all engineers can perform a task, since an engineer has to be 

trained in order to be eligible to perform the task. As such, the assignment of work is based on the 

type of engineer that has to perform the task. The PPE transferring the stand refurbishment job 

to an engineer that is qualified to fix a stand is an example for this.  

Being the most complex sub-system, the process for refurbishing the stand features a lot of different 

process patterns. These are listed below: 

8. Deferred choice: The extent to which a component needs to be refurbished is contingent upon the 

status of the materials from the old machine. Until this point it is not exactly clear which path the 

component should take. This action can be seen when checking the usability of different 

components; only then the engineer can decide whether or not a component needs 

refurbishment. 
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9. Multi-choice: The old system is de-assembled into its different components. Some of these 

components need to be refurbished, some don’t. Some materials do not need to be refurbished, 

as they are still functioning well. As a result, the refurbishment activity for this material can be 

skipped.  

10. Generalized AND-join: When the different components are refurbished, the system can be 

mounted; a lot of different paths (from the different components) come together.  

11. Interleaved parallel routing: The order in which different materials are refurbished is irrelevant. 

For example, it does not matter whether an engineer starts with refurbishing a cooling unit or the 

cables. However, setting up the workspace in order to be able to perform a task is different for all 

paths. As a result, only one paths can be executed at the same time.  

12. Additional Resources: Some activities (e.g. dis-assembly or mounting) need to be performed by at 

least two engineers, as these activities include the handling of heavy materials. Other activities 

can be performed by only one engineer, so engineers can work in parallel.  

13. Approval: When the stand is refurbished, the sub-system can be moved to the next phase. In order 

to do so, the PPE needs to approve that the procedures are followed and the Q&R officer needs 

to check the documentary.  

14. Structured Loop: It might happen that a system does not get accepted (e.g. when it does not meet 

the predefined specifications or procedures have not been followed correctly). In this case the 

system flows back into the refurbishment process to fix the issues. After that, the system still has 

to be accepted.  

Table 3.2 presents the different functionalities and their coherent process patterns. When a match is 

made, the rationale behind this match is briefly mentioned. These patterns form the basis for constructing 

(or redesigning) the refurbishment process at Philips RS. In the next sections, these patterns will be used 

for the analyses. For receiving materials, no matching pattern could be found. The main reason for this, is 

that the functionality is dependent on actions from outside the control of the model. Hence, this 

functionality can be considered an event-type in BPMN.  
 

Table3.2: Functionalities linked to process patterns.  

Process pattern Source pattern  
(see table 3.1) 

Rationale 

1. Sequence 1 Dependent order of tasks 
2. Exclusive choice 1 Passing the control to exactly one path 
3. Simple merge 1 Control of all paths is passed to next task, without merging 
4. Parallel Split 1 Control is passed to various paths 
5. Synchronization 1 Control of all paths is passed to next task, without merging 
6. Event - The execution of this task is determined by factors outside the process 
7. Role-based distribution 2 Task is allocated to an engineer that is trained to perform the job. 
8. Deferred choice  1 Choice made at start of an activity 
9. Multi-choice 1 A complete system is split into different sub-systems (resulting in paths) 
10. Generalized AND-join 1 Next step is only activated after full join. 
11. Interleaved parallel 
routing 

1 Paths can be taken in different order 

12. Additional resources 2 Some tasks cannot be performed by a single engineer and need help. 
13. Approval 5 Evaluation by another role 
14. Structured loop 1 Repetition of an activity, a case is flowing back in the process chain 
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4. Simulation of the Individual Process Patterns      
 
The previous chapter described the process of identifying those patterns that are needed to simulate a 

manufacturing process. This section will evaluate the ability to model and simulate these patterns in either 

a Business Process Modeling (BPM) tool, Signavio, or a General-Purpose Simulation Tool, Arena. 

Comparing the results of the simulations in both tools gives an indication how well the pattern can be 

simulated in a BPM tool. This section will first describe the procedure to compare simulation of each 

process pattern in the two different simulators. After that, each process pattern will be examined 

individually. This section will conclude in an overview of the different process patterns and the extent to 

which they can be properly simulated.  

 

4.1 Procedure of comparing the simulators  
This research will evaluate on the modeling and simulation capabilities of a BPM tool and General-Purpose 

Simulation tool. Moreover, a more quantitative analysis is used to evaluate the accuracy of the simulation. 

This research applies the following criteria for evaluating the process patterns:  

a) Modeling capabilities. This category expresses whether or not it is possible to model the process 

pattern and its characteristics  

b) Simulation capabilities. This category will indicate whether or not the simulation tool supports a 

simulation for this process pattern. This includes an assessment whether the pattern can be 

simulated, parameters and statistical distributions can be entered and the ease of entering these 

variables. 

c) Accuracy. This category represents a quantitative analysis on the process patterns. For each 

pattern, this study assesses the extent to which the pattern actually behaves like it is supposed to 

do. A possible deviation in this behavior will be expressed in terms of throughput time and 

resource utilization. Time is one of the most used objective functions for simulation applications 

(Bako & Božek, 2016; Prajapat & Tiwari, 2017) and can be linked to other objectives as (variable) 

process cost and throughput. Resource utilization can be used to analyze whether or not the 

resources are used as expected.  

These categories are in line with the evaluation criteria used in previous research. The background section 

discussed seven categories for comparing business process simulation tools from Bradley et al. (1995). 

These categories have been designed to serve the same research goal and have been proven to be useful 

in other studies. Therefore, these categories will form a good foundation for the evaluation of the process 

patterns in our simulation tools. 

 

The categories Modeling capabilities and Simulation capabilities are reviewed by a hands-on approach. 

Each pattern is built in both simulation tools and reviewed on the extent to which it is possible to 

model/simulate it. A + score (good) expresses that the modeling/simulation is fully supported in the 

concerning tool. A ± score (mediocre) illustrates that it is only possible to implement the process pattern 

by means of a workaround; i.e. an alternative representation of the process pattern.  Lastly, a – score (bad) 

indicates that it is not possible to model/simulate the process pattern. 
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The score for accuracy will represent the quantitative analysis on the patterns. For this quantitative 

analysis the following procedure was executed for each pattern. The pattern (or an approximation of it) 

was built in both tools. In order to assess the extent to which it behaves like expected, the process pattern 

was simulated for various settings of arrival rate and resources. By altering the arrival rate, the pattern 

was tested for different utilization rates of the resources. The objective was to alter the arrival rate such 

that utilization rates varying from 0.2 (low utilization) up to 0.95 (very high utilization) were tested. In 

order to have an approximation which arrival rate was needed to obtain a certain utilization rate, the 

formula for M/M/c queues was used:  

! = 	 $
% ∗ 	' 

Where, r is the utilization rate, l is the arrival rate of new entities (i.e. 1 / interarrival time), c is the number 

of servers (resources) and µ is the service rate (i.e. 1 / service time).  

 

By altering the resources, the simulation of a pattern can be checked for various settings of resource usage. 

This was done for four number of resources (1,2,5 and 10). As such that the total number of simulations 

for each pattern would be 20 (5 different values for arrival rate * 4 different values for resources). 

Simulations ran for 1440 hours (60 working days) and the reported values after this period were used for 

the analysis. In Arena, the warm-up period varied between the different process patterns. Determining 

the warm-up period is discussed in Appendix H2. In Signavio only one run was used without a warm-up 

period, as this tool does not support these features. For each pattern, the utilization rates for he 

simulations in both tools were compared. Next to that, the average waiting time in both tools were 

compared.  

 

As a conclusion on the quantitative analysis, the score for Accuracy was also expressed in a plus (+), plus 

minus (±) or minus (-). Intuitively, a high score (+) indicates that the pattern can be simulated very well 

and matches the expected behavior and outcomes. A mediocre score (±) points out that there is a small 
deviation between the theoretical values and the simulated values. On the other side, a low score (-) 

expresses that the pattern shows a lot of deviation from its expected results.  As such, this ranking can be 

interpreted as the extent to which the pattern actually simulates the behavior it is supposed to do and the 

degree of deviation that is associated with this.  

 

 

4.2 Simulations per pattern  
The patterns are divided into three categories; basic patterns, routing patterns and resource allocation 

patterns. The basic patterns are present in almost all business processes (Zur Muehlen & Reckers, 2008). 

Therefore, these patterns are generally well supported in simulation tools. Most routing patterns and 

resource allocation patterns are considered to be more specialized patterns (Zur Muehlen & Reckers, 

2008). These patterns are rather typical for manufacturing processes. Given their specialized nature, these 

are generally harder to specify in BPM tools. In this section, each pattern is simulated individually to inspect 

their representations and results in a BPM tool. Since Arena supports the most of the patterns, the 

simulations in Signavio are compared to the simulations in Arena. In this way, the accuracy of the pattern 

in a BPM tool can be assessed. 
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4.2.1 Basic patterns 

The basic patterns are essential for modeling and simulation every process. These patterns are the 

elementary block of each process; hence its functioning is of vital importance for a simulation. These 

patterns are easy to build and comprehend. As the analysis of the patterns is straightforward, this section 

will only briefly discuss their results.  

 

In the sequence pattern a task is started after another task has been finished. This implies a dependency 

between different tasks; a task is only enabled if its predecessor has been finished. Being one of the 

elementary patterns, this pattern is fully supported in both Signavio and Arena. The throughput time for a 

sequence is simply the sum of all tasks. Simulations of this pattern in Signavio and Arena both give this 

result, hence the high scores for accuracy. 

 
Sequence Signavio Arena 

Modeling + + 

Simulation + + 

Accuracy + + 

 

 

At the parallel split, the process splits up into two (or more) different paths that can be executed in parallel. 

Signavio supports this pattern by means of a parallel gateway, whereas Arena enables this by means of a 

separate function. Drawback in Arena is that splits with more than 2 paths become elaborative, as the 

separate function only allows to separate into two paths. So as the number of paths increase, the model 

gets more complex.  

 
Parallel Split Signavio Arena 

Modeling + + 

Simulation + + 

Accuracy + + 

 

Different paths come together and are merged into one entity. This pattern is directly supported in both 

tools. Signavio offers the parallel gateway to model this and Arena does so by means of a batch function. 

Again, the more paths need to be synchronized, the more complex the model becomes in Arena. This 

pattern can be completely built in both simulators and the results for different parameter settings matches 

the expectation.  

 
Synchronization Signavio Arena 

Modeling + + 

Simulation + + 

Accuracy + + 
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The exclusive choice offers different paths, of which one has to be taken. This choice can be extended with 

a condition attached to the choice. Signavio makes use of the exclusive OR (XOR) gateway to model this. 

However, in Signavio there is no possibility to attach conditions to this choice. The software only features 

an execution probability to indicate the frequency of the path to be chosen. For analysis on throughput 

time, this will yield the same results for a large number of runs. For case-by-case analysis, one has to take 

this probability execution into account.  In Arena, the exclusive choice can be built by means of a decide 

block. Contrary to Signavio, Arena does support the declaration of conditions.  

