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Abstract 
Business process management consists of many different approaches, perspectives and 

areas of work and research. Business process redesign (BPR), reviewing the business 

processes of a company, instead of simply automating the processes, is such an area of 

work and research. 

 

Product based workflow design (PBWD) is an upcoming practice in the field of BPR. PBWD 

takes the product structure as a starting point. A product data model (PDM) is such a 

product structure. The exact meaning of a PDM, and its graphical representation, has 

changed over time. Our work starts with the description of the current meaning of the 

PDM, and corresponding formal and graphical notations are introduced. 

 
From the product structure as starting point a process model can be derived. For the 

translation from a PDM to a process model we have distinguished two different, yet 

coherent perspectives: the user-perspective and the designer-perspective. These two 

perspectives form a classification framework for the algorithms that perform such a 

translation from a PDM to a process model. 

 

Based on this framework seven such algorithms have been derived. A description of the 

algorithms, their characteristics and their classification in the framework is provided in 

this thesis. 

 

A product structure may change over time. Therefore once the process model is derived, 

it is useful to be able to maintain the process model corresponding to the changes in the 

PDM. The impact of changes in the PDM on the process model depends on the algorithm 

used to derive the process model. For two of the derived algorithms the maintenance of 

the resulting process models is analyzed. 

 

All this does, naturally, not cover the entire field of PBWD. Therefore related work is 

mentioned and suggestions for future work are also provided. 
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1 Introduction 

1.1 Assignment background 

The thesis at hand is one of the final deliverables of my graduation project for the study 

of Computer Sciences at the Eindhoven University of Technology (TU/e). The graduation 

project is conducted at both the TU/e and Pallas Athena International in Apeldoorn. Pallas 

Athena International develops and implements software for the facilitation of business 

process management. 

 

 

 

 

 

1.2 Problem area 

At the present day, business process management (BPM) is a widely used field of 

knowledge. BPM is concerned with supporting business processes using methods, 

techniques, and software to design, enact, control, and analyze operational processes 

involving humans, organizations, applications, documents and other sources of 

information [1]. 

Many businesses cannot run without BPM, and even more are affected by it [2]. 

 

In the year 1990, two separate publications expressed the idea to review the business 

processes of a company, instead of simply automating the processes [3, 4]. This practice 

is now known as business process redesign (BPR). BPR is one of the approaches in BPM. 

 

In the field of BPR an evolutionary and a revolutionary approach can be distinguished. 

The evolutionary approach focuses on local updates of an existing business process. The 

revolutionary approach focuses on the design of the process from scratch, thus making 

radical changes possible [5]. 

 

Product based workflow design (PBWD) is such a revolutionary approach [5, 6]. PBWD 

takes the product specification as a starting point in order to derive a favorable new 

design of the business process [7]. 

A product data model (PDM for short, introduced in [8]) is a product specification. A PDM 

is a static description of an administrative, information based product (e.g. a mortgage 

loan, an insurance claim, a social benefit). The PDM is similar to a Bill-of-Material (BoM) 

from the manufacturing area [9], but while a BoM represents a physical product, the PDM 

represents an informational product. Both PDM and BoM represent the structure of 

assembly of the product [5, 6, 7, 8]. 

 

BPR is commonly applied on a non-automated basis. Process modelers, managers, 

experts and consultants think of alternatives to the business processes. Although 

commonly applied, this approach holds certain problems [5, 8]: 

 • The result is subjective. The identification of and solution to problems depends on 

the individual people applying the BPR. 

 • The result is not reproducible. Give the same problem to the same people to a 

month later, or give the problem to a different group of people, and they will 

come up with a different solution. 

 • The result often is a high-level design. Abstractions of existing (complex) 

procedures are made, rather than considering the problem unbiased. 
An elaborate discussion of these issues can be found in [8]. 

 

To a lesser extent, the above issues also hold for PBWD, which also is mainly applied 

manually to this day. But there are initiatives to automate this process [10], hence 

diminishing the problems mentioned above. 

Pallas Athena International 

Piet Joubertstraat 4 

7315 AV Apeldoorn 

http://www.pallas-athena.com/ 
 

Eindhoven University of Technology (TU/e) 

Den Dolech 2 

5612 AZ Eindhoven 

http://www.tue.nl/ 
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1.3 Problem definitions 

For this graduation project, the following goals were formulated: 

 • The exact meaning of the PDM and its graphical representation has changed over 

time and throughout literature (compare [5, 6, 7, 8, 11]). Give a formal definition 

and the corresponding graphical representation of the current meaning of the 

PDM. 

 • Previously, three algorithms were developed to translate a PDM to a process 

model. Extend this set of algorithms and classify them. 

 • Since a product structure may change over time, the process models resulting 

from the translations will also need change. Based on the changes in the product 
structure, to what extent can the changes in the process model be predicted? Or, 

in other words, can the process model be maintained, solely based on changes in 

the product structure? Analyze that maintainability for process models resulting 

from the different algorithms. 

1.4 Outline 

The remainder of this thesis is structured as follows: 

Chapter 2 sums up definitions and related terms, taken from literature, that are needed 

in the subsequent chapters. 

 

In chapter 3 the history and current meaning of the PDM are described. Using the 

preliminaries a formal definition of the PDM, matching the current meaning, is given. The 

graphical representation of a PDM is also provided in this chapter. 

Chapter 4 describes why a product specification, such as a PDM, should be used to create 

a process model. 

Next, chapter 5 contains the classification of the set of all available algorithms that 

translate a PDM to a process model. For reasons of understandability and readability, the 

classification is presented before the description of the individual algorithms, which can 

be found in chapter 6. In this chapter the properties of the algorithms developed in this 

graduation project are also given. 

 

Chapter 7 contains the analysis on maintainability of the process models resulting from 

the different algorithms. As an example two algorithms are analyzed. The maintainability 
analysis of the other algorithms is similar. 

 

Finally, chapter 8 contains the conclusions of the project, an overview of related work, a 

peek into the future and my personal reflections. 
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2 Preliminaries 
In research, it is nearly impossible and usually quite undesirable to not use previous 

gained knowledge. In this chapter definitions and related terms, taken from literature, 

are described. They are needed in the subsequent chapters. 

2.1 Sets and relations 

The reader is assumed to possess some basic knowledge on sets and relations. If the 

reader wants to refresh his knowledge, there are many books discussing these topics, 

e.g. [12]. 
 

The following definitions are taken from [12]. 

definition 1 The power set Ƥ of X , denoted as Ƥ ( )X  is: 

 { }XYY ⊆  

 Please note that the empty set, denoted as ∅  or {}, is also an element 

of Ƥ ( )X . 

 

definition 2 A relationship R  between X  and X  is irreflexive if and only if: 

 ( )iRiXii ¬∈∀ ::  

 

definition 3 The identity on X , denoted as XI  is: 

 ( ) jjIXj Xj =∈∀ ::  

 

definition 4 Consider two relationships R  and S : 

 R  is a relationship between X  and Z , 

 S  is a relationship between Z  and Y , 

 The composition of R  and S , denoted as RS o  is: 

 { }kSjiRkZkYjXiji k ∧∈∃∈∈ ::,,),(  

 

definition 5 For a relationship R  between X  and X , 
kR  for Ν∈k  is: 

 ( ) X

k
IRk =⇒= 0  

 ( ) 1
0

−=⇒> kk
RRRk o  

 

The following definition is taken from [13]. 

definition 6 A relationship R  between X  and Y  is left-total if and only if: 

 ( )iRjYjXi ji :::: ∈∃∈∀  

 

The following definitions are taken from [14, 15]. 

definition 7 The transitive closure of a relationship R  between X  and X , 

 denoted as 
+R  is: 

k

k

RR
0>

+ = U  

 

definition 8 The reflexive-transitive closure of a relationship R  between X  and X , 

 denoted as 
*R  is: 

k

k

RR
Ν∈

= U
*
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2.2 Petri nets 

To represent process models in this thesis, Petri nets are used. The classical Petri net is a 

directed graph with places and transitions as two different node types [16]. Many 

extensions for Petri nets have been proposed, for instance coloured Petri nets [17]. 

 

We adopt the definition for classical Petri nets, as given in [10]. 

definition 9 A Petri net is a triple ( )FTP ,, : 

 • P  is a finite set of places 

 • T  is a finite set of transitions ( )∅=TP I  

 • ( ) ( )PTTPF ××⊆ U  is a is a set of arcs (flow relation) 

 
definition 10 A place p  is called an input place of a transition t  if and only if there 

exists a directed arc from p  to t . 

 
definition 11 Place p  is called an output place of transition t  if and only if there exists 

a directed arc from t  to p . 

 

At any time, a place contains zero of more tokens. The number of tokens may change 

during the execution of the net. 

 

definition 12 The state, often referred to as marking, is the distribution of tokens over 

the places. 

 

Transitions are the active components in a Petri net: they change the state of the net. 

 
definition 13 A transition t  is said to be enabled if and only if each input place p  of t  

contains at least one token. 

 
definition 14 An enabled transition may fire. If transition t  fires, then t  consumes one 

token from each input place p  of t  and produces one token for each 

output place p  of t . 

 

Petri nets also have a graphical representation: 

 • A place is represented by a circle. 

 • A transition is represented by a rectangle. 

 • An arc is represented by an arrow. 

 • A token is drawn as a small black dot. 