 

 
Exclusive Choice Signavio Arena 

Modeling + + 

Simulation + + 

Accuracy + + 

 

Two or more paths are merged into one path, without the need for synchronization. In this way, it allows 

for different entities to follow the same process after merge. The simple merge is directly supported in 

both Signavio and Arena and both simulators show the expected results. In Signavio the simple merge can 

be built by means of a XOR gateway and in Arena by simply linking the different paths to the same 

subsequent task.  

 
Simple merge Signavio Arena 

Modeling + + 

Simulation + + 

Accuracy + + 

 
 

4.2.2 Routing problems 

Routing problems manage the different paths an entity can take in the process. Essentially, these patterns 

are extensions to the XOR- and AND- gateways as presented under the basic sections. These extensions 

introduce some constraints to a pattern, resulting in more complex patterns. Consequently, these patterns 

are more difficult to analyze and sometimes not even possible implement. This section will assess the 

simulation capabilities for the different routing patterns. 

 
4.2.2.1 Multi-choice and generalized AND-join 
The multi-choice pattern shows similar behavior to the parallel split, since it allows for multiple paths that 

may, or may not, be taken in parallel.  Each case may select a different number of paths to take. In this 

way, the multi-choice can be seen as a generalization of the parallel gateway. In Signavio, the multi-split 

can be modeled as an inclusive choice. This raises problems in the simulation, as Signavio does not support 

the inclusive choice in its simulation mode. However, there is a work around for this problem. The inclusive 

choice can be modeled as a parallel split, followed by exclusive choices on each path (such that a task can 

either be performed or not). Signavio only features the possibility to define an execution probability on 

this gateway. This work around is supported by the simulator in Signavio. In Arena it is slightly more 
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difficult to model the multi-choice. First, an assign function should create an auxiliary variable and value 

each entity. Then, the branch function choses the which paths to take, based on the value of an auxiliary 

variable.  

 

All items that were split, should at some point come back together. The synchronizing merge makes sure 

that the paths are combined again. The challenge in this merge lies in the characteristic that not necessarily 

all paths have to be merged; this depends on the number of paths chosen in the multi-split. Again, in 

Signavio this can be modeled with an inclusive gateway. Since this does not work in the simulation 

environment, a work around similar to the multi-choice can be used. For the simulation in Arena, this 

pattern is rather complex. The auxiliary variable defined under the multi-choice can again be used. Based 

on the value of this auxiliary variable, different paths are batched, such that the original items are batched 

back together.  

 
Figure 4.1: Multi-split (right) and its alternative representation (right) 

The simulations for the multi-split and synchronizing merge were performed together, since these patterns 

are complementary to each other. The model represented in figure 4.1 (right) was used for the simulations. 

The model contains three tasks that each may or may not be executed. For the simulations, the execution 

probability of each task was set to 0.50 and the processing time for each task had mean 1 (exponentially 

distributed in Arena and uniformly distributed on [0.75:1.25] hours in Signavio. The simulations in both 

Signavio and Arena behave similarly. The utilization rates for the simulations in Signavio are close to the 

ones in Arena, as is presented in table 4.1.  

 
Table 4.1: Utilization rates for the simulations of the multi-split pattern, for different number of resources 
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Table 4.2: Waiting times for the simulations of the multi-split pattern, for different number of resources 

 
 

It is worth noticing that the waiting times (see table 4.2) in Arena are slightly higher than in Signavio, 

especially for cases with higher arrival rates. Note that the waiting times for very high arrival rates become 

also very high. In this case the waiting times of simulations in Signavio lie outside the 95% confidence 

interval for the waiting times of the simulations in Arena (e.g. see the observations with l= 0.54 or l=0.625 

for 1 resource or l= 1.33 for 2 resources used in table 4.2). In general, the differences can be explained by 

the fact that in Arena the inter-arrival time of new cases is modeled as a random variable (exponentially 

distributed), as a result of which there might be peaks in the number of incoming cases. In Signavio this 

inter-arrival time has a more deterministic nature, as a result of which the arrival of new cases is 

distributed more equally. However, both simulations show relatively similar results, so this is an indication 

that modeling and simulating the multi-split as an execution probability is a suitable way to simulate this 

pattern. Thus, simulation and accuracy are both rated as good, for both Signavio and Arena. However, 

both simulators score only a ± on the modeling aspect, since a work around had to be used to model the 

patterns.  
Multi-choice and 

Synchronizing merge 

 
Signavio 

 
Arena 

Modeling ± ± 

Simulation + + 

Accuracy + + 

 
4.2.2.2 Deferred Choice 
The deferred choice behaves almost similarly to the exclusive choice. However, the timing of the choice is 

crucial for the deferred choice. This choice is not dependent on whether a condition is met, but rather on 

when an event has occurred. In practice, this process pattern will mostly be used to model an escalation 

of an event. For example, perform activity A when a confirmation has been received (i.e. after an event), 

or ignore activity A when 48 hours have passed without confirmation (also after an event). In Signavio, this 

is modeled with an event-based gateway. Though modeling is possible, the simulation practices are 

limited. Signavio only features the possibility to define an execution probability on this gateway (followed 

by an event to represent the delay). Arena needs the same trick to implement this pattern. It can also not 

directly express this pattern. Though, the event can be simulated by means of the Hold block, to represent 

the event’s delay.  
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Figure 4.1: Representation of the deferred choice pattern 

 
Though both simulators use a slight different notation, the model can be built. Expressing the delay as an 

average delay (in Signavio) or distribution for the delay (in Arena) does not impact the results, as for both 

cases the mean delay remains equal. This result was already found for the multi-split pattern. For runtime 

analysis, this fix would not impact the average lead time and utilization rate. 

 
Deferred choice Signavio Arena 

Modeling + + 

Simulation ± + 

Accuracy + + 

 
4.2.2.3 Interleaved parallel routing 
The interleaved parallel routing is basically an extension of the parallel split. The key of the interleaved 

parallel routing is that the order of paths taken may vary, but once a path is being executed, other paths 

cannot be executed simultaneously. This is important for organizations who work in job shops and have 

to set-up their machines to start for a job. In Signavio, this pattern cannot be built, since it only supports 

the parallel gateways and no further limitations to it. Therefore, it is not possible to simulate the criterion 

that the path has to be finished before starting on the next one. Instead, simply the parallel split was used 

as an approximation of this pattern. In Arena, this pattern is not directly supported. However, it is possible 

to build this pattern with a workaround. By placing a Hold block before each branch and disabling only one 

Hold block at a time, only one branch will be active at a time. The simulations for this pattern were based 

on a model with three branches and two tasks on each branch. This is represented in figure 4.3. Again, 

each task had a mean execution time of 1 hour.  

 
Figure 4.2: Representation on the interleaved parallel routing 
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The fact that Signavio does not support the interleaved parallel split did not impact the utilization of its 

resources. For both Signavio and Arena, the utilization rates were almost equal to the theoretical 

utilization rates. These results can be found in Appendix E2. This result makes sense, since the same 

number of tasks have to be performed and all resources can perform the tasks. Only the timing of 

performing the tasks differs heavily for the different tools. The pattern should limit the set of tasks that 

can be performed to the active branch. Consequently, the entities are waiting in the inactive branches. 

This behavior is simulated in Arena, since it is possible to account for this limitation. As a result, the waiting 

times differed over the various values of utilization and number of resources. The simulated waiting times 

are presented in table 4.3.  

 
Table 4.3: Waiting times for the simulations of the interleaved parallel routing 

 
 

Specifically, the average waiting time decreased when the number of servers increased. When there are 

more servers available, the active branch can be finished earlier. As a result, another branch can be 

activated faster, resulting in a decline in waiting times. The simulations in Signavio however did not show 

this behavior. In Signavio, the average waiting time remained constant for the various setting; almost zero. 

This can be explained by the fact that this pattern behaves like a regular parallel split in Signavio. As such, 

an available resource can be assigned to any task to be done. Since resources can flexibly assigned, a task 

can be performed almost immediately, resulting in low waiting times. Only for a utilization rate of almost 

1, simulations in Signavio showed some waiting times. These results are an indication that the pattern 

cannot be simulated accurately in Signavio, hence the low scores on this pattern. For the simulations in 

Arena, it was only possible to implement the pattern under the assumption that multiple resources could 

work simultaneously on activities from the same branch. This assumption was necessary to be able to 

block the other branches. If this assumption would not be made, simulation would not be possible in 

Arena. Hence, Arena scores a ± on both simulation and accuracy. This assumption is likely to yield longer 

waiting times, since there are more inactive branches under this assumption, hence more waiting entities.  

 
Interleaved parallel routing Signavio Arena 

Modeling - + 

Simulation - ± 

Accuracy - ± 

 
 
4.2.2.4 Structured Loop 
The structured loop enables the possibility to execute a task or sub-process repeatedly, based on a pre- or 

post-test condition. Both Signavio and Arena support the possibility to flow back in the process after a 
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gateway. Again, Signavio has the disadvantage that its gateways cannot be simulated for conditions, but 

rather as execution probabilities. This model can be modeled and simulated properly. Also, this pattern 

behaves like expected, so all scores for this pattern are good for both Signavio and Arena.  

 

Figure 4.4: Representation of the structured loop 

 

Structured loop Signavio Arena 
Modeling + + 

Simulation + + 
Accuracy + + 

 

 

4.2.3 Resource allocation problems 

The resource allocation patterns specify the way in which resources should be matched to the tasks of the 

process. Previous chapter identified three resource-related patterns: role-based distribution, additional 

resources and approval. This section will study the simulations of these patterns separately.   

 
4.2.3.1 Role-based distribution 
In the role-based distribution, it is important that certain tasks can only be executed by a specific role (e.g. 

a certified tester or trained engineer). This implies that the simulator must be able to i) define roles within 

the process, and ii) assign a role to a task. Both Signavio and Arena support these features. In Signavio, 

roles can be defined by means of swim lanes; placing the task in the right lane indicates that the concerning 

role needs to perform the task. In the simulation mode, these different roles are also separated. In Arena, 

roles can be defined under Resources and a resource can be assigned to a task. For both simulators, the 

functionality can be further deployed by increasing the capacity of each role or adding more roles. Given 

the fact that this pattern can be modeled and simulated according to its specifications, the accuracy was 

also rated as good.  

 

Figure 4.5: Representation of the role-based distribution 
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Role-based distribution Signavio Arena 
Modeling + + 

Simulation + + 
Accuracy + + 

 

 

4.2.3.2 Additional Resources 
Some tasks need to be performed by multiple resources. For example, a machine that can only be operated 

with two employees or operations that need to be performed with multiple engineers. Currently, Signavio 

does not support this pattern. In Arena it is possible to enter the number of resources (or even different 

resources) that are needed to perform a task. This pattern was simulated for a sequence of two tasks (A 

and B), where task A is performed by only 1 resource and task B needed to be performed by two 

employees. Both tasks are modeled with a mean service time of 1 hours (exponentially distributed in 

Arena, and uniform distributed between 0.75h and 1.25h in Signavio).  

 

 
Figure 4.6: Model used for testing the additional resources (task A seizes 1 resource; task B seizes 2) 

In Signavio, this pattern cannot be simulated properly. As a consequence of this incapability, less resources 

are seized for performing task B. Since the resources have a higher availability, more tasks can be executed 

in the same time span. This reasoning is reflected in the results of the simulations. As less resources are 

seized in the simulations of Signavio, the utilization rate for these simulations turned out to be lower than 

for the simulations in Arena. Table 4.4 shows the utilization rates in Signavio and Arena and table 4.5 shows 

the waiting times in both simulators. As more resources are seized, the waiting times will also be longer. 

This increases over the utilization of the system. This result is also intuitive, since the more resources are 

seized, the longer product have to wait to be served. These differences are not observed for the 

simulations in Signavio, as this simulator was not able to assign multiple resources to the same task. Thus, 

Signavio scores a minus on all categories Modeling, Simulation and Accuracy. 

 
Table 4.4: Utilization rate for the simulation of the additional resources pattern 

 



35 
 

Table 4.5: Waiting times for the simulations of the additional resources pattern 

 
 
 

Additional Resources Signavio Arena 
Modeling - + 

Simulation - + 
Accuracy - + 

 
4.2.3.3 Approval 
The approval pattern indicates that a third party needs to give approval before the resource and entity can 

move to the next step. This implies that both the resource and entity are seized until the third party 

approves the situation. A conformity check or signed document are examples of the use of this pattern. 

Signavio does not directly support this pattern. Intuitively, the approval can be modeled as a separate task, 

executed by another resource. However, this does not incorporate the characteristic that the resource 

performing the task is still seized. As a result, it can be used for other tasks already. Arena supports the 

possibility to assign multiple resources and different roles to the same task simultaneously, so this pattern 

can be implemented.   

 

 

Figure 4.7: Representation of the approval 

The simulations used to compare this pattern in Signavio with the pattern in Arena relied on the model 

presented in figure 4.7 above. Again, both tasks were set to have a mean service time of 1 (exponentially 

distributed in Arena, uniformly in Signavio). An engineer performs task A and an inspector in task B 

approves this work. The pattern subscribes that both the engineer and inspector have to be involved in 

task B. This is not possible in Signavio. Intuitively, the engineers in the simulations in Arena have a higher 

utilization rate and throughput times are longer, compared to the simulations in Signavio. This can be 

explained by the fact that the approval task does not seize the engineer in Signavio. This intuition is 
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supported by the results of the simulations, as presented in Appendix E4. The engineer utilization rates in 

Arena are twice as high as those in Signavio. Consequently, also the throughput times are larger, as entities 

have a higher waiting time. This effect is even stronger for higher utilization rates and larger number of 

servers. These differences are also presented in Appendix E4. Also, the throughput time was heavily 

dependent on the availability of the approver. However, the differences between Signavio and Arena 

remained when altering the availability of the approver. The fact that Signavio is not able to model and 

simulate this pattern, results in deviations from its expected behavior. This gives Signavio a negative score 

for this pattern. 

 
Approval Signavio Arena 

Modeling - ± 
Simulation - + 

Accuracy - + 

 

 
 

4.4 Conclusion on the simulations of the individual patterns 
The aim of this section was to assess the extent to which the selected process patterns can be properly 

simulated in a BPMN tools (Signavio) and a General-Purpose Simulation tool (Arena). This was expressed 

in the ability to model and simulate a process pattern and the accuracy that is associated with this. The 

modeling and simulation capabilities were evaluated by building the pattern in both tools and checking 

whether or not the simulator could comply to the requirements of each pattern. The accuracy of the 

simulation was valued based on the theoretical behavior of each pattern, in terms of resource utilization, 

throughput times and waiting times.  

 
Table 4.6: Evaluation per process pattern 

Pattern Signavio 
(BPMN) 

Arena 
(General Purpose) 

Sequence + + 
Parallel Split + + 

Synchronization + + 
Exclusive Choice + + 

Simple Merge + + 
Deferred Choice + + 

Multi-choice + + 
Interleaved Parallel Routing - ± 

Structured Loop + + 
Role-based allocation + + 
Additional Resources - + 

Approval - + 
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Table 4.6 shows an overview of the evaluations per pattern, both for Signavio and Arena.  Clearly, the basic 

control patterns are supported well in both simulators. These patterns form the basis for each process, so 

supporting these patterns is essential for a simulator. In both simulators it is possible to model and 

simulate these elementary process patterns, hence the patterns behave like expected. Signavio has the 

advantage that the BPMN notation is straightforward and easy to use but has the drawback that the 

possibilities to enter different functionalities (e.g. variables, distributions or equations) are limited. These 

limitations become trickier when the process patterns get more complicated. For the routing problems, 

Signavio can still catch up with the simulations in Arena. The multi-split, deferred choice and structured 

loop can be implemented in Signavio. However, when the routing problem has more limitations, like in 

the interleaved parallel routing, simulations in Signavio tend to underestimate the throughput times 

(especial for cases with low utilization and small number of resources). The implementation of resource 

allocation patterns is also very limited in Signavio. Using different roles is supported but allocating multiple 

resources to perform a task is not possible in Signavio. As a result, the utilization rate of the simulations in 

Signavio is lower than the actual utilization rate and average lead times are underestimated.  
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5. Case study: an integrated simulation of the patterns 
 
The simulations of the process as a whole will be evaluated in this chapter by combining all patterns 

together in an integrated process. In earlier sections, the process patterns that were required to describe 

the refurbishment process at Philips RS were identified. These patterns are now linked to study the 

simulation of the refurbishment process. After all, in its essence any process is a combination of different 

process patterns. Specifically, this section will zoom in on the largest part of the refurbishment process: 

the refurbishment of the stand. For the patterns that can properly be simulated there is no need to 

investigate their effects on the integrated simulation, as these will not cause deviations from the process. 

Hence, this section will limit its focus to those process patterns that cannot be properly simulated. First, 

the order realization process will briefly be explained to gain an understanding in its input, output and 

processing. Then, the data sources for this case study are explained and a summary of the data is 

presented. This section ends with a conclusion on the extent to which BPM tools (in this case Signavio) is 

suitable to simulate the order realization process at RS. Again, the simulations in a BPM tools (Signavio) 

are compared to the simulations in a general-purpose simulation tool (Arena). The latter allows correct 

specification of the patterns. As such, the simulations in a BPM tool can be compared to simulations that 

represent the patterns correctly.  

 
 

5.1 Case study design 
The objective of this case study is to examine the effect of an incorrectly modeled pattern on the outcomes 

of a simulation. As such, the accuracy of simulations in a BPM tool is assessed from a practical perspective. 

The data represents a real-life case, and the findings of this analysis are translated to consequences on its 

interpretation and usability. This section presents the design of this case study by first describing the 

methodology used for comparing the simulations. Then, the simulation model for the order realization 

process is explained together with the parameters that serve as an input for the simulations.  

 
5.1.1 Methodology 

Testing for the different simulators will be done in two phases. The first phase only considers the 

consequences of one incorrectly modeled process pattern at a time. Starting point for this study is the 

higher level model of the process. This high-level process is easy to understand and the relations between 

different task are relatively simple to analyze and take into account. By extending the high-level view with 

a specific pattern, the effect of the process pattern on a process can be studied. Figure 5.1 graphically 

shows this procedure. The simulation results of the extended model will be compared to those of the 

original higher-level model. Questions that are considered in this phase are: Will the differences be 

amplified by the process? Or will the differences fade away and not matter too much to the process? By 

answering these questions, one can assess whether the inability to model a process pattern influences the 

validity of the simulation of a manufacturing process. Specifically, this section focuses on the accuracy of 

the simulations in terms of throughput times, waiting times and utilization rates. 
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Figure 5.1: Extending the model by replacing task B with the XOR-split and XOR-join 

In the second phase the effects of all modeled process patterns considered together. The process will be 

reflected from a detailed point of view, such that it contains multiple process patterns that might influence 

the results of the simulation. This phase aims to answer questions like: Knowing that the process is 

modeled incorrectly, is the simulation still useful? Are the results comparable to the expectations and 

much simpler models, or are the results not compatible at all?  

 

Ideally, the reference model and its corresponding parameters (e.g. processing times and their 

distributions or arrival rates) are based on data obtained from the order realization process. Currently, 

Philips RS has no data available on their production processes on the shop floor level. However, RS makes 

use of an electronic ERP system (SAP) to store the installation base of their products (i.e. a configuration 

list of the materials of the IGT system) and work instructions. By extending this system, process data can 

easily be generated. In the case of RS, this would mean that the SAP would have to be adjusted such that 

the progress of a project can be stored. An employee would simply have to select the work instruction for 

the activity he is about to execute and check out when he finished the activity. In this way the work 

instructions represent the activity performed, a time stamp is generated when the activity is finished and 

a case ID is represented by the production order. As such, an event log on the production process can be 

generated. These event logs can be analyzed in order to generate the production processes that are 

actually performed on the shop floor. In the next phase of this study, the simulation model of the order 

realization process can be made, based on the model obtained by the process mining practices. From this 

analysis, the processing times for each task could also be derived, such that they could serve as input for 

the parameters of the simulation model. The arrival rate of new production orders and the availability of 

resources would then be based on the production schedules at RS. However, in a relatively large 

organization like RS, there are many actors involved in the implementation of new procedures. So 

unfortunately, in the time span of this research it was not possible to implement such data generating 

system at RS. As a result, a slightly different method was used to obtain a simulation model of RS’ order 

realization process. Next section will discuss the methods that are used to create the simulation model 

and the resulting input that was used for simulations. 
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5.1.2 Order realization process & case data 

The models for the order realization process are based on the Philips’ manuals for this process. The higher-

level overview of these processes is described in RS’s Quality Management System (QMS) and serves 

internally as the foundation of its processes. Detailed steps of each process are obtained through the work 

instructions as provided to the engineers on the shop floor. These two documents served as the main 

source for the reference model of the order realization process. Second, observations on the shop floor 

were used to confirm this model. The observations followed four workstations for the sub-system stand 

and six testing bays. During the observation phase, the flow of (sub-systems) on the shop floor was 

observed, as well as the relations between the different tasks. The relations between the different tasks 

were identified by noting the order in which the tasks were executed. These observations lead to the 

conclusion that the order realization process was almost executed as prescribed in the internal manuals. 

The only deviations from these manuals are found in the order of refurbishing materials. As a result, these 

parts of the process will be modeled as parallel tasks. Section 5.2.1 explores this split further. These slightly 

revised models will be the models that are used to test the impact of modeling a certain process pattern.  