 

Figure 2.1 is an example of a simple Petri net, which consists of 6 places, 4 transitions 

and 10 arcs. One place is marked with a single token. 

 

 

 

 

 
 

 

 

 

 
Figure 2.1:  A simple Petri net 
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3 Product data model 
This chapter describes the history of the PDM. The history is followed by the meaning of 

the PDM at the present day. With the history and the current meaning in mind, the PDM 

is formalized and an accompanying graphical representation is given. 

3.1 Founding 

In the manufacturing area it is common practice to use a BoM to represent the structure 

of a product [9]. But while the BoM represents a physical product, informational products 

cannot be accurately represented by a BoM. There are several reasons for this. 
First, a piece of information can be used several times and in different places. Consider 

for instance the date of birth of a patient in a hospital. It can be used to by both the 

physician examining the patient and by the nurse gathering the right medicines. This in 

contrary with a physical product, e.g. a car cannot use the same tire in four places. It 

really needs four tires to drive. 

Second, there are no physical constraints. Therefore a piece of information may be 

retrieved in different manners. Or in other words, alternative paths can be followed to 

create a data element. For instance, a bank employee can retrieve the balance of a bank 

account either by entering the account number, or by using the postal code, house 

number and birth date of the account holder. 

 

The need to distinguish physical and informational products led to the introduction of the 

PDM in [8]. A PDM is a static product specification of an administrative, information 
based product. The PDM displays similarities with the BoM from the manufacturing area, 

but foresees in the issues addressed above. The PDM was not only defined in a formal 

manner (see [8]), but was accompanied by a graphical representation. Figure 3.1 is an 

example of what an early PDM looks like. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Over time, the exact meaning of the PDM and its graphical representation has changed. 

This change is noticeable throughout the literature. Compare the following 

representations given in figure 3.2, of the same PDM as figure 3.1, presented in [7] 

respectively [11]. 

 

   

 

 
 

 

 

 

 

 

 

 

Figure 3.1: The first graphical PDM (figure 3.5 in [8]) 

Figure 3.2: Other graphical representations of a PDM 



from Product Data Model to Process Model 

algorithms and their classification Page 10 

 

3.2 Meaning at present 

A PDM describes the structure of one product. This means that the PDM has only one end 

product, also called the root element. The PDM consists of data elements and operations. 

 

Every data element, including the root element, is a piece of information. One advantage 

of a PDM is that a piece of information may be retrieved in different manners, as claimed 

in section 3.1. Therefore not every data element has to contribute to the determination 

of the root element for a specific case. However, since the PDM has one root element, 

every other data element in the PDM should be able to contribute to the determination of 

the root element. In other words, the PDM has to be connected. This will be called 
requirement γ. 

 

Data elements are determined by means of operations. An operation describes which 

data element is determined, the output element of that operation, and which data 

elements are needed to do so, the input elements to that operation. An operation has 

exactly one output element, and can have zero or more input elements. 

 

In order to use a data element, its value first needs to be determined. This determination 

can vary from a simple looking up the value of that data element to very complex 

calculations. The requirement that for every data element it must be possible to 

determine its value, means that every data element is the output element of at least one 

operation. This will be called requirement αααα. 

 

It is not possible for a data element to contribute to its own determination. What would 

be the meaning if it would be possible to use the value of a data element to determine 

the value of that same data element? Would this be an update? Or maybe a new instance 

of the same data element? Or maybe something else? Since the answers to these 

questions are not clear, cycles in the PDM are not allowed. In other words, the PDM has 

to be acyclic. This will be called requirement ββββ. 

 

Now in order for these requirements - and the entire PDM for that matters - to become 

unambiguous, the PDM needs to be formalized. 

3.3 Formal definition 

The formal definition of a PDM is given in terms of sets and relations. The PDM 

represents the structure of assembly of the product. The use of relations makes it 

possible to describe this structure in an unambiguous manner. 

Sets and relations are widely used among mathematicians and computer scientists, and 

hence form a perfect medium to easily spread the use of the PDM. See section 2.1 for 

more information and definitions on sets and relations. 

 

definition of a product data model 

A product data model, or PDM for short, is a tuple ( )OreD ,, , with: 

 • D : a finite set of data elements. 

 • re : a special root element, Dre ∈ . A PDM has exactly one root element re . 

 • O : a finite relation between D  and Ƥ ( )D . 

Next, the finite relation UO  between D  and D  follows from O : 

∈∃⇔ jxUOy j : Ƥ ( ) ( ) ( )jyxOjD ∈∧:  

Now, we consider only these PDMs for which the following requirements hold: 

 • requirement αααα: O  is left-total 

 • requirement ββββ: 
+

UO  is irreflexive 

 • requirement γ: dreUODdd

*
:: ∈∀  
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3.3.1 Running examples 

To illustrate our work, we use two running examples. These examples are used in this 

chapter and in chapter 6 and serve a pure illustrative purpose. In Appendix A more 

examples can be found. 

Running example 1 

The first example is a simple and small PDM. Consider the case that a bank clerk needs 

to look up the balance of a specific bank account (B). In order to do this, he needs the 

number of the account (N). The PDM representing this case is the tuple ( )OreD ,,  with: 

D  = {B, N} 

re  = B 

O  = {(B, {N}), (N, {})} 

Running example 2 

The second example is somewhat more complex than the former example. Consider an 

insurance-employee needing to know the exact price a house is insured for (price). To 

find this price, the employee either needs the insurance-policy-number (policy), or the 

postal code (PC) and house number (H). The PDM representing this case is the tuple 

( )OreD ,,  with: 

D  = {H, PC, price, policy} 
re  = price 

O  = {(price, {policy}), (price, {PC, H}), (H, {}), (policy, {}), (PC, {})} 

3.4 Graphical representation 

The graphical representation of a PDM has changed over time, as explained in section 

3.1. The way a PDM is drawn currently is as follows, and matches the formal definition of 
a PDM as given in section 3.3. 

A data element is represented by a circle. An example is given in figure 3.3. 

 

 

 

 

 

 

 

 

 

 

 

 

An operation is represented by a black dot. The output element of the operation is 

connected to the operation by an arrow, pointing towards the output element. The input 

elements of the operation are connected to it by lines. If the operation has no input 

elements, there will be no lines. Some examples of what an operation can look like can 

be found in figure 3.4. 

 

 

 

 

 

 

 

Figure 3.3: A data element 

Figure 3.4: Some operations 
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The data elements and the operations together form the PDM. There are two special 
cases of data elements worth mentioning. The root element is the only element not being 

an input element to any operation. The data elements which have only one operation 

creating it, and that operation has zero input elements, are also called leaf elements. So 

the PDM shown in figures 3.1 and 3.2 looks as follows in the current graphical 

representation, see figure 3.5. An annotated version of the same PDM is shown at the 

right side. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Running example 1 

The PDM of the balance of a specific bank account looks like this: 

 

 

 

 

 
 

 

 

 

 

 

 

 

Running example 2 

The PDM of the insurance price of a house looks like this: 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: unannotated and annotated PDM 

root element 

 leaf elements 

data elements 

operations 

Figure 3.6: The PDM of running example 1 

Figure 3.7: The PDM of running example 2 
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4 Process model 
At the present day, BPM is a widely used field of knowledge, concerned with the 

supporting of business processes. A convenient and widely used way of reasoning about 

business processes is to capture the relevant information in the form of a model [8]. 

Such a model is a simplified representation of a process and prescribes how things 

must/should/could/shall/can/will be done. A process model can represent a past, an 

actual or a future process [8]. 

 

There are many different representations of process models available, e.g. YAWL models, 

EPCs, Petri nets, BPMN, BPEL models, Protos models. In this thesis Petri nets are used to 

represent process models, since they are widely used and have a strong theoretical and 

graphical foundation (see section 2.2). 
 

In the scope of this thesis we shall not discuss the application and use of process models. 

Our concern is the generation, derivation or creation of process models. We will further 

elaborate this in the remainder of this chapter. 

4.1 The creation of a process model 

4.1.1 Common practice 

Whether it concerns the modeling of a new process or the redesign of an existing one, 

process models are commonly created on a non-automated basis. Process modelers, 

managers, experts and consultants think of how the business processes will be modeled.  
 

Although commonly applied, this approach holds certain problems [5, 8]: 

 • The result is subjective. The identification of and solution to problems depends on 

the individual people creating the model. 

 • The result is not reproducible. Give the same problem to the same people to a 

month later, or give the problem to a different group of people, and they will 

come up with a different model. 

 • The result often is a high-level design. Abstractions of existing (complex) 

procedures are made, rather than considering the problem unbiased. 

 

An elaborate discussion of these issues in the field of BPR can be found in [8]. 

4.1.2 Based on a product specification 

The output of a business process can often be described more explicitly as the product, 

which is created by the process [8]. PBWD turns things around by taking the product 

specification as a starting point, in order to derive a process model from scratch. As 

described in chapter 3, a PDM is a product specification. 

The outcome should be a favorable new design of the business process. Since PBWD also 

is mainly applied manually to this day, the issues mentioned in section 4.2.1 still hold, 

but to a lesser extent. 

 
The idea is that the product specification contains certain dependencies. Those 

dependencies will also need to return in the process model. After all, if product structure 

shows that two subparts of the product are needed for a third part, then the process 

model needs to reflect that those two parts need to be available before the third part can 

be determined. 
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Although the PDM sets certain dependencies, it only describes the product structure. This 
forms a good basis for the process model, but in order to create such a process model 

more information is needed. An analogy can be made with the planning of a route. 