 

 
Figure 5.2: High level view of the order realization process 

The parameters that are used to simulate the order realization process are obtained by timing the different 

activities on the shop floor. In this timing study the researcher observed and noted the activities on the 

shop floor every hour. During the observation period a total of 30 working days and 12 cases were 

observed. RS employees indicate that yearly around 100 systems are being refurbished. Accounting for 

240 working days in a year, 8 working hours per day, this implies that on average the arrival time between 

new cases is 18.67 hours. This mean interarrival time is in line with the number of cases observed in the 

timing period and will be used as the parameter for the arrival rate in this study. As these numbers only 

represent a small portion of all actual cases, section 2.6 elaborates on the consequences of such low 

number of observations. Currently, mounting the materials and installing a system in the testing bay are 

the bottlenecks of the process. Often projects get stuck in this phase, resulting in delays. This observation 

is supported by the relatively large standard deviation for these steps. However, these large standard 

deviations are also due to the low number of observations. 
Table 5.1: Summary of the results of the timing study on the process 

Task Process time (hours) Std. Deviation (h) 
Disassemble system 8.13 1.90 
Refurbish Materials 5.60 1.61 
Mount Materials 11.62 1.96 
Move to Bay 11.43 2.65 
Calibrate 5.00 1.55 
Handover 2.00 0.35 
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5.2 Stand refurbishment process 
From a high-level perspective, the refurbishment of the stand follows an (almost) linear structure, as 

illustrated in figure 5.2. This process is easy to understand and will be the starting point for this part of the 

case study. The process starts with an incoming production order (PO). Work instructions will be prepared 

and offered to the engineer that is scheduled on this project. For now, the focus will be limited to the use 

of process patterns in the simulation of a production process. For the sake of comparison, all simulations 

will be running under the same conditions. However, as the simulators differ in terms of the parameters 

that can be entered, it might happen that small derivations in setting occurred.  A list of all settings is 

presented in Appendix F. The simulations used a warm-up period of 336 hours, as specified in Appendix H. 

Simulating this part of the order realization process yields the results presented in table 5.2. Theoretically, 

the average throughput time simply equals the sum of the expected processing time for all tasks. As there 

are sufficient resources available to serve the process, the theoretical the waiting time should not be too 

large.  

 
Table 5.2: Simulations of the high-level perspective 

 
Avg 

throughput 

time (hours) 

 

Avg waiting 

time (hours) 

 

Utilization 

rate (%) 

 

Cases 

completed 

Signavio  43.75 0.05 58 76 

Arena  
[95% CI] 

50.99 
[47.51 ; 54.47] 

7.72 
[4.24 ; 11.20] 

56.25 
[54.25 ; 58.25] 

76 

Arena Constant 
Arrival [95% CI] 

44.02 
[42.89 ; 45.15] 

0.06 
[0.00 ; 1.13] 

57.40 
[56.40 ; 58.40] 

77 

 

The simulations in Signavio show that the average throughput time is simply equal to the sum of all task 

times. This is again an indication that randomness is not well supported by the simulations in Signavio. 

Moreover, the simulations in Arena yield slightly higher throughput times. The 95%-confidence interval 

for the throughput times in Arena is [47.51 ; 54.47]3. The throughput times for the simulations in Signavio 

fall outside this interval, so the simulation results are significantly different from each other. This result 

can be explained by the fact that the incoming orders do not arrive at a constant rate in Arena, but 

interarrival times are modeled to follow an exponential distribution. As a result, it might occur there is a 

large number of incoming systems on a given moment and all servers are busy. In that case, an entity has 

to wait, resulting in a higher throughput time. To show that this deviation in throughput time can be 

explained by the fact that Signavio does not support random arrival times, the simulations in Arena were 

also run with a fixed interarrival time. This case is represented as ‘Arena constant arrival’ in table 5.2. Now, 

the average throughput time (and waiting time) for the simulations in Arena is close to the average times 

for the simulations in Signavio. This difference is even not significant anymore. Hence, this is an indication 

that the absence of a random interarrival time causes the differences between these (rather simple) 

simulations in Signavio and Arena. 

                                                        
3 Unfortunately, Signavio does not provide confidence intervals nor sufficient statistics to construct confidence intervals. Hence, 
for these simulations, no confidence interval could be constructed.  
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5.2.1 Multi-split and synchronizing merge 

The first extension of the high-level model is replacing the refurbish materials task with different tasks in 

a multi-split. The only way to implement the multi-split and synchronizing merge in Signavio and Arena 

was by means of a work around. Both patterns could be built with a parallel split or merge, with XOR-gates 

on each branch. The analysis of these individual analysis already revealed that this work around did not 

impact the average throughput time but causes difficulties when interpreting the case flow of a process. 

This section will elaborate on the effect of these results on the process as a whole. In the case study, the 

multi-split and synchronizing merge can mainly be found in the step refurbish materials. When the system 

is disassembled, different components (e.g. an X-ray tube, cables or control unit) are checked and 

refurbished or replaced when needed. Given the fact that each incoming system differs in terms of quality, 

each system has a different need in the amount of materials to be refurbished. To correctly represent this, 

the various components are modeled as a multi-split that later flow back into the system by means of a 

synchronizing merge.  
 

 
Figure 5.3: High level process extended with multi-split and synchronizing merge (Signavio) 

 
Table 5.3: Results for the high-level view extended with the multi-split 

 
Avg 

throughput 

time (hours) 

 

Avg waiting 

time (hours) 

 

Utilization 

rate (%) 

 

Cases 

completed 

Signavio 43.68 0.00 57 77 
Arena 

[95% CI] 
48.60 

[46.69 ; 50.51] 
4.98 

[3.07 ; 6.89] 
57.61 

[55.61 ; 59.61] 
78 

 
Like the simulations for the individual patterns, the results for Signavio and Arena are almost the same. 

Moreover, when comparing these results, to the results of the simulations for the high-level view, the 

results are almost the same. Between the simulators, there’s only a small deviation in throughput time 

caused by the difference in waiting times. However, this difference is still substantial, considering the 95%-

confidence interval for the throughput time in Arena [46.69 ; 50.51]. For the simulations in Arena, the 
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throughput time slightly decreased (4%), which can be explained by the decrease in waiting time. Since a 

part of the process has been split up into smaller tasks. These tasks can be executed in parallel and 

therefore resources can be assigned more flexibly. Consequently, the resource can move faster to a new 

task, resulting in slightly lower waiting times.  

 
5.2.2 Interleaved parallel routing 

The analysis on the interleaved parallel routing pattern revealed that this pattern could only be modeled 

like a regular parallel pattern in BPM tools. This means that all activities on the parallel split are performed 

in an arbitrary order, thus disregarding the forced completion of a branch before starting a new one. In 

the individual simulations of this pattern, the differences between the correctly modeled version of the 

interleaved parallel routing and the simulation in Signavio resulted in small deviations in waiting times. 

The expectation is that these differences will not heavily influence the results for a complete process. In 

the order realization process, the interleaved parallel routing can be found in the mount materials step. 

Different materials need to be mounted to the system. For most materials, the order of installing them 

does not matter. However, setting up the installation requires some time, so it is efficient to perform the 

desired activity right away. This is an example of the interleaved parallel routing. 

 

 
Figure 5.4: High level process extended with interleaved parallel routing (Signavio) 

Table 5.4: Results for the high-level view extended with the interleaved parallel split 

 
Avg 

throughput 

time (hours) 

 

Avg waiting 

time (hours) 

 

Utilization 

rate (%) 

 

Cases 

completed 

Signavio A 37.67 0,00 57 77 
Arena [95% CI] 

 
71.55 

[61.27 ; 81.83] 
26.99 

[16.71 ; 37.27] 
61.24 

[58.24 ; 64.24] 
76 

 
The simulations in Signavio and Arena differ heavily for this pattern, as can be seen in the results in table 

5.4. In Signavio, the throughput time decreased (with 13.8%, compared to the model without the parallel 

branch), where in Arena the throughput time increased (+38.5% compared to the high-level model). The 

decrease in the results of the simulations in Signavio can be explained by the fact that it was not possible 

to model one of the limitations of this pattern. As a result, Signavio interprets the pattern as a simple 

parallel gateway, where multiple tasks can be executed simultaneously. The simulations in Arena however, 

account for the limitation that only one branch can be enabled at the same time. In these simulations, 

entities have to wait both for a branch to be active and for a resource to be available. This explains the 
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large increase in waiting times. This practical example is in line with the results of the analysis on the 

pattern solely. The inability to model the interleaved parallel split correctly causes a strong deviation in 

terms of throughput times.  

 
5.2.3 Additional resources 

Modeling additional resources for a task is not possible in Signavio. Since only one resource is seized 

(instead of two or more), more resources are available to perform other tasks. Consequently, the 

simulation results are biased. Generally, this leads to shorter throughput times (or a higher throughput). 

The additional resources pattern will likely influence the process in the same way, resulting in shorter lead 

times. One alternative was to model the task twice, representing the fact that two resources should 

perform the task. This alternative is represented in figure 5.5. Note that this is an incorrect representation, 

since these resources do not necessarily need to perform the task at the same time (or even worse; it can 

be performed by the same resource). However, more resources are seized, and it is expected that this will 

lead to a longer throughput time. The additional resources patterns is presented in the task Move to Bay. 

Due to safety reasons, the systems need to be handled with at least two engineers, so additional resources 

are required here. 

 

 
Figure 5.5: High level process extended with additional resources (Signavio 2) 

Table 5.5 Results for the high-level view extended with the additional resources 

 
Avg 

throughput 

time (hours) 

 

Avg waiting 

time (hours) 

 

Utilization 

rate (%) 

 

Cases 

completed 

Signavio 1 43.75 0.05 58 76 
Signavio 2 60.03 20.85 75 77 

Arena [95% CI] 86.92 
[66.98 ; 94.86] 

37.72 
[17.78 ; 45.66] 

72.01 
[68.01 ; 75.01] 

74 

 
The situation where Signavio does not account for the additional resources is simply equal to the high-

level model for this process and the category Signavio 1 in Table 5.5 shows these results. The category 

Signavio 2 presents the results for the alternative representation where the task is modeled twice, but in 

parallel. This scenario is also presented in figure 5.5. Logically, the utilization rate and throughput time are 

higher for this latter scenario, as an extra task has to be performed. However, the results for the 

simulations in Arena show even higher throughput times. The 95%-confidence interval for the throughput 

times in Arena is [66.98 ; 94.86]. Though this is a relatively wide interval, the results from the simulations 

in Signavio are both outside this interval, indicating that these results differ significantly. The waiting times 

are relatively large for this simulation, since the entities must wait for two resources to be available at the 
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same time. So, the results for the Signavio 2 still differ heavily from the simulations ran for the correctly 

modeled pattern. These differences were also observed for the theoretical analysis on the individual 

pattern. This practical application of the pattern confirms that incorrectly modeling the additional 

resources heavily impacts the results of the simulation.  

 
5.2.4 Approval 

Much like the additional resources, the approval task needs to seize another resource. The progress of the 

activity is based on a decision made by a person that needs to approve the task. So, this pattern implies 

both the seizure of the resource and a possible extension of the task (when it needs to be reworked). 

Again, the seizure of a resource is represented by adding another task. The recursive nature of this pattern 

is represented with a XOR-gate, that flows back to the activity if the task has not been approved. The 

approval is situated at the end of the refurbishment of the stand. At RS, two persons need to approve the 

work of the engineer. A project engineer needs to approve that the engineer has fulfilled the working 

instructions correctly and a Quality Officer checks the legally obligated documents.  

 

 
Figure 5.6: High level process extended with approval (Signavio) 

Table 5.6:  Results for the high-level view extended with the approval 

 
Avg 

throughput 

time (hours) 

 

Avg waiting 

time (hours) 

 

Utilization 

rate (%) 

 

Cases 

completed 

Signavio 46.16 1.18 59 77 
Arena [95% CI] 50.68 

[46.93 ; 54.41] 
7.09 

[3.34 ; 10.82] 
59.62 

[58.62 ; 60.62] 
78 

 
Much like the additional resources pattern, the problem for this pattern comes down to the fact that 

Signavio does not support the option to assign multiple persons to one task. However, for this pattern, the 

consequences of this inability are relatively small. The pattern is placed at the end of the process, so any 

delay does not impact the other tasks. Moreover, the processing time of the approval task is relatively 

small (only 2 hours), so the extra resource is not seized for a long time. In this process, the approver role 

has a low utilization, so does not affect the process to a great extent. The differences between the two 

simulators are almost as large as for the high-level view (13,4% for the high-level view, compared to 11,0% 

for this pattern for the throughput times). Also, the utilization rate remained almost equal. So, despite the 

fact that it is not modeled correctly, the simulation results in different simulators are not affected much. 
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5.3 Detailed view  
In the detailed view, all previously described process patterns are modeled in the order realization process. 

In this way, the detailed view includes some limitations that are characteristic for the order realization 

process. So, the detailed view will be a more exhaustive representation of the reality than the high-level 

view. The detailed view of the order realization process is presented in Appendix G. The previous sections 

showed that some patterns have a high impact on the process. Moreover, the differences between 

simulators were large for some patterns. This raises the question whether simulations of a detailed process 

are still reliable in BPM tools. To test for this, process was built in both simulators, in line with the previous 

sections. In cases it was not possible to model a pattern in Signavio, an approximation of the pattern was 

used instead. Again, the simulations ran for a period of 1776 hour (with a warm-up time of 336 hours in 

Arena. Appendix H shows the determination of this warm-up period). Table 5.7 shows the results for these 

simulations. 

 
Table 5.7: Results for the simulation of the detailed view 

 
Avg throughput 

time (hours) 

 

Avg waiting 

time (hours) 

 

Utilization 

rate (%) 

 

Cases 

completed 

Signavio A 60.21 1.12 77 77 
Arena  

[95% CI] 
90.38 

[70.82 ; 109.94] 
48.70 

[29.14 ; 68.26] 
71.61 

[69.61 ; 73.61] 
79 

 
Since the results from the simulation in Signavio lies outside this confidence interval, it can be concluded 

that the throughput times for these simulations significantly differ. This is in line with the results for the 

individual simulations. The utilization rate of the resources in Signavio is 5.5% higher than in Arena. 

Consequently, the number of cases completed is also higher in Signavio than in Arena (for an equal arrival 

rate of new orders). This difference is striking, since for all high-level simulations the utilization rate in 

Arena was approximately as high as in Signavio. A possible explanation for these results might be found in 

the waiting times of the process. In Arena’s simulations, these are much higher than in Signavio’s 

simulations. So, entities are waiting to be processed while resources are used less in Arena. This might be 

due to the additional resources pattern. This task cannot be started unless two resources are available; so, 

it might happen that both resources and entities have to wait before this task. 

 

These simulations are validated by means of comparing the simulation results to the actual throughput 

times at Philips RS. Firstly, the production schedules of Philips RS were studied. As the incoming orders 

vary in terms of the features that need to be installed on the system, the time scheduled for a 

refurbishment order varies too. Scheduling a production order accounts for a total of 10 to 15 working 

days (i.e. 80 to 120 working hours) per system. On average, RS handles a throughput time of 12.5 working 

days, or an equivalent of 100 hours. This average scheduled value is close to the simulation in Arena, so 

these simulations represent the order realization process quite well. Moreover, the engineers at RS 

recognize that the process contains a lot of waiting time, indicating that these large waiting times in the 

simulations can be expected. The simulations in Signavio deviate a lot from this actual situation, both in 

terms of throughput time and waiting times. Secondly, the actual throughput times were studied. For legal 
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reasons, each system that is refurbished has a log containing the refurbishment operations applied on the 

system: the Device History Record (DHR). In this DHR, the starting times of the order realization process 

are mentioned as the creation of the production order. At the handover of the system to the test engineer, 

an approval (signature and date) has to be signed as well. These dates were used as the finishing date of 

the order realization process. As such, the throughput time of the order realization process was assessed 

(with an accuracy of 1 working day). Studying the DHR of 10 IGT systems revealed an average throughput 

time of 13.67 working days, or equivalently 110 hours. As such the simulations in Arena underestimate the 

true throughput time with nearly 16%. This difference can be explained by the fact that in the simulations 

some simplifying assumptions had to be made. The simulations in Signavio deviate considerably from the 

actual situation. This is an indication that this process cannot well be simulated in Signavio, since these 

simulations ignore some important characteristics of the process. 

 

5.4 Sensitivity of the results 
The results obtained by the simulations are dependent on different factors of the simulation model. This 

section assesses the sensitivity of these results to different settings. Specifically, this section tests whether 

the findings still hold for different settings. Firstly, the sensitivity of the results to slightly different task 

times is tested. Then, the sensitivity to different scheduling strategies is assessed. The simulations run in 

the previous sections relied on the data obtained from the shop floor at Philips RS. Though this data is 

compared to the data obtained from a timing study, the data is derived from interviews with only 8 

engineers. This is a relatively low number of observations for a reliable data set. Therefore, it is not strange 

to assume that the data obtained might deviate from the actual processing times for each task. This section 

tests whether the results for the simulations of the detailed view still hold for a slightly deviated input. In 

order to do so, four additional scenarios were created. One where the processing time for each task is 

decreased with 25%, one where it’s decreased with 10%, one where it’s increased with 10% and also one 

with an increase of 25%. Altering the processing time was done by changing the mean with the respective 

percentage. Table 5.8 shows the results for these simulations, grouped by each percentage. 
 

Table 5.8: Comparing the results for different deviations from the data 

 
Avg 

throughput 

time (hours) 

 

Avg waiting 

time (hours) 

 

Utilization 

rate (%) 

 

Cases 

completed 

-25%         Signavio 46.98 14.55 59 77 
Arena 67.99 34.96 60.54  79 

-10%         Signavio 54.60 16.50 68 76 
Arena 82.70 43.86 68.22 75 

Detailed   Signavio 60.67 17.01 75 77 
View              Arena 90.38 48.70 71.01 79 
+10%        Signavio 76.45 26.78 84 75 

Arena 98.13 51.71 81.53 60 

+25%        Signavio 91.27 22.30 95 75 
Arena XX XX XX XX 
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From the detailed view, the most striking result was the fact that the utilization rate for the Signavio was 

higher than in Arena. This is still the case when the processing times increase. However, for the scenarios 

with lower processing times, this result cannot be observed anymore. The same conclusion can be derived 

for the number of cases completed. For higher processing times the results still hold, but for the lower 

processing times, the numbers are almost equal. Intuitively, the average throughput times decreases 

approximately with the same percentages as the processing times for each task. However, when increasing 

the processing times of each task, the throughput times rise faster. This increase is probably caused by the 

increasing waiting times. For an increase of 25%, Arena quit the simulations, since too many entities where 

active in the process. This is why the results for this scenario could not be reported. From these different 

scenarios it can be concluded that the results are sensitive to the data observed. The conclusions drawn 

for the detailed model are a bit weaker when the data overestimated (i.e. the actual processing times are 

lower than the reported times). In case the reported data underestimated the actual processing times, the 

differences between the simulators will be bigger. In this case the conclusions for the detailed model still 

hold.  

 

Secondly, the dependency on different scheduling tactics is examined. In Signavio, it is not possible to 

declare such scheduling techniques, so this analysis limits its focus to the differences of the simulations in 

Arena. In Arena, two different aspects can be specified; the order in which items in the queues are handled 

and the priority a task has within the process. The queueing strategies that can be chosen are first in, first 

out (FIFO), last in, first out (LIFO) and highest value items first. The simulations are run for these different 

settings. On the other hand, the priority of a performing a task can be specified as either high, medium or 

low. As such, the priority of handling task inside the process can be random (all tasks have same priority), 

priority can be placed to the end of the process (so the tasks in the beginning of the process have low 

priority, tasks in the end of the process have high priority) or the priority can be assigned to the begin of 

the process. The detailed view is also simulated for these three different settings. The results of these 

simulations can be found in table 5.9.  

 
Table 5.9: Results for different scheduling settings 

 
Random Priority to end Priority to begin  
Throughput 

time 

Waiting 

time  

Throughput 

time 

Waiting 

time  

Throughput 

time 

Waiting 

time  

FIFO 90.38 48.70 78.57 35.51 117.31 75.04 

LIFO 93.12 48.08 95.15 52.25 >150 >100 

Most value 92.20 49.54 78.24 34.86 120.38 78.51 

 

The simulations for the detailed view are based on the actual situation at Philips. When multiple entities 

are Philips processes the entities in order of the earliest due date. However, it was not possible to simulate 

this behavior in Arena. This research assumed that projects that entered the process first, have an earlier 

due date. Hence, the process at Philips is simulated under a FIFO queueing strategy. There is no priority 

between tasks, so a random assignment is assumed for the simulations for Philips RS. The simulations for 

these scenarios are bold in table 5.9 and coincide with the simulations of the detailed view. The results in 
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table 5.9 indicate that the results of the simulations for the detailed view are highly dependent on the 

scheduling strategy used. Queueing strategies that use the LIFO principle perform worse than other 

queueing strategies. Looking at the priorities in the process, placing the priority in the beginning of the 

process yields higher throughput times than placing the priority in the beginning. For this process, these 

results make sense, since the main bottlenecks of the process are in the end. Hence a quick response for 

these tasks will be beneficial for the process. Since there are a lot of differences between the simulations 

of the scheduling scenarios, the choice for such a scenario is an important issue here.  