Knowing your starting address and your end address are the basis of the route. But then 

there still is freedom: do you want the fastest route, or the shortest, or the one with the 

nicest scenery? 

The lack of this information leaves room for a subjective creation of the process model. 

 

Automation of the creation of the process model, based on the product structure, should 

diminish the problems mentioned above further. By automating the process, all the 

choices made during the translation are explicitly recorded. So although the result still 

holds certain subjectivity, it is completely reproducible! 

A first initiative to automate the translation of a product structure (a BoM is used to 

represent this structure) to a process model can be found in [10]. 

 

In the next chapter we will describe two perspectives on the translation from PDM to 

process model, their criteria and how those relate to each other, as well as how these 

perspectives can be used to determine the remainder of the information needed to 

automate the translation from a PDM to a process model. 
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5 Classification framework 
In this chapter two different points-of-view on the translation from PDM to process model 

are discussed. The criteria within each perspective together form a framework for the 

classification of the algorithms that perform such a translation. The completeness of that 

framework will also be discussed. 

 

Sections 5.1 and 5.2 have been published earlier, in an almost similar form, in [18]. 

5.1 Strategy perspectives 

To understand more of how the business process can be supported based on the PDM, 

we look at the different strategies that can be used to generate a process model from a 

PDM. 

Two perspectives can be distinguished to identify the different strategies: 

 • The construction perspective. How can a process model be constructed from the 

PDM. This point-of-view focuses on the actual translation. 

 • The execution perspective. How will a created process model behave while being 

executed. This point-of-view focuses on the resulting process model. 

 

The criteria listed in sections 5.1.1 and 5.1.2 are selected to indicate the differences 

between the algorithms (see chapter 6). In our opinion these algorithms form a usable 

set of translations. However, the set of criteria is expandable. New or other criteria may 

lead to the creation of new algorithms, which in turn produce process models with 
different characteristics. It is up to the end user and the designer to determine the 

relevance of the criteria for a specific situation. 

5.1.1 Construction perspective 

In the construction perspective we look at how the process model can be constructed 

given the PDM. It is the perspective of the designer or the process modeler. 

 

For the construction three criteria can be identified: 

1. The representation of the process model. There are many different representations of 

process models available, e.g. YAWL models, EPCs, Petri nets, BPMN, BPEL models, 

Protos models. Algorithms Alpha, Bravo, Charlie, Echo, Foxtrot and Golf produce a 

Petri net (see section 2.2). Algorithm Delta produces a YAWL model [19, 20, 21]. An 

elaborate description of the algorithms is given in chapter 6. 

 

2. The order in which the algorithm translates the PDM to the process model. This can be 

done in the following manners: 

 • Top-down: starting with the root element of the PDM and working towards the 

leaf elements, following dependencies as set in that PDM. 

 • Bottom-up: starting with the leaf elements and working towards the root element 

step-by-step, based on the enabling of possible next steps. 

 • Mix of top-down & bottom-up: the PDM will be examined in both the top-down 
and the bottom-up manner as described above, one after another, in order to 

combine the best of both manners. 

 • Middle-out: every data element and every operation is translated in arbitrary 

order. So there is no specific order in which the translations of data elements and 

operations are added to the process model. Next, these translated parts are 

connected to each other in the right manner, respecting the PDM structure. 

 

3. The focus of the translation. The process model can be generated from the PDM with 

the focus on either the operations or the data elements. With a different focus, 

different process models will be produced. 
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5.1.2 Process execution perspective 

The process execution perspective looks at the behavior of the process model derived 

from a PDM when it is being executed. This behavior is a direct result of the structure of 

the process model. This is the typical perspective that is relevant to the user. 

 

Three important criteria can be identified that influence the execution behavior: 

1. The moment of choice in the process model. During execution, at some point in time it 

has to be decided which alternative (if any) will be used to construct a data element. 

It is possible that before determining any data element values, all choices need to be 

made. Or it might be useful to defer choices as long as possible. The structure of the 

process model determines the moment when such a choice has to be made. 

 

2. The eagerness of the execution. The structure of the process model specifies how 

much data can be determined. Thee different kinds of eagerness have been 

distinguished: 

 • Strict: it is possible to construct process models in which, upon execution, only 

those data elements will be determined that contribute to the determination of the 

root element. 

 • Overcomplete, but restricted: upon execution more data elements then needed to 

construct the root element might be calculated. However, once the root element is 

determined, execution ends. 

 • Overcomplete and unrestricted: even after the root element is determined, 

execution of the process model might continue. 

 

3. Concurrent execution of steps. The possibility of several activities or steps to be 

executed simultaneously. For Petri nets this means that at least two transitions are 

enabled at the same time, and firing of one of those transitions does not change the 

other being enabled. 

5.1.3 Coherence 

As the concerns of the process modeler and the user can not be strictly separated, the 

construction and the process execution perspective influence each other. 

 

The end user will usually have certain wishes or requirements to which the process model 

has to conform. These user-criteria restrict the amount of freedom the process modeler 

has. For instance, if the end user wants the moment of choice to be late, the eagerness 

to be overcomplete and unrestricted, and the concurrent execution of steps to be 

possible, then with the current set of algorithms the process modeler can only build the 

process model in a middle-out order. 

 

Vice versa, the choices of the process modeler shall affect the model that will be 
available to the end user. For instance, the representation of the process model (Petri net 

or YAWL), chosen by the process modeler, will obviously affect the appearance of the 

model. 

 

The criteria within the process execution perspective influence each other as well. For 

instance, if the user wants the eagerness to be overcomplete, but restricted, then with 

the current set of algorithms the moment of choice will be late. 

It may be clear that the criteria within the construction perspective also influence each 

other. If for instance a YAWL-representation is chosen, then with the current set of 

algorithms the process model can only be constructed in a middle-out order. 

 

Summarizing the above, the algorithms for the translation from PDM to process model 

will depend on both the criteria from the construction perspective and the criteria from 

the process execution perspective. 
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5.2 Framework 

The information from section 5.1 can be summarized in the matrix, given in figure 5.1. 

This provides us with a framework to classify our algorithms, as is also shown in the 

matrix. An elaborate description of the algorithms is given in chapter 6. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

As claimed earlier in section 5.1, the set of criteria is expandable. This is also true for the 

possibilities of some criteria, which is visualized in the framework in figure 5.1 by the 

dashed lines. 
 

In the next section the completeness of the framework will be discussed. 

 

Figure 5.1: The classification framework 
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5.3 Completeness 

When creating a classification, its completeness is an important point of attention. Earlier 

in this chapter it is already claimed that the classification framework can be extended, 

either with new criteria or with new values for the existing criteria. As mentioned earlier, 

the criteria in the framework are selected to indicate the differences between the created 

algorithms. But even though the framework is not complete (yet), this does not mean 

that it can not be used as a classification tool for the algorithms. 

An analogy can be made with the Periodic Table of the Elements in chemistry, without 

wanting to claim that our framework will have the same impact on society as the Periodic 

Table. When the Periodic Table first was developed, not all chemical elements were 
known. In later times these elements were discovered, or even artificially made. 

 

Now let us take a closer look at the relation between the criteria, and their values, that 

are available in the classification framework as given in section 5.2. 

5.4 Dependencies 

If the set of criteria in the framework would be a set of independent criteria, it means 

that there are 2 × 4 × 2 × 2 × 3 × 2 = 192 different images possible from a PDM to a 

process model. 
 

As explained in section 5.1.3 the different criteria influence each other. But apart from 

these influences, which are closely linked to the set of available algorithms, dependencies 

in the framework can be distinguished on a more structural level, hence diminishing the 

total number of possible images. Those dependencies can be split up into two subgroups: 

 • The structural dependencies. Those dependencies follow from the framework. 

 • The logical dependencies. Those dependencies make sense to exist. 

 

So far thirteen of these dependencies have been distinguished. They can be found in 

table 5.2. The type of dependency is indicated with either an S or an L. 

Since the set of criteria and their values are expandable so is the list of dependencies. 

 

  Criterion Value  Criterion Value 

1 S Eagerness Overcomplete 

2 S 
Order Middle-out implies 

Moment of choice Late 

3 S Order Top-down implies Moment of choice Early 

4 S Order Bottom-up implies Moment of choice Late 

5 S Order Top-down 

6 L Eagerness Strict 

7 L 

Moment of choice Early implies 
Concurrent 

execution of steps 
Possible 

8 S Representation YAWL 

9 L 
Eagerness 

Overcomplete, 
but restricted 

implies 
Moment of choice Late 

10 L Eagerness 
Overcomplete 

and unrestricted 
implies Moment of choice Late 

11 L 
Concurrent 

execution of steps 
Not possible implies Moment of choice Late 

Moment of choice Late 
12 S 

Eagerness Strict 
implies 

Concurrent 
execution of steps 

Not possible 

Concurrent 
execution of steps 

Possible 
13 S 

Eagerness Strict 

implies Moment of choice Early 

 
 

    
 
 

 
Table 5.2: Dependencies between criteria 
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5.4.1 Structural dependencies 

The structural dependencies are those dependencies that are enforced by the framework. 

Those dependencies diminish the total number of images that are possible from a PDM to 

a process model. It is for instance not possible to create a process model that allows 

concurrent execution of steps if the moment of choice is late and the eagerness is strict, 

as is stated by dependency 12. The possibility of concurrent execution of steps would 

‘violate’ one, or even both, of the other two criteria. 

 

It is important to notice that these structural dependencies might change or even 

become invalid if the framework is extended. This can most obviously be seen with 

dependency 8. If more representations of process models are introduced than Petri nets 

or YAWL models, this dependency will most probably not hold any longer. 

Dependencies 1, 2 and 5 are strongly linked with the currently created algorithms with a 

middle-out order of construction. These dependencies might change upon the creation of 

other algorithms that perform the translation in a middle-out order. 

 

It is also possible that new or other structural dependencies on the existing criteria and 

values evolve on extension of the framework. 

5.4.2 Logical dependencies 

The logical dependencies are quite different from the structural dependencies; it are not 

even dependencies in the strict sense of the word. For each of those dependencies it is 

not that hard to imagine a process model that contradicts the dependency. However, 

those dependencies do make sense to exist. 

 

Take, for instance, dependency 11. It is not that hard to think of a process model in 

which the first action during execution is to choose one of several alternative paths, and 

each of the alternative paths is strictly sequential. 
But if one thinks about this, it makes sense that once one of the alternative paths is 

chosen, as many activities as possible are performed simultaneously. After all, this would 

lead to a shorter runtime of the total process. So it can be concluded that, if it is not 

possible to perform activities simultaneous, no alternative path has been chosen yet. 

 

Consider dependency 6 as another example. If the user wants the moment of choice to 

be early, then it is logical that the eagerness will be strict; if in an early stage is chosen 

which data elements are needed, then it makes sense to only produce these chosen 

elements, instead of producing more than needed. 

 

It is interesting to observe that in all logical dependencies that have been distinguished 

so far, the criterion moment of choice is involved. 

 
In this chapter we already referred several times to the set of algorithms that translate a 

PDM to a process model. In the following chapter these algorithms are described in 

detail, and their properties are discussed. 
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6 The algorithms 
To derive a process model from a PDM a set of algorithms has been developed. This set 

currently consists of seven of those algorithms. These seven algorithms have been 

named Alpha, Bravo, Charlie, Delta, Echo, Foxtrot and Golf *. 

 

This chapter gives an explanation of the algorithms and provides their properties. The 

implementation of the algorithms can be found in the ProM framework for process mining 

[22]. The pseudo code of the algorithms can be found in Appendix B. 

 

Parts of this chapter have been published earlier in [18]. 

6.1 Algorithms Alpha, Charlie and Delta 

The set of algorithms to translate a PDM to a process model currently consists of seven 

of those algorithms. Three of them were previously developed. These algorithms are 

known as algorithms Alpha, Charlie and Delta. In the framework (see section 5.2) their 

classification can be found. Consult [18] for a detailed description of these algorithms. 

6.2 Algorithm Bravo 

6.2.1 Description of the algorithm 

6.2.1.1 Summary 

All alternative paths are elaborated top-down from the root element towards the leaf 

elements one-by-one. The details of how to produce a data element are added to the 

process model, working from both the start and end place of the model. 

6.2.1.2 Step-by-step 

Start with just one start and one end place, i  respectively o  (STEP a). The end place 

represents the root element. Now, select one of the operations producing this root 

element. A transition is created for this operation and connected to the end place. Based 

on the number of input elements to the operation, one of three steps is executed: 
1. if the number of input elements to this operation is zero, the start place i  is 

connected to the transition. (STEP b) 
2. if the number of input elements is one, an input place pi  to the transition is added 

and connected to the transition (STEP c). Then the procedure is repeated with i  as 
start place and pi  as end place. 

3. if the number of input elements is more than one, an initializing transition is added 

and the start place i  is connected to this transition (STEP d). Two places 1p  and 2p  

are added for every input element. The initializing transition is connected to 1p . Now 

2p  is connected to the transition for the operation (STEP e). Then, the procedure is 

repeated with start place 1p  and end place 2p .  

These steps are repeated for all operations producing the root element. 

 

Note that the selection of operations is arbitrary. 

 

 

 

 

 

 

 

 

 
* These names come from the International Phonetic Alphabet and have been chosen to 

create some unity in the set of algorithms. 
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STEP a 

STEP c 

STEP b 

STEP e 

STEP d 

STEP b 

6.2.1.3 Running examples 

Recall the examples as described in section 3.3.1. The process models corresponding to 

the PDMs are being derived as follows when using algorithm Bravo.  

Running example 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Running example 2 

 

 

 

 

STEP a 

STEP c 

STEP b 

Figure 6.1: Construction of the Petri net belonging to running example 1, using algorithm Bravo 
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6.2.2 Classification 

Representation: Petri nets 

Order: Top-down 

Focus: Operations 

Moment of choice: Early 

Eagerness: Strict 

Concurrent execution of steps: Possible 

6.2.3 Problems 

1. When an input data element is used in several operations a transition to produce this 

data element will occur several times in the process model (see ‘test04 ABC2’ in 

Appendix A). In case of a choice construct this does not lead to problems, since only 

one of the alternative paths will eventually be followed and the transition will only be 

executed once. However, in case the data element is needed more than once for 

determination of the root element, this results in a double determination of the same 

data element (see ‘test14 ABCDEEF’ in Appendix A). 

6.2.4 Solutions 

1. Problem 1 can be solved by assuming that a particular data element can only be 

produced once - and that therefore only one of the transitions determining it should 

be able to fire. Once a data element is produced, the other transitions producing the 

same data element should be skipped when enabled. In order to obtain this situation 

some extra administrative counter-places and skip-transitions should be added to the 

process model. But then we also need to cancel the tokens which are left behind 

when the end product is determined in order to obtain a sound model. This can only 

be done with a higher modeling language such as YAWL [19, 20, 21], as for instance 

is the case with algorithm Delta (see section 6.1 and [18]). 

6.2.5 Correct translation of the PDM 

In case a data element is present in more than one alternative path to the root element, 

or in case a data element is needed more than once for determination of the root 

element, the process model contains several occurrences of the same transition. In the 

latter situation this means that the value for a data element can be produced more than 

once, which may not be a correct translation of the PDM. 

6.2.6 Soundness of the process model 

See [23] for more information on soundness. 

The algorithm provides a sound process model. For every token in the start place 
eventually there will be exactly one token in the end place, with no other tokens 

remaining in the model. 

STEP b 

STEP e 

Figure 6.2: Construction of the Petri net belonging to running example 2, using algorithm Bravo 
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STEP a 

STEP b 

STEP c 

STEP c 

STEP d 

6.3 Algorithm Echo 

6.3.1 Description of the algorithm 

6.3.1.1 Summary 

First, for each data element a component that consists of an input place connected to a 

transition is created. Then, for each operation a transition is added with the right number 

of input places (i.e. one for every input data element). The transitions corresponding to a 

data element are connected to these input places in the right way. Finally, an extra 

control place is added to assure that the end product can not be produced more than 

once. 

6.3.1.2 Step-by-step 

A start place, an end place and an initializing transition are created. The start place is 

connected to the initializing transition (STEP a). 

Next, for every data element a place and a transition are created. The place is connected 

to the transition (STEP b). 

Then, one operation is selected. A transition O  is added for this operation. The transition 

O  is connected to the input place of the transition corresponding to the output element 

of the operation. Also, a number of input places to transition O  are added. For each 

input element of the operation one input place to the transition is created and connected. 

In case the operation has no input elements one input place is created. Finally, the 

transitions corresponding to the input elements of the operation are connected to the 

corresponding input place (STEP c). This step is repeated for all operations in the PDM. 

Finally, an extra place is added to ensure that the root element can be produced only 

once. The initializing transition is connected to this place and this place is connected to 

the transition producing the root element (STEP d). 

 

Note that the translation of the operations can be executed in an arbitrary order. 

6.3.1.3 Running examples 

Recall the examples as described in section 3.3.1. The process models corresponding to 

the PDMs are being derived as follows when using algorithm Echo.  

Running example 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Construction of the Petri net belonging to running example 1, using algorithm Echo 
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STEP a 

STEP b 

STEP c 

STEP d 

STEP c 

STEP c 

STEP c 

STEP c 

Running example 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 6.4: Construction of the Petri net belonging to running example 2, using algorithm Echo 
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6.3.2 Classification 

Representation: Petri nets 

Order: Middle-out 

Focus: Operations 

Moment of choice: Late 

Eagerness: Overcomplete and unrestricted 

Concurrent execution of steps: Possible 

6.3.3 Problems 

1. When several alternative branches lead to a data element, all of the branches are 

enabled initially. This means that the data element might be determined multiple 

times (see ‘test09 ABCCDE’ in Appendix A). 

6.3.4 Solutions 

1. For the root element an extra administration layer can be added to the model. 

Different administration layers are possible. The layer can for instance act like a 

vacuum cleaner: as soon as the root element is produced, all other tokens are 

removed from the model. A higher modeling language, such as YAWL, should be 

used, since it includes cancellation regions/cancellation activities. Algorithm Delta 

(see section 6.1 and [18]) implements such a vacuum cleaner. Another possible 

administration layer could enforce a different kind of soundness, for instance lazy 

soundness (such as the layer used). Lazy soundness means that the end place is 

reached exactly once. After the end place is reached, other tokens might be 

remaining in the model and some transitions might still fire [24]. 

 Please note that this solution does not solve the problem for elements other than the 

root element. 