 

5.5 Possible interpretation of the simulations  
Suppose the manager of RS would like to use a simulation model to optimize his order realization process. 

With the aim to have a faster response to his customers and less flexible costs on the production floor, the 

manager’s objective is to minimize the average throughput time. He made a simulation model in Signavio, 

according to the situation on the production floor. The manager simply ignored some restrictions in his 

model, so he could simulate it in Signavio. This model would look similar to the detailed view. When 

analyzing the results, the manager observes that the average waiting time is relatively low (only 1.12 hours 

per case) and that the utilization rate is also rather high (77%). He concludes that in order to minimize his 

throughput time, he can either hire extra resources or make sure that the processing times for each task 

will become lower (e.g. by purchasing processed materials instead of raw materials). Though in general 

this would indeed lead to a lower throughput time, there might be more to it in reality. 

 

When simulating the order realization process taking into account several restrictions, like the simulations 

in Arena did, yielded totally different results. In these simulations, a large part of the throughput time can 

be assigned to the high average waiting times. Knowing this, the manager’s conclusion might be that he 

has to streamline the process more. He now observes the waiting lines before the ‘move to bay’ and 

‘mount materials’ as main points for optimization. For example, he could hire extra personnel to guide the 

installation to the bay (overcoming the waiting time for additional resources) or he could adapt the 

arrangement of his production line (reducing set-up restrictions like for the interleaved parallel routing). 

These relatively simple adjustments would have a great impact on his process. Even though both solutions 

might result in effective measures to optimize the order realization process, the decision-making process 

of the manager is heavily influenced by the results of the simulation.  This is an indication that the 

simulations in BPM should be handled with care, especially when a lot of limiting restrictions are present 

in the model. 

 
 

5.6 Conclusion of the case study 
The simulations in Signavio and Arena differ heavily from each other, resulting in divergent results for the 

simulations of the detailed view. The order realization process of Philips Healthcare Refurbished Systems 

was modeled in both a BPMN-based tool, Signavio, and a General-Purpose Simulation tool, Arena, to 

compare the simulations by means of a practical example. This case study first simulated the high-level 

view of the process. Then, this model was extended with some process patterns to investigate the extent 

to which it is possible to simulate these patterns in both simulators. These extended models already 
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showed some differences between the simulations in both tools. Especially the interleaved parallel routing 

and additional resources showed differences in utilization rate and waiting times. For the interleaved 

parallel routing, this lead to 90% higher throughput times (33.88 hours) for simulations in Arena, compared 

to simulations in Signavio. For a large part this can be contributed to the fact that the waiting times in 

Arena are significantly higher (27 hours, compared to none). Moreover, the utilization rate in Arena 

(61.24%) was significantly higher than in Signavio (57%), which is the result of incorrectly assigning the 

free tasks to an available resource in Signavio’s simulations. Including the additional resources pattern also 

resulted in significantly higher throughput times in Arena compared to Signavio (86.92 hours and 60.03 

hours, respectively). This difference could be explained by the fact that Signavio does not support more 

advanced rules to assign a resource to a task. These results are also reflected in the simulation of the 

detailed model, including all patterns together.  

 

For the detailed view, the simulations varied to a great extent (a throughput time of 90.38 hours in Arena 

and 60.21 hours in Signavio and utilization rates of 71% and 77% respectively). In this case study, the 

patterns that could not be modeled could were in tasks that were already bottlenecks for the process. This 

might even have increased their differences even more. Nevertheless, not being able to model the process 

correctly impacted the simulations heavily in this case. This could have serious consequences for managers 

who use these simulations to evaluate their processes or process (re-)designs. Outcomes for these 

simulations might be exaggerated and incorrect, leading to wrong decisions.  
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6. Conclusion 
 
The objective of this research was to evaluate the suitability of BPM tools for simulating manufacturing 

processes. In the current, turbulent markets a quick and flexible approach to production processes is 

important to survive. As such, process redesign is a vital factor the manufacturing industry. Simulation is a 

powerful instrument for aiding process redesign, since it allows to evaluate different alternatives in an 

efficient manner. Some Business Process Modeling (BPM) tools offer the functionality of simulating 

processes. BPM tools are useful for their ability to integrate different aspects of the business process and 

are praised for their ease of interpretability. However, when simulating (and designing) the process, often 

a tradeoff has to be made between level of detail and completeness on the one hand and interpretability 

on the other. As such rises the main research question of this study:  
 

‘To what extent can current BPM software simulate manufacturing processes?’ 

 

To structure this research, different sub-questions have been posed that help to answer the research 

question. This discussion will be structured by means of these sub-questions. Each of these sub-questions 

contribute to answering the main research question. 

 

1. Which patterns are typical for manufacturing operations? 

In order to answer this question, different characteristics of a manufacturing process have been identified. 

The manufacturing process was studied with the help of a case study at the production floor of Philips 

Refurbished Systems, specifically their order realization process. Different functionalities that were 

performed on their shop floor were identified. These functionalities were referred to as process patterns; 

smaller parts of the process that each fulfil a predefined task. The analysis of the production processes at 

Philips RS revealed 14 process patterns that are typical for manufacturing processes. Most of these 14 

patterns are frequently observed in other industries as well (e.g. see Zur Muehlen & Recker (2008)). 

However, manufacturing processes also have some more specialized patterns that are typical for a 

manufacturing environment. The deferred choice, interleaved parallel routing, additional resources and 

approval are examples of this. Moreover, the multi-choice is a pattern that is typical for refurbishment 

processes, as the quality of incoming materials varies heavily. 

 

2. What are popular BPM simulation tools and which pattern are supported by these tools? 

A background section discussed different simulation tools and their applications. Specifically, BPM tools 

were discussed, as this is the focus of this research. Most BPM tools are BPMN based, inducing some 

limitations in the modeling of some process patterns (e.g. resource dependencies or scheduling polices 

could not be specified). In order to evaluate the support of patterns by BPM tools, the different patterns 

were built in a BPM tool. For this research, Signavio was used as the BPM tool to evaluate the simulation 

capabilities. Especially the resource allocation patterns we hard to model and simulate in Signavio. 

Moreover, the tool imposed a lot of limitations concerning the input of parameters and statistical 

properties. Of the 14 patterns identified in the first research question, the interleaved parallel routing, 

additional resources and approval are not supported well by Signavio. Moreover, the multi-choice and 

deferred choice pattern, required a work around in order to implement the pattern in Signavio.  
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3. What deviation in throughput time can be attributed to the inability to model a pattern properly? 

First the behavior of the different patterns was simulated individually, to test the simulator’s capabilities 

from a theoretical point of view. The simulations in Signavio were compared to simulations in a more 

advanced simulation tool; Arena. Simulations in Arena were able to account for the limitations imposed 

by the process patterns. Hence, the simulations in Arena provided a more accurate representation of the 

actuality. This comparison gave insights in the deviation of the simulations in a BPM tool. Then, the 

simulation of the order realization process of Philips RS was used to study the capabilities of the simulator 

from a practical point of view. Both the theoretical and practical studies indicated that the elementary 

patterns (sequence, XOR-gates and AND-gates) were simulated accurately in BPM tools. Routing problems 

with only little restrictions (e.g. multi-split, synchronizing merge, deferred choice or structured loop) also 

yielded simulation results that lied close to reality. However, when a routing problem involved stricter 

restrictions (as in interleaved parallel routing), the BPM tool was not able to accurately simulate the 

pattern. The simulations in Signavio showed significantly lower waiting times than the simulations in 

Arena. A similar conclusion holds for the resource allocation patterns identified (additional resources and 

approval). In this case, the simulations in our BPM tool showed significant deviations from the desired 

behavior. For the additional resources pattern and approval pattern, both the utilization rate and waiting 

times were underestimated in Signavio. Integrating all patterns into the simulations of the order realization 

process resulted in simulations that were considerably different from the correctly represented 

simulations (in Arena). Especially the interleaved parallel routing and additional resources caused the 

process to have higher waiting times for simulations in Arena (33.88 hours and 26.89 hours respectively), 

compared to simulations in Signavio. These patterns could not be implemented correctly as a result of 

which the simulations in Signavio underestimated the waiting (and throughput) times. Moreover, these 

patterns could be found in the bottleneck of the process. Hence, these patterns had a major influence on 

the results of the simulations.   

The findings for these three sub-questions form the basis for answering the main research question. This 

research concludes that BPM tools are not suitable for manufacturing processes that have many decision 

points impacting the system’s performance. In BPM tools it is not possible to model most of these 

restrictions as a result of which the simulations deviate significantly from reality.  Models that are relatively 

easy or simulate on an aggregated level might use simulations in BPM but should be careful in interpreting 

the results. Moreover, though being highly interpretable and easy to use, BPM tools do not offer a lot of 

input options and the analysis based on the output is also limited. This makes BPM tools suitable to discuss 

process designs and inspect their flows, but advanced computations turned out to be extremely 

inaccurate. 

 

6.1 Limitations and further research 
Though offering a contribution to the current scientific literature, this research was subject to several 

limitations. These restrictions might weaken the conclusions from this research. However, these 

limitations offer possibilities for future research on the topic. By means of further research, a deeper 

understanding of the topic can be gained, solutions might be provided or stronger conclusions can be 

drawn. This section mentions the most important limitations and the opportunities for future research 

that are in line with these.  
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First limitation concerns the generalizability of the results. In this study patterns that are characteristic for 

the manufacturing process were identified. These patterns are based on the different functionalities as 

identified in the refurbishment process of Philips RS. Of course, the refurbishment process is only a small 

subset of all manufacturing processes. Moreover, only one refurbishment process has been considered. In 

order to capture all patterns that might be observed in a manufacturing process, many more processes 

have to be studies, from many other types of manufacturing processes. Following this reasoning, the 

process patterns identified as characteristic for manufacturing processes are just a subset of all 

characteristic patterns. The conclusions from this research would be stronger, if the observations were 

based on multiple sources.  

 

Secondly, an important drawback of Signavio is the fact that the tool does not support replications for 

simulations. As a result, the values mentioned are based on a single simulation run. Given the random 

nature of simulations (due to modeling task times with a stochastic distribution), these values might vary 

for each simulation run. However, in this research, it was not possible to assess multiple of such values, 

since Signavio does not support replications of the simulation. As a result, the values stated are based on 

only a single realization of these stochastic processes. Hence, the conclusions are based on one single 

observation and therefore subject to this randomness. Though the simulations all result in values that are 

extremely close to the means of these distributions, the complete picture cannot be assessed. In order to 

draw stronger conclusions, the BPM simulations should be replicated multiple times. Then, the values 

would represent aggregated simulations, which would enable for stronger conclusions.  