6.3.5 Correct translation of the PDM 

The resulting process model is a correct representation of the PDM. 

6.3.6 Soundness of the process model 

See [23] for more information on soundness and [24] for more information on lazy 

soundness. 

 

At the start of the process all possible branches leading to the end product are enabled. 

This means that, if the number of branches is more than one, some tokens are left in the 

model after executing the last step. Therefore the process model is not sound. 

 

With the selected administration layer, the resulting model is lazy sound. 

Please note that with another administration layer, some other soundness (e.g. ‘normal’ 

soundness or relaxed soundness [25]) might be established, but these will become very 

complex structures. 

6.4 Algorithm Foxtrot 

6.4.1 Description of the algorithm 

6.4.1.1 Summary 

This algorithm starts with the leaf elements of the PDM. A place represents the already 

determined data elements. The start place of the model means that no data elements 

have been determined. The algorithm computes all possible steps that can be executed, 

thus adding more places to the process model. 
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STEP a 

STEP b 

STEP c 

STEP a 

STEP b 

STEP c 

STEP e 

6.4.1.2 Step-by-step 

Start with a start place and an end place (STEP a). 

Then, select a leaf element. A transition and an output place for this transition are 

created and connected. Also, the start place is connected to the transition (STEP b). 

A place represents the already determined data elements. From the output place of the 

transition we continue reasoning. One of the operations of which all input elements are 

available and which is not executed yet is selected. For this operation a transition is 

added and connected to a newly created place if this place did not exist in the process 

model yet (STEP c). Otherwise the transition is connected to the already existing place 

(STEP d). 

If no further steps are possible from the place we have reached we look back whether 

another branch can be started. This branch is also elaborated step-by-step as described 

above. 

These steps are executed for all leaf elements. 

Finally, all places containing the root element are connected with the end place via a 

silent transition (STEP e) 

6.4.1.3 Running examples 

Recall the examples as described in section 3.3.1. The process models corresponding to 

the PDMs are being derived as follows when using algorithm Foxtrot.  

Running example 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Running example 2 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: Construction of the Petri net belonging to running example 1, using algorithm Foxtrot 
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STEP c 

STEP c 

STEP d 

STEP c 

STEP c 

STEP d 
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STEPS c, d 
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STEP e 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.4.2 Classification 

Representation: Petri nets 

Order: Bottom-up 

Focus: Operations 

Moment of choice: Late 

Eagerness: Overcomplete and unrestricted 

Concurrent execution of steps: Not possible 

6.4.3 Problems 

1. Because of the exponential blowup (see section 6.4.6 below) computation time and 

space may become a problem. This depends on the size of the model and the system 

on which the algorithm is run. 

6.4.4 Correct translation of the PDM 

The process model is a correct representation of the PDM. 

6.4.5 Soundness of the process model 

See [23] for more information on soundness. 

 

The process model is a sound model. 

6.4.6 Remarks 

A bottom-up approach to construct a (static) process model from a PDM will create an 

exponential blowup in the number of places and transitions, as clearly can be seen in this 

algorithm. Readability and understandability rapidly decrease as the number of places 

and transitions grow. The bottom-up construction strategy might be more suitable for a 

more dynamic engine approach, in which the executable steps regularly are calculated 

based on the available information. 

 

The process models produced by this algorithm lean very close towards visualizing the 

process run-time, so one could even argue that this is not a model, but a visualization of 

all possible runs of the ‘super’-model; i.e. it describes the statespace of all possible 

execution paths. 

 

The execution of the PDM is not restricted in any way. Each time all possible steps can be 

chosen for execution, with the remark that, although an operation may be represented 

more than once in the process model as a transition, only one of these transitions may 

be executed on a single run of the process model. 
In this process model there will only be one token at all time, so parallel execution of 

transitions is not possible. 

Figure 6.6: Construction of the Petri net belonging to running example 2, using algorithm Foxtrot 
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Execution paths: { {(N,{}), (B,{N})} } STEP a 

STEP b 

STEP c 

STEP d 

STEP f 

6.5 Algorithm Golf 

6.5.1 Description of the algorithm 

6.5.1.1 Summary 

All possible execution paths to produce the end product are determined top-down. Next, 

each path is elaborated bottom-up, starting with the first element that should be 

produced from the start. A place represents the already determined data elements. The 

algorithm computes all possible steps that can be executed within a specific path, thus 

adding more places to the process model. Each time before a place is created it is 

checked first whether the right place already exists to avoid duplicate places. In case the 

right place already exists the transition is connected to this place instead of introducing a 
new place. 

6.5.1.2 Step-by-step 

First all possible sets of operation executions, strictly leading to the end product, are 

calculated (STEP a).  

A start place and an end place are added to the process model (STEP b). 

Then, one of the paths is selected and build bottom-up. A first step in the path is 

selected and a transition and output place of this transition are created. Also, the input 

place of the model is connected to the transition (STEP c). 

Then, a next step in the execution sequence is selected. For this operation a transition is 

added and connected to a newly created place if this place did not exist in the process 

model yet (STEP d). Otherwise the transition is connected to the already existing place 

(STEP e). If no further steps are possible from the place we have reached we look back 

whether another branch can be started. This branch is also elaborated step-by-step as 

described above. 

These steps are repeated until the path is fully translated. 

When the path is translated a silent transition connecting the final place of the path with 

the end place of the process model is added (STEP f). 

Then, the above procedure is repeated for all paths. The paths can be translated in 

arbitrary order. 

6.5.1.3 Running examples 

Recall the examples as described in section 3.3.1. The process models corresponding to 

the PDMs are being derived as follows when using algorithm Golf.  

Running example 1 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 6.7: Construction of the Petri net belonging to running example 1, using algorithm Golf 
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Running example 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

STEP a 

STEP b 

STEP c 

STEP d 

STEP d 

STEP d 

STEP e 

STEP f 

STEP c 

STEP d 

STEP f 

Execution paths: { { (policy,{}), (price,{policy})       }, 
 { (H,{}), (PC,{}), (price,{H,PC})  }  } 

Figure 6.8: Construction of the Petri net belonging to running example 2, using algorithm Golf 
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6.5.2 Classification 

Representation: Petri nets 

Order: 
Mix of: 

top-down and bottom-up 

Focus: Operations 

Moment of choice: Late 

Eagerness: Strict 

Concurrent execution of steps: Not possible 

6.5.3 Problems 

1. Because of the exponential blowup (see section 6.5.6 below) computation time and 

space may become a problem. This depends on the size of the model and the system 

on which the algorithm is run. 

6.5.4 Correct translation of PDM 

The process model is a correct representation of the PDM. 

6.5.5 Soundness of the process model 

See [23] for more information on soundness. 

 
The resulting process model is sound. 

6.5.6 Remarks 

The translation has an exponential blowup in places and transitions, although in most 

cases not as bad as the Foxtrot algorithm, since the statespace is restricted to the paths 

in the PDM and hence not always completely calculated. 

Readability and understandability rapidly decrease as the number of places and 

transitions grow. 
 

Please note that, although an operation may be represented more than once in the 

process model as a transition, only one of these transitions may be executed on a single 

run of the process model. 

In this process model there will only be one token at all time, so parallel execution of 

transitions is not possible. 
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7 Maintainability of the process model 
Once a PDM is created and a corresponding process model is generated, the work is not 

done yet. A product structure may change over time. For instance, new ways to create 

the product can be introduced, or some subparts of the product may become obsolete for 

the end product. 

 

In order to increase the usability of the PDM and the generated process models, it would 

be very useful if one could see where the process model would be affected if a PDM 

would be adapted. This is especially useful if the changes concern an actual process: it 

becomes immediately clear which parts of the process are affected. 

 

In this chapter first the basic adaptations to which a PDM can be subject are described. 
Next, an analysis on the maintainability of process models, created using algorithms Echo 

and Foxtrot, is given. Presumably, these are the algorithms of which the process models 

are the easiest respectively the hardest to maintain. Hence it should be possible to 

perform a similar analysis on the maintainability of the process models resulting from the 

other algorithms. 

7.1 Adaptations of the PDM 

A PDM can be subject to four basic adaptations. These basic adaptations are: deletion of 

an operation, addition of an operation, deletion of a data element, addition of a data 

element. 
Please note that an update of either an operation or data element in fact is a deletion of 

the ‘old’ instance, combined with an addition of the ‘new’ (or updated) instance of this 

operation or data element. 

 

Infinitely many combinations of these basic adaptations can be made, so logically we 

cannot describe all of them. We assume that the adapted PDM is again a valid PDM, i.e. 

the formal definition of a PDM applies to it. Adaptations that lead to an invalid PDM will 

not be considered. 

7.1.1 Deletion of an operation 

One operation of the PDM will be deleted from the set of operations. 

 

If this is the only adaptation, in order for the PDM to be valid after this adaptation, it is 
only possible to delete an operation p  for which: 

 • The output element of p  is created by at least one operation other than p . Or, in 

other words, O  is still left-total (requirement αααα in the formal definition holds). 

 • All the input elements of p  are on a path to the root element, p  not being part 

of that path. Or, in other words, the PDM is still connected (requirement γ holds). 

 

Please note that requirement ββββ will not be altered by the deletion of an operation. 

7.1.2 Addition of an operation 

One operation will be added to the set of operations. 

 
Since the original PDM was a valid PDM, the added operation may not create any cycles 

in the PDM. If the new PDM is still acyclic, it will be a valid PDM (requirement ββββ in the 

formal definition holds). 

 

Please note that requirements αααα and γ will not be altered by the addition of an operation. 
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7.1.3 Deletion of a data element 

One data element of the PDM will be deleted from the set of data elements. 

If the deleted data element is the root element re , a new Dre ∈  has to be selected, 

since every PDM has exactly one re . 

 

Since for every data element there is at least one operation that creates it (O  is left-

total), this adaptation implies also the deletion of an operation in order for the PDM to 

remain valid, i.e. conforming to the formal definition. 

In other words, it is only possible to delete a data element m  if: 

 • All operations that create m  will also be deleted from the PDM. Hence O  will 

remain left-total (requirement αααα in the formal definition holds). 

 • For all operations for which m  is used as input element, m  will be deleted from 

the set of input elements. 

 • After deletion of data element m  and the above mentioned operations, the PDM is 

still connected (requirement γ holds). 

 

Please note that requirement ββββ will not be altered by the deletion of a data element and 

operations. 

7.1.4 Addition of a data element 

One data element will be added to the set of data elements. 
The added data element cannot also be a root element re , since every PDM has exactly 

one re . However, it can ‘replace’ the root element (both elements are I∈ , but re  points 

at the added data element instead of the original root element). 

 

Since for every data element there is at least one operation that creates it (O  is left-

total), this adaptation implies also the addition of an operation (or a combination of 

deletion and addition of an operation). 

In order for the PDM to be valid after this adaptation, it is only possible to add a data 
element m  if: 

 • At least one operation ∈∃ ii : Ƥ ( ) mOiD :  will also be added to the PDM. Or, in 

other words, O  is still left-total (requirement αααα in the formal definition holds). 

 • After addition of data element m  and the above mentioned operation(s), the PDM 

does not contain any cycles (requirement ββββ holds). 

 • For the added data element m  holds: mreUO
*

. Or, in other words, the PDM is 

still connected (requirement γ holds). 

7.2 Analysis for algorithm Echo 

The structure of the process model highly depends on the algorithm used to generate it. 

If adaptations to a PDM are made, it depends on that algorithm where the adaptations 

will affect the corresponding process model. 

 

Assume algorithm Echo is used to create a process model from a PDM. Below all four 

basic adaptations are closer examined for algorithm Echo. 

 

Please recall the description summary of this algorithm (section 6.3.1.1): 

First, for each data element a component that consists of an input place 

connected to a transition is created. Then, for each operation a transition is 

added with the right number of input places (i.e. one for every input data 

element). The transitions corresponding to a data element are connected to 

these input places in the right way. Finally, an extra control place is added to 

assure that the end product can not be produced more than once. 
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7.2.1 Deletion of an operation 

Algorithm Echo translates an operation with one transition and as many places as the 

operation has input elements (one place if there are no input elements). If an operation 

is deleted from the PDM, and no other adaptations are made, then the corresponding 

translated part will be deleted from the process model. Of course, also the arcs 

connecting this part with the rest of the process model will be deleted. 

Example 

Original PDM Corresponding process model 

 
 

 

Now, if the operation creating A, using C would be deleted from the PDM, the 

corresponding place (one input element) and transition - in the top-right of the process 

model - will be removed from the process model. 

 

We wish to emphasize that, using the knowledge of algorithm Echo, the affected part of 
the process model is being indicated without needing to re-generate the process model. 

 

Adapted PDM Affected areas in the original process model 

 
 

 

7.2.2 Addition of an operation 

Algorithm Echo translates an operation with one transition and as many places as the 

operation has input elements (one place if there are no input elements). If an operation 

is added to the PDM, and no other adaptations are made, then the corresponding 

translated part will be added to the process model. Of course, the arcs connecting the 

translated part with the rest of the process model will also be added. 

Example 

A rather obvious example is the example from the previous section, but with the original 
and adapted models reversed. 

 

Table 7.1: PDM and process model before deletion of an operation 

Table 7.2: PDM and process model after deletion of an operation 
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7.2.3 Deletion of a data element 

Algorithm Echo translates a data element with a place and a transition. If a data element 

is deleted from the PDM, the corresponding translated part will be deleted from the 

process model. Of course, also the arcs connecting this part with the rest of the process 

model will be deleted. 

 

However, as claimed in section 7.1.3, deletion of a data element cannot be the only 

adaptation of the PDM. In the original PDM there was at least one operation that created 

the data element. But since the data element is removed from the model, all the 

operations creating it also need to be removed. 

Logically, also the part of the process model corresponding to the deleted operations 

need to be removed from the process model. This is done as described in section 7.2.1. 

 

Also the data element will be removed from the set of input elements of all operations. 

This means that in the translation, the place corresponding to the input element will be 

removed from the process model. 

Example 

Original PDM Corresponding process model 

 

 

 

 

If data element D would be removed from the PDM, this would also mean that one 

operation needs to be removed: the operation creating D. The operation creating A, 

using C and D, will be losing one of its input elements. Hence three places and two 

transitions will be deleted from the process model, as can be seen below. 

 

Again, the affected part of the process model is being indicated without the re-generation 

of the process model. 

Please note that the name of transition T_(A,{C,D}) still contains a D, while element D 
has been removed from the PDM. However, a name does not influence the behavior of 

the Petri net. The affected areas that are indicated are those areas that do influence this 

behavior. 

 

Adapted PDM Affected areas in the original process model 

 

 

 

Table 7.3: PDM and process model before deletion of a data element 

Table 7.4: PDM and process model after deletion of a data element 
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7.2.4 Addition of a data element 

Algorithm Echo translates a data element with a place and a transition. If a data element 

is added to the PDM, the corresponding translated part will be added to the process 

model. Of course, also the arcs connecting this part with the rest of the process model 

will be added. 

 

As claimed in section 7.1.4, addition of a data element cannot be the only adaptation of 

the PDM. Since O  needs to be left-total, one operation creating the added data element 

also needs to be added. And since for the added data element m  holds: mreUO
*

, also 

one operation needs to be added that uses m  as input element (except if rem = ). 

Logically, also the translation of the added operations needs to be added to the process 

model. This is done as described in section 7.2.2. 

Example 1 

A rather obvious example is the example from the previous section, but with the original 

and adapted models reversed. 

Example 2 

Original PDM Corresponding process model 

 

 

 

 

Due to changes in the product, one additional action needs to be performed in order to 

obtain the desired element (the root element). Hence an extra data element is added to 

the PDM, with corresponding operation. It may be clear that the root element is replaced 

by the newly added data element. 

 

One new operation and one new data element will each be represented with a new place 

and transition in the process model, as can be seen below. No re-generation of the 

process model is needed! Please note that due to changing the root element, also the 

administration layer is affected. See the description of algorithm Echo in section 6.3 for 

the description of the administration layer. 

 

Adapted PDM Affected areas in the original process model 

 
 

Table 7.5: PDM and process model before addition of a data element 

Table 7.6: PDM and process model after addition of a data element 



from Product Data Model to Process Model 

algorithms and their classification Page 38 

 

7.3 Analysis for algorithm Foxtrot 

Now instead of algorithm Echo, assume that algorithm Foxtrot is used to create a process 

model from a PDM. Below all four basic adaptations are closer examined for algorithm 

Foxtrot. 

 

Please recall the description summary of this algorithm (section 6.4.1.1): 

This algorithm starts with the leaf elements of the PDM. A place represents 

the already determined data elements. The start place of the model means 

that no data elements have been determined. The algorithm computes all 

possible steps that can be executed, thus adding more places to the process 
model. 

7.3.1 Deletion of an operation 

Algorithm Foxtrot translates an operation p  with one transition and two arrows 

connecting the place representing the old state and the place representing the new state 

via that transition. 

The old state is the set of already determined data elements. The input elements of p  

are a subset of the old state, and the output element of p  is not part of this state. The 

new state is the union of the old state and the output element of p . 

 
If the place representing the new state can only be reached from the starting place by 
the transition belonging to operation p , the place would become unreachable if that 

transition is removed from the process model. Hence the place representing the new 

state also needs to be deleted from the process model. 

Next, all transitions that had this place as input place also will be removed from the 

process model. This procedure is repeated until all places can be reached from the 

starting place. 
 

The transition representing operation p  can appear multiple times in the generated 

process model. There might be more states for which holds that the output element of p  

is not part of that state, and the input elements of p  are a subset of that state. Deletion 

of operation p  from the PDM thus leads to the modification of the process model on 

several places. 

Example 

Original PDM Corresponding process model 

 

 

 

 
 

Now, the operation creating A, using C will be deleted from the PDM. The translation of 

this operation appears twice in the process model (indicated with a *). The deletion of 

one of these transitions does not affect other parts of the process model. 

* 

* 

Table 7.7: PDM and process model before deletion of an operation 
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The deletion of the other transition results in a place (other than the start place) without 
incoming arrows. This place can not be reached from the starting place and will hence be 

removed from the process model as well. Deletion of this place results in turn in two 

transitions without any incoming arrows. Hence these two transitions will be deleted as 

well. 

 

We wish to emphasize that, using the knowledge of algorithm Foxtrot, the affected part 

of the process model is being indicated without needing to re-generate the process 

model! 