 

Another limitation is considering the fact that only one BPM tool has been used. Though like most BPM 

tools Signavio is BPMN based, it does not completely represent all other BPM tools. There are tools with 

more (or less) extended functionalities or different functionalities than Signavio. In that case, the 

evaluations of the process patterns might differ from the ones in this research. Some patterns might be 

supported in other tools, making them more suitable for simulations. Or other tools might offer more 

possibilities to define parameters, statistical distributions or output capabilities. In that case the tools 

might also be more suitable than suggested in this research. In order draw stronger conclusions on the 

capabilities of BPM tools, more BPM tools should be examined. In a similar argument, this research used 

only one general purpose simulation tool (Arena). Comparing the simulations in BPM tools to multiple 

reference simulations would make the conclusions stronger.  

 

Fourth limitation is the availability of data from the case study. In this research, the case study was a means 

to study the behavior of the simulations from a practical point of view. The background part of this study 

discussed some possibilities to obtain data from production processes. This data can be used to analyze 

the performance of the manufacturing processes. However, in the case study, this data was not readily 

available. In order to describe the process, this research had to rely on observations and a small timing 

study only. As a result, the reference model and data obtained might be subject to bias. Though a 

sensitivity analysis has been performed, the data used is defective. When the data would be based on 

more observations, the numbers used in the case study (i.e. the parameters used in the simulations) would 

represent the actual situation more accurately. However, it’s worth emphasizing that the aim of the case 
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study was to observe the influence of the process patterns in an integrated simulation model. To serve 

that goal. This goal still can be served when the data is biased.  

 

Lastly, the in the analysis of the individual patterns faced some limitations. These patterns were compared 

by varying the utilization rate and number of resources. In doing so, only a finite number of values have 

been compared (5 different utilization rates and 4 different numbers of resources). In reality, these 

settings can take any value. Though these different values tested provide a reasonable view on the 

behavior of the different patterns, it might be that there is more to it. Patterns might behave differently 

for other parameter settings. For some patterns, this research has already concluded that they cannot be 

simulated properly. However, it might be that other patterns show problems with different parameter 

settings as well. This holds especially for extremely small or extremely large values, since they usually have 

a high impact in calculations. Further research is needed in order to conclude on the consequences of 

simulations with extreme values.  

 
 

6.2 Managerial implications  
In this research, different methods for analyzing manufacturing processes are discussed. Especially the 

simulation of manufacturing processes is discussed as a main tool for evaluating process performance of 

alternatives for redesign.  Applying these techniques for the manufacturing industry might provide useful 

insights and guide the decision-making process. With the rapid development of new analytical techniques, 

a lot of opportunities for factual driven production control and process improvement are realized 

(Esmaeilian, Behdad, & Wang, 2016; Mourtzis et al., 2014). To provide an example for this, the company 

of the case study did not employ any data-driven methodology to assess the performance of their 

production processes. This company was proposed some slight adjustments and investments to generate 

data on their production processes. First, their electronic resource planning (ERP) tool (SAP) can be 

extended such that progress of a project was recorded based on the number of work instructions 

completed. Additionally, engineers on the shop floor were supplied with a barcode scanner to confirm 

their activities, complete checklists or order materials. In this way every update of the ERP system is 

recorded. These records can be used to construct the process model and assess its performance. As such, 

even some slight adjustments to the current working methods can already provide valuable information 

on the production processes. Moreover, numerous companies have already deployed extensive 

information systems. The information in these systems can often be used to create data on the processes. 

This data can be used to identify bottlenecks, analyze deviations from the production plan or perform 

statistical control. These analyses contribute to the improvement of the efficiency of a process.  

 

The selection of the right simulation tool is highly dependent on the purposes of the simulation study. 

However, since the usage of specified business process simulation tools requires some training and 

experience, managers tend to prefer comprehensible tools over more specified ones (Melão & Pidd, 2003). 

BPM tools can be considered tools that are easy to understand and learn. BPM tools offer a lot of 

advantages for managers, since they integrate different aspects of the business process (e.g. methods or 

techniques to design, control and analyze operational processes involving humans, information sources 

and third organizations) in an comprehensive manner (Jansen-Vullers & Netjes, 2006). A major advantage 



55 
 

of the BPM tools is that they can be used to graphically present the business process. As such, the transfer 

of intention of the process is very clear. Therefore, BPM tools that support simulation might be an effective 

tool for managers to evaluate process redesign. However, this research shows that BPM tools (especially 

BPM tools based on BPMN) have some shortcomings regarding their simulation capabilities. Basic 

elements of a process can be simulated accurately in BPM tools. Main patterns (e.g. XOR-gates or AND-

gates) and routing problems that induce only little restriction (e.g. multi-splits or deferred choice) yield 

relatively accurate results. However, when the model incurs more restricting patterns, simulations tend to 

get results that do not reflect the actual situation. As such, managers that deploy simulations in BPM tools 

should be careful when analyzing the results and understand the consequences of possible modeling 

errors. 

 

A main concept in this research is the use of process patterns. Process patterns can be seen as a set of 

linked activities that together fulfil a function in the process. In this research, process patterns are used to 

evaluate the different functionalities a BPM tool can properly simulate. As such, these process patterns 

provide a representation of a small part of the production process. This research identified process 

patterns by carefully studying the actual processes performed on the production floor. In a similar way, 

managers might use process patterns to identify (or confirm) different functionalities of the production 

process. A thorough understanding of the patterns that are present in the process, a manager gets a clear 

grasp of the restrictions that exist in the process. This does not only provide him a means of interpreting 

and controlling the process but might also provide him with a starting point for improving the process. 

Since most process patterns imply restrictions (e.g. concerning routing or resources), these patterns affect 

the performance of the process. Recognizing and removing these restrictions can be effective for process 

improvement. 

 

 

6.3 Research implications 
Prior research has already indicated some limitations of the business process modeling notation (BPMN). 

For example, BPMN is not able to assign priorities to a token, specify queueing strategies or routing policies 

and does not support the assignment of inter-task times (Mathew & Mansharamani, 2012). These 

inabilities of expressing functionalities also imply limitations for the simulation capabilities of tools based 

on BPMN. The BPM tool that was evaluated in this study (Signavio) is also based on BPMN and had 

therefore the same limitations as the modeling convention. This research contributes to the evaluation of 

simulation software, with the scope of manufacturing processes. Specifically, two different perspectives 

were considered; routing problems and resource allocation. For the simpler routing problems, simulation 

in BPM tools was shown to yield accurate results. However, for the more complex routing problems and 

most resource allocation patterns, BPM was not able to accurately simulate the processes. So, though BPM 

tools offer significant benefits for managers through the integration of different aspects, the simulation 

functions are still insufficient. This implies that either other tools might need to be considered to perform 

simulation studies (e.g. general-purpose simulation tools as Arena) or BPM tools have to be extended.  In 

order to extend BPM tools- thus enlarging the potentials of it- two options are possible. First, the options 

in BPM tools can simply be expanded. By implementing more options to the simulator, its competences 

are enlarged and simulation capabilities will increase. However, this would most likely impact the usability 
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of the system. A second option is to extend to BPMN notions. By extending BPMN (e.g. with routing policies 

or resource specifications), the expressive power of the notation will become larger. However, since BPMN 

is currently the de-facto standard for business process modeling, it would be difficult to adapt its structure. 

Moreover, research is needed to find the optimal method for expressing these characteristics.  

 

Also, this research combines different domains of process patterns (e.g. control patterns, resource 

patterns or activity patterns) to express the business requirements that are specific for the field of studies 

on manufacturing processes. The integration of different domains of process patterns to evaluate the 

applicability for a specific field of study (manufacturing processes in this) can be seen as an application of 

different scientific studies. Previous studies indicate that the selection of a simulation tool is highly 

dependent on the purpose of simulation (Jahangirian et al., 2010). This study shows that the combination 

of different perspectives can be used to evaluate the suitability of a simulation tool on a more complete 

manner than just a single perspective.  
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Appendix A: Short description of a Philips cardiac-vascular imaging 

system 

 
Philips cardiac-vascular imaging systems aid medical professionals in their diagnosis by making an image 

of a patient’s heart or vascular system. The main components of these systems are the x-ray tube, 

collimator and flat detector as these provide the technologies to create the images. These components 

are mounted on the system’s stand. The stand can move these components around the patient to obtain 

the desired imaging position, since the stand is equipped with some motor function. A stand can either 

hang on the ceiling (as presented in the picture) or simply be attached to the floor. The patient lays on the 

patient table, such that the imaging components can move around the body. The medical expert can 

control the stand and patient table with the user controls attached to the patient table. The imaging is 

directly presented on the monitors, so the medical expert has a good view on the situation. All motors and 

monitors are driven by the hardware installed in the cabinets. Usually, these cabinets are installed in the 

control room, that is generally apart from the operating room.   
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Appendix B: The 43 elementary workflow control patterns  

Basic Control Flow 1. Sequence   

  2. Parallel Split   

  3. Synchronization   

  4. Exclusive Choice   

  5. Simple Merge   

Advanced Branching 6. Multi-Choice 28. Blocking Discriminator 

and synchronization 7. Structured Synchronizing Merge 29. Cancelling Discriminator 

  8. Multi-Merge 30. Structured Partial Join 

  9. Structured Discriminator 31. Blocking Partial Join 

   32. Cancelling Partial Join 

   33. Generalized AND-join 

   37. Local Synchronizing Merge 

   38. General Synchronizing Merge 

   41. Thread Merge 

    42. Thread Split 

Iteration 10. Arbitrary Circle 21. Structured Loop 

    22. Recursion 

Termination 11. Implicit Termination 43. Explicit Termination 

Multiple Instances 12. Multiple Instances w/o synchronization 34. Static Partial Join for Multiple Instances 

  13. Multiple Instances with design time 35. Cancelling Partial Join for Multiple Instances 

  14. Multiple Instances with run time 36. Dynamic Partial Join for Multiple Instances 

  15. Multiple Instances w/o run time   

State-based 16. Deferred Choice 39. Critical Selection 

  17. Interleaved Parallel Routing 40. Interleaved Routing 

  18. Milestone   

Cancellation and  19. Cancel Task 25. Cancel Region 

Forced Completion 20. Cancel Case 26. Cancel Multiple Instance Activity 

    27. Complete Multiple Instance Activity 

Triggers   23. Transient Trigger 

    24. Persistent Trigger  

Retrieved from (Russell, Hofstede, Aalst, & Mulyar, 2006; Van der Aalst, Ter Hofstede, Kiepuszewski, & Barros, 
2003) 
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Appendix C: Support of patterns by tools 

Pattern Product 

  

Staffware 

WebSphere 
MQ 

Workflow FLOWer COSA iPlanet 
SAP 

Workflow FileNet jBPM OpenWFE 
Enhydra 

Shark 

Sequence + + + + + + + + + + 

Parallel Split + + + + + + + + + + 

Synchronization + + + + + + + + + + 

Exclusive Choice + + + + + + + + + + 

Simple Merge + + + + + + + + + + 

Multi-Choice - + + + + - + - +/- + 

Structured 
Synchronizing 
Merge 

- + + - - - + - - - 

Multi-Merge - - +/- - + - + + - - 

Structured 
Discriminator 

- - - - + +/- - - + - 

Arbitrary Cycles + - - + + - + + + + 

Implicit 
Termination 

+ + + - - - + + + + 

Multiple 
Instances 
without 
Synchronization 

+ - + + + +/- + + + + 

Multiple 
Instances with a 
Priori Design-
Time Knowledge 

+ - + - - + - - + - 

Multiple 
Instances with a 
Priori Run-Time 
Knowledge 

+ - + - - + - - + - 

Multiple 
Instances 
without a Priori 
Run-Time 
Knowledge 

- - + - - - - - - - 

Deferred Choice - - + + - - +/- + - - 

Interleaved 
Parallel Routing 

- - +/- + - - - - +/- - 

Milestone - - +/- + - - - - - - 

Cancel Activity + - +/- + + + + + - - 

Cancel Case - - +/- - - + + - +/- + 

Structured Loop - + + - + + + - + - 

Recursion + + - + + + - - + + 

Transient 
Trigger 

+ - - + - + - + + - 

Persistent 
Trigger 

- - + + - + + - - - 

Cancel Region - - - +/- - - - - - - 
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Cancel Multiple 
Instance Activity 

+ - - - - + - - - - 

 
Staffware 

WebSphere 
MQ 

Workflow FLOWer COSA iPlanet 
SAP 

Workflow FileNet jBPM OpenWFE 
Enhydra 

Shark 

Complete 
Multiple 
Instance Activity 

- - +/- - - - - - - - 

Blocking 
Discriminator 

- - - - - - - - - - 

Cancelling 
Discriminator 

- - - - - + - - + - 

Structured 
Partial Join 

- - - - + +/- - - + - 

Blocking Partial 
Join 

- - - - - - - - - - 

Cancelling 
Partial Join 

- - - - - + - - + - 

Generalised 
AND-Join 

- - - - - - + + - - 

Static Partial 
Join for Multiple 
Instances 

- - - - - - - - + - 

Cancelling 
Partial Join for 
Multiple 
Instances 

- - - - - - - - + - 

Dynamic Partial 
Join for Multiple 
Instances 

- - - - - - - - - - 

Local 
Synchronizing 
Merge 

- + + + - - - - +/- - 

General 
Synchronizing 
Merge 

- - - - - - + - - - 

Critical Section - - +/- + - - - - - - 

Interleaved 
Routing 

- - +/- + - - - - + - 

Thread Merge - - - - - - - +/- - - 

Thread Split - - - - - - - +/- - - 

Explicit 
Termination 

- - - + + + - - - - 

Overview retrieved from http://workflowpatterns.com/evaluations/commercial/ 
Last visited: 20 Oct 2017 
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Appendix D: Processes for refurbishing the monitors and cabinets 
D1: The monitor refurbishment process: 
Input: Old monitor  Output: Usable monitor  Roles: PPE, Engineer  

 
An old monitor is tested on its quality. Later the monitor will be tuned and adjusted to the client’s 
specifications and hanged in the suspension, before being transferred to the bay. 
 
 
D2: The cabinet refurbishment process: 
Input: Old cabinets  Output: Updated cabinets  Roles: PPE, Shop floor control, Engineer  

 
The cabinets are the computers behind the x-ray machinery; they drive both the mechanical parts (e.g. 
motors and moving parts) and the digital (e.g. software) of the system. Old cabinets are cleaned and 
reformatted, new software is installed and updated, resulting in usable cabinets.  
 
 
D3: Patient Table  
Input: Old sub-system, work instructions Output: Refurbished patient table Roles: Engineer, Shop Floor Control 

 
The patient table is reused in almost its entirety. Its main parts are refurbished and covers are cleaned. 

The patient table can get an upgrade in the form of added functionalities (i.e. more rotational options) if 

a customer desires so.  
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D4: Testing Process 
Input: Refurbished sub-systems  Output: Approved system & test records Roles: System Engineer, Tester/controller, product quality  
       inspector (PQI), Support team 

 
All sub-systems are placed in the testing bay and integrated. First, the system will be configured and tuned, 

then the system will be tested in its entirety to guarantee its functioning. When a nonconformity is 

encountered, the problem will be fixed right away before the tester moves to the next phase.  

 
D5: Control and packaging process 
Input: Refurbished sub-systems  Output: System delivery Roles: System Engineer, Tester/controller, product quality   
      inspector (PQI), Support team 

 

 
 
In the last phase of the order realization process, the system is finished by completing the 
documentary and packing the system. Completion of the paperwork requires the approval of 
different parts of the organization. As such, new functionalities can be identified: 
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Appendix E: Results simulation of individual patterns 
E1 Multi-split and synchronizing merge 

Utilization rates: 

 
Waiting times:  

 
 
E2 Interleaved parallel routing 

Utilization rates 

 
Waiting times 
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E3 Additional Resources 

Utilization rates:  

 
Waiting times: 

 

 
E4 Approval 

Utilization rates:  
1 2 5 10 

Arrival Sign. Arena Arrival Sign. Arena Arrival Sign. Arena Arrival Sign. Arena 

0.10 0.09 0.204 2.08 0.09 0.202 0.50 0.10 0.199 1.00 0.10 0.198 
0.20 0.19 0.397 0.417 0.21 0.404 1.00 0.20 0.394 2.00 -  - 
0.30 0.33 0.599 0.58 0.31 0.599 1.50 0.29 0.465 3.00 -  - 
0.40 0.43 0.824 0.792 0.39 0.799 2.00 -  4.00 -  - 
0.50 0.52 0.97 0.92 0.49 1 2.375 -  - 5.00 -  - 

 
Waiting times:  

1 2 5 10 
Arrival Sign. Arena Arrival Sign. Arena Arrival Sign. Arena Arrival Sign. Arena 

0.10 0.27 0.55 2.08 0.27 0.29 0.50 0.32 1.05 1.00 7.46 28.16 
0.20 0.27 1.46 0.417 0.34 1.04 1.00 7.46 27.03 2.00 -  - 
0.30 0.27 3.26 0.58 0.41 2.77 1.50 37.23  130.31 3.00 -  - 
0.40 0.34 9.14 0.792 0.44 10.38 2.00 -  - 4.00 - - 
0.50 0.41 50.40 0.92 2.29   2.375 -  - 5.00 - -  
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Appendix F: Settings for simulations  
• At the shop floor of Philips RS work 4 duos of engineers on the work station Refurbish Stand. In 

the simulations, one duo is modeled as a single resource.  
• The day length for simulations was set to 24 hours in Arena and from 00:01 to 23:59 in Signavio. 
• Arrival rate of new production orders is 9 orders per week. This reflects the actual order arrival 

rate at Philips RS (2 per work week), converted to 168 hours per week.  
• The interarrival time for orders is assumed to follow a Poisson distribution. In Signavio, it is not 

possible to include a distribution on the arrival. Here, the arrivals of new orders have to be set 
manually, according to a scheme. For the simulations, this scheme spread the workload equally 
over the time period.  

• Simulations will run 74 days (1776 hours). After this period, the simulation will stop and reported 
results are applicable for the number of cases finished in this period of time.  Arena offers the 
possibility to replicate the simulations. In this case, 25 replications were used and the average 
values of these replications were reported.  

• Simulations in Arena used a warm-up period of 14 days (336 hours). Determination of this warm-
up period can be found in Appendix H.  

• The processing time of tasks is not constant. Therefore, these values are modeled as a distribution, 
with a mean value that corresponds with the results from the survey. Typically, these processing 
times follow an exponential distribution, so an exponential distribution is assumed in this study as 
well.  In Arena, the processing times are modeled as an exponential distribution. Signavio, 
however, only supports a normal distribution. In this case, processing times are modeled to follow 
a normal distribution, to represent the fact that they are not constant.  
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Appendix G: Detailed order realization process 
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Appendix H: Determination of the warm-up period  
When running the simulations, the process starts with an empty system (i.e. there are no entities active in 

the process). Consequently, in the first period of the simulations, less tasks need to be performed and 

resources are less busy, compared to when the system is running for a while. Therefore, the beginning of 

a simulation might pollute the results for this simulation. When simulating a process, the objective is to 

find the results of the process for regular entities (i.e. when the process is up and running already). As a 

result, the measurements of the simulations will only be started after a certain period; the warm-up 

period. In this way, the beginning of the simulations is not accounted for when computing the (statistical) 

results and the results represent the situation for a regular case in the process. 

 

H1: Warm-up period for the detailed model 
The warm-up period for the simulations of the order realization process is determined by studying the 

detailed model of this process. Simulations were run over different lengths, ranging from 24 hours to 480 

hours (=20 days). The results of these simulations for different run lengths were noted. These results (in 

terms of throughput time and waiting times) are plotted against the run length of the simulation. This plot 

is presented below:  

 

         Throughput time  
         (hours) 
 
 
 
 
 
 
 
 
 
 
 
          Runtime  
          (hours) 
 

As the run length of the simulation increases, the results of the simulations stabilize. In this case, this is 

around a run length of 14 days (336 hours). For longer simulations lengths, the results remained more or 

less equal (possible differences can be attributed to randomness). This is an indication that from this period 

onward, the effects of starting up the simulations had almost none influence on the results anymore. This 

is an indication that it takes 336 hours before the system is stabilized and the results we need can be 

generated. As such, a warm-up period of 336 hours has been chosen for this model. This warm-up period 

is also applied for the less complex models of the order realization process (e.g. the high-level model). 

Since these processes are less complex, these systems will need a lower warm-up period. Hence, a period 

of 336 hours will be more than sufficient for these simulations.  
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H2: Warm-up period for the different process patterns  
The same procedure was applied for determining the warm-up period for the simulations of the individual 

patterns. Below, the results of this analysis are presented per pattern. The runtime of a simulation 

(horizontal axis) is plotted against the average results of the simulations (vertical axis). Again, when these 

results stabilize, the system has warmed-up and the corresponding runtime can be chosen as the warm-

up period for the simulations of this pattern.  

 
The multi-split pattern has a relatively long warm-up period. Though increasing very slowly after 100 hours 

already, the system stabilizes only from a runtime of 216 hours.  

 

 
The simulations for the interleaved parallel split pattern stabilize after 96 hours, so any value larger than 

this would be a convenient warm-up period for simulating this pattern. 
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The simulations for the additional resources pattern increase slowly until a runtime of 180. Thereafter, the 

simulations seem to stabilize. Any value larger than 180 would therefore be a suitable warm-up period. 

 

 

 
 

Already at a runtime of 72 hours, the results for the approval pattern remain equal. This is an indication 

that 72 hours would be a suitable warm-up period for this pattern.  

 
 
 
 
 