 

Adapted PDM Affected areas in the original process model 

 
 

 

7.3.2 Addition of an operation 

Algorithm Foxtrot translates an operation p  with one transition and two arrows 

connecting the place representing the old state and the place representing the new state 

via that transition. 
The old state is the set of already determined data elements. The input elements of p  

are a subset of the old state, and the output element of p  is not part of this state. The 

new state is the union of the old state and the output element of p . 

 
On addition of operation p  to the PDM, if the new state is already part of the process 

model, a transition is added that connects the old and the new state. 

If the place representing the new state is not yet part of the process model, it is added to 

the process model together with a transition that connects the old state to it. The newly 

added place is not the end place of the model. Hence other places in the process model 

need to be reached as well from this place. Which places should be reachable from the 

newly added place requires both knowledge from the PDM and the process model. 

 

The newly added place represents a set of determined data elements. The PDM is needed 

to determine which operations can be executed with the availability of these data 

elements. 

The process model is needed to determine if the translation of such an operation is a 

transition leading to an already existing place, or to another new place, representing 

another new state, that should be added to the process model as well. If another place 

should be added, it holds for this place too that other places should be reachable from it. 

 

So in order to determine which places exactly need to be reachable from the first newly 

added place, algorithm Foxtrot need to be run. Or maybe a special variant of algorithm 

Foxtrot can be created which does not (re)calculate the entire model, but only the part 

that needs to be added to the process model. 

 

Thus it can be indicated where the addition of an operation to the PDM will affect the 
process model, but not in all cases is it possible to tell what the effect on the process 

model will be, without recalculating the entire model. 

Table 7.8: PDM and process model after deletion of an operation 
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Example 

A nice example is the example from the previous section, but with the original and 

adapted models reversed. 

 

Original PDM Corresponding process model 

 
 

 

Now an operation creating A, using C as input element is added to the model. Recall that 

an operation is translated to a transition. Now there are two places in the original process 

model that represent a state in which C is determined and A is not. 

 

One of these places will be, upon addition of the transition, connected to a place that was 

already part of the process model. 

 

For the other place, upon addition of the transition, a place representing the new state 

needs to be added to the process model as well. Now it is clear that this new place will 

have outgoing arrows as well. As explained above, how many arrows and where they will 

point to, can not be determined without rerunning (a variant of) the algorithm. 

The knowledge that arrows and more transitions and possibly places need to be added is 

indicated with the dashed line pointing to a cloud. 
 

Adapted PDM Affected areas in the original process model 

 
 

 

7.3.3 Deletion of a data element 

In the generated process model of algorithm Foxtrot, a place represents the available 

data elements. All possible combinations of available data elements are represented by a 

separate place in the process model. 
 

If a data element m  is deleted from the PDM, this means that all the places that 

represent a set of data elements containing m  will be removed from the process model. 

Of course, also the arcs connecting those places with the rest of the process model will 

be deleted. 

 

Table 7.9: PDM and process model before addition of an operation 

Table 7.10: PDM and process model after addition of an operation 
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However, as claimed in section 7.1.3, deletion of a data element cannot be the only 
adaptation of the PDM. In the original PDM there was at least one operation that created 

the data element. But since the data element is removed from the model, all these 

operations also need to be removed, in order to keep the PDM valid. 

Logically, also the part of the process model corresponding to the deleted operation need 

to be removed from the process model. This is done as described in section 7.3.1. 

 

Note that for all the operations to which the deleted data element m  was an input 

element, the corresponding place is already deleted from the process models. This makes 

sense, since it requires a different set of input elements to determine the output 

element. Hence the translation of the altered operations to which the deleted data 
element m  originally was an input element, being one or more transitions, need to be 

added to the process model again. As described in section 7.3.2, this means that the new 

process model can not be fully determined. 

Example 

Original PDM Corresponding process model 

 

 
 

 

If data element D would be removed from the PDM, this would also mean that the 

operation creating D needs to be removed. 

This means that all the places that represent the availability of at least D, and all 

transitions as described in section 7.3.1 will be removed from the model. 

The transitions representing the altered operation (A, {C}) need to be added to the 

process model. In section 7.3.2 it is explained that it can be indicated where this will 

have effect, but not what the entire effect is. 

 

Again, the affected part of the process model is being indicated without the re-generation 

of the process model. Please note that the black activities together do not fully form the 

new process model, as explained above. 

 

Adapted PDM Affected areas in the original process model 

 

 

Table 7.11: PDM and process model before deletion of a data element 

Table 7.12: PDM and process model after deletion of a data element 
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7.3.4 Addition of a data element 

In the generated process model of algorithm Foxtrot, a place represents the available 

data elements. All possible combinations of available data elements are represented by a 

separate place in the process model. 

 

As claimed in section 7.1.4, addition of a data element cannot be the only adaptation of 

the PDM. Since O  needs to be left-total, one operation creating the added data element 

also needs to be added. And since for the added data element m  holds: mreUO
*

, also 

one operation needs to be added that uses m  as input element (except if rem = ). 

 

The addition of only one operation often leads to a situation in which it is not possible to 

indicate the exact changes to the process model, as can be seen in section 7.3.2. And the 

addition of a data element leads to an exponential increase of the number of places. This 

indicates that adding a data element to the PDM strongly affects the process model. 

 

If a data element is added to the PDM, the process model changes so drastically that it 

needs to be re-calculated. 

Example 

The huge impact of adding a data element to the PDM can be seen in the example from 

the previous section, but with the original and adapted models reversed. 

 

The process model that is generated before addition of the data element (that process 

model is not shown) consists of eight places, thirteen transitions and twenty-six arcs. The 

process model that is generated after addition of the data element consists of fourteen 

places, twenty-eight transitions and fifty-six arcs. And this is only a small PDM. It is left 

to the reader to imagine the exponential growth of the process model corresponding to a 

large PDM! 

7.4 Other algorithms 

We have analyzed the maintainability of process models created using algorithms Echo 

and Foxtrot. Presumably, these are the algorithms of which the process models are the 

easiest respectively the hardest to maintain. Hence it should be possible to perform a 

similar analysis on the maintainability of the process models resulting from the other 

algorithms. 

 

In the maintainability context, we suspect the most important distinction to be made 

between the algorithms is the order of construction (see section 5.1.1). If the order of 

construction is middle-out (as is the case with algorithm Echo), the adaptations in the 

PDM will only have a local impact on the process model. Hence the areas in the process 

model that are affected by changing the PDM can be easily identified, and the exact 

change can be predicted. 

 

If the construction is done in a bottom-up manner (as is the case with algorithm Foxtrot), 

adaptations in the PDM can have a huge effect on the process model. In some cases the 

effects can be predicted, in other cases the process model needs to be regenerated. 

 

If the order of construction is top-down adaptations in the PDM will affect one or more 

paths leading towards the root element. We suspect that the closer the changes in the 

PDM are to the root element, the larger the effects will be on the structure of the 

corresponding process model. Changes close to the leaf elements will hardly have any 

effect the structure of the process model, but will affect it on many different places. 

 

In case the order of construction is a mix of top-down and bottom-up, we suspect the 

impact of changes in the PDM on the process model to be smaller than if the construction 

order is not a mix. 
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8 Conclusions 
This final chapter concludes the thesis at hand. It consists of a summary of the project, a 

short overview of related work and suggestions for future work. The last section is a 

personal reflection on the project. 

8.1 The project 

This graduation project for the study of Computer Sciences at the TU/e consisted of 

different bits of work and has lead to various deliverables. 

 
It started with the creation of an elegant formal definition of the product data model, 

representing the meaning that is nowadays given to the PDM. This new, formal definition 

is accompanied by a graphical representation of the PDM. The formal definition and the 

graphical representation are created for a basic PDM, without data attributes. For 

conceptual reasoning this is nice, but it limits the usability of the PDM. 

 

Previously, three algorithms were developed to translate a PDM to a process model. This 

set of algorithms has been extended with another four algorithms. 

The three previously developed algorithms needed some modification due to the new 

formal definition of the PDM. Irene Vanderfeesten, who created these three algorithms, 

also took care of these modifications. 

Documentation on all the algorithms is provided on [26]. 

 
The implementation of the algorithms can be found in the ProM framework for process 

mining [22]. See Appendix B for the pseudo code of the algorithms and chapter 6 for a 

description and an overview of their properties. 

Unfortunately, the Foxtrot and Golf algorithms did not manage to finish execution when a 

larger PDM, such as the GAK-case, was used as input to the algorithms. For the PDMs of 

the benchmark set this problem did not appear. I have been unable to determine the 

nature of this problem. It might be that due to the exponential blowup (see sections 

6.4.3 and 6.5.3) there were not enough resources present at the used computer 

systems. It might also be that the use of DOT to visualize the models formed the 

problem. Or maybe I have made some errors in the implementation of the algorithms. 

 

A benchmark set of PDMs was created for purposes of the testing of the developed 

algorithms. This benchmark set, and the resulting process models, can be found in 
Appendix A and on [26]. 

 

In order to indicate the differences between the algorithms a classification framework is 

developed. The current set of algorithms is nicely classified in this framework. However, 

if the PDM will evolve or will be extended with data attributes, or if new algorithms will be 

created, the framework will most likely need updating to the new situation. 

 

The set of algorithms and the classification framework also led to the creation and 

publication of [18]. 

 

Since a product structure might change over time, it will be useful to see how these 

changes affect a process model that is based on the product structure. The order in 

which the process model will be maintainable will highly depend on the algorithm that is 
used to derive the process model from a PDM. An analysis on the maintainability of 

process models, created using algorithms Echo and Foxtrot, is given. And while the effect 

of changes in the PDM on a process model created by algorithm Echo can clearly be 

indicated, this is only partially possible for a process model created by algorithm Foxtrot. 

 

And a final deliverable of the graduation project is, naturally, this thesis. 
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8.2 Related work 

A first step to automate the generation of process models was made in [10]. The Bill-of-

Material was the basis for the product structure. In order to express the product 

structure of products without physical manifestation in a better way then can be done 

with a BoM, the product data model was introduced in [8]. Applications of the PDM can 

be found in [8], [6] and [11]. 

 

Product based workflow design is a revolutionary approach in the field of business 

process redesign. An evolutionary approach can be distinguished as well. It is described 

in [5] that the area of BPR and more specifically PBWD cover a much wider area then the 
scope of this work. For more related literature we refer to the second chapter of [5]. 

 

I do not want to leave unmentioned the work of my supervisor Irene Vanderfeesten. She 

has performed a variety of work in the field of PBWD. She developed the Alpha, Charlie 

and Delta algorithms (see section 6.1). She has also been working on so called cohesion 

and coupling metrics. These are used to (try and) group certain data elements in a PDM 

together before translating them, hence extending the translation with a hierarchical 

level [27, 28]. An interesting new development is the creation of a recommendation 

service. Based on the direct execution of the PDM and a chosen selection strategy (e.g. 

lowest cost or shortest processing time) this tool recommends which operation could best 

be executed next. A complete overview of her work can be found on [29]. 

 

The algorithms as described in chapter 6 are implemented in the open source ProM 

Framework for process mining. For more information and the program, see [19, 26]. 

8.3 Future work 

In the line of this work, there are many possibilities for follow up. One of the most 

important is that the PDM needs to become widely known and accepted and used. 

8.3.1 Product data model 

It would be nice to extend the formal definition of the PDM with specific data attributes, 

e.g. cost of an operation, time before an operation completes, constraints (as in [8]) and 

failure chance of an operation. The extension of the PDM with these data attributes will 

improve its usability in realistic situations. 

This extension will probably also give rise to the need for a greater variety of algorithms. 

Also the existing algorithms might need to be adapted in order to be able to deal with 

those data attributes. 

 

There is a need for more practical uses of the PDM. Right now there are only a few cases, 

e.g. some simple examples in our benchmark set (see Appendix A), the GAK-case and 
the ING-case which both can be found in [8]. A greater variety increases the level of 

insight in the PDM and the behavior and usability of its translations. 

 

Leaf elements in a PDM are created by an operation with no input elements. 

So far, these operations without input elements are only used to create leaf 

elements. The use of these operations to create data elements that are not 

leaf elements are not considered. So the construction in figure 8.1 to create 

C, or constructions alike, are completely left out of consideration so far. At 

first figure 8.1 does not appear to be a realistic model. But consider the 

behavior of default values. E.g., if C indicates someone’s level of credit, the 

default value might be that this person has no right on credit. However, if 

an application form (A) is handed in and this person does not have a 

negative BKR*-registration (B), the credit level might be increased. 

The current set of algorithms can translate such constructions. Presumably 

the difference between the focus on operations or data elements becomes 

more important if such constructions are part of the PDM. 

* BKR stands for Bureau Krediet Registratie. It is a Dutch organization that protects persons 
by making sure one does not loan more than one can afford. 

Figure 8.1: 

What about these 
alternative paths? 
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8.3.2 Integrating data modeling into the software suite 

Anticipating on the expectance that PBWD will continue to develop, and its usability will 

increase, for Pallas Athena International it could be interesting to already consider the 

way they can integrate PBWD in their software suite. Not only in technical terms, but also 

how to present it to the end user. Consider for instance the following three methods, 

though there might be more possibilities to present data modeling to the user. 

Method A 

With the perception that data modeling is very powerful and 

practically usable, there would no longer be a need for the user 

to model the actual process. So the only manner of modeling 

that is offered to the user is the data modeling. 

 

This method has some disadvantages. In contrary of Petri nets, 

Protos models or different process models, the PDM is not yet 

common knowledge or widely used. Hence the audience 

appealed to the tool would be narrowed. Also the process 

model cannot be manipulated. This might be nice for 

‘dummies’, but it can be frustrating to an expert process modeler. 

Method B 

The user can start by modeling the product. After the PDM is 

translated to a process model, the translation can be adapted 

by the user as well. 

The user might choose to skip the data modeling and start with 

the process modeling. 

 

This sounds like the most logical and usable method. 

Method C 

The user can start by modeling the product. After the PDM is 

translated to a process model, the translation can be adapted 

by the user as well. 

The user might choose to skip the data modeling and start with 

the process modeling. 

From the process model, a PDM can be generated. This 

generation would need to be developed, which will be very 

hard, if not impossible, since the dependencies between data 

elements can not be clearly distinguished based on solely the 

process model. Assuming the generation can be developed, the 

translation step between the PDM and the process model can repeatedly be made. 

8.3.3 Classification framework 

As explained in chapter 5, the classification framework is expandable. If new criteria 

arise, so will the need to distinguish in their possibilities. Hence a need to extend or 

adapt the framework (and the set of algorithms) might arise. 

 

Given a specific situation, the classification can be used to determine which algorithm will 

deliver the best process model for that situation. It can be interesting to create a 

reference set for the framework. By registering many different cases, the PDM and what 

algorithm is used to create the ‘best’ process model for that case, selection of the best-

fit-algorithm for future cases will probably become easier. 

Another possibility to simplify the selection of the best-fit-algorithm is to develop a 

manual for its use. Such a manual should contain an elaborate description on how to 

distinguish the important properties or criteria for a case, and following from that what 

algorithm(s) are advisable to use. 

Data modeling 

Process modeling 

Workflow engine 

user interface 

Figure 8.2: Method A visualized 

Data modeling 

Process modeling 

Workflow engine 

user interface 

user interface 

Figure 8.3: Method B visualized 

Data modeling 

Process modeling 

Workflow engine 

user interface 

user interface 

Figure 8.4: Method C visualized 
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8.3.4 The algorithms 

In chapter 6 and [18] known problems of the algorithms are described. Some of those 

problems maybe can be solved in the (near) future. 

 

It can be interesting to extend the set of algorithms. As can be seen in the framework, 

there are (desirable) combinations of possibilities for which no algorithm exists yet. It 

would for instance be logical to make a YAWL-version of the currently overcomplete and 

unrestricted algorithms, in order to make them overcomplete, but restricted. 

 

Currently for the algorithms that run in a middle-out order, only one so called 

administration layer is created: the enforcement of lazy soundness. Of course, the 

absence of such an administration layer is also already available. 

But it is sure there are more administration layers possible, hence creating different 

kinds of soundness, and maybe other properties. It might be discussed if a YAWL-version 

of an algorithm is an administration layer too or a completely new algorithm. 

 

The beginnings for a different kind of algorithm, or maybe a higher level of the current 

algorithms, have been made in [27, 28]. So called cohesion and coupling metrics are 

used to (try and) group certain data elements in a PDM together before translating them, 

hence extending the translation with a hierarchical level. It would be interesting to 

combine that knowledge with the described set of algorithms. 

8.3.5 Maintainability of the process models 

An analysis on the maintainability is done for the algorithms Echo and Foxtrot. As 

described in chapter 7, such an analysis is also possible on the other five algorithms. 

 

For the analyzed algorithms it would be nice to implement the results into a software 

tool. Given the PDM, the process model and the changes in the PDM, the tool can indicate 
which parts of the process model will be affected by the changes. 

In some cases the tool might even give the new process model, without rerunning the 

algorithm. 

 

By increasing the maintainability of a generated process model, the lifespan of the PDM 

will be increased. Not only will the PDM be used when the process model needs to be 

created, but also will it be useful when the process model needs maintenance. 

8.4 Reflection 

The graduation project is the concluding project of the study computer science. It is also 
the biggest project in the study. On forehand, the length of the project intimidated me. 

“How can I possibly be working that long on one project, and still enjoy it?”, I was 

wondering. Well, now I know. Looking back on the project I can truly say that I enjoyed 

it. There was enough variation within the project to make me feel that I was not working 

on one thing all the time. Also working on my own is not my thing. I need human 

interaction. Working at Pallas Athena International one day a week, and the nice contact 

with the people there, made up for the rest of the week. The nice atmosphere and the 

good laughs made it more than worth traveling two hours to and back every Thursday! 

Also the meetings with Hajo and Irene were very encouraging. I can not recall a meeting 

with them that did not motivate me. 

 

Does that mean that the project went flawless? The answer to that question is no, as it 

probably is for every lengthy project. There were moments that I felt I was not making 
any progress. Sometimes the feeling was correct, sometimes it was wrong. Often a 

discussion with one or two of my supervisors was enough to see the proper line of work. 

A few times I was told to make a planning with concrete goals and (hard) deadlines. This 

is not my strongest side, in most cases I manage to make the plan ‘in my head’. But to 

actually put it on paper when the project is stuck really helps. 
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Because of my many hobbies and interests, it was sometimes difficult for me to find a 
proper balance between free time and study. It was remarkable that for all things I do, 

the busy moments all fell in the same period, e.g. a deadline for the project, my exam to 

become an Aspirant Climbing Instructor, and the preparations for the summer camps I 

attend as a leader all fell in the same week. 

 

And let us not forget the beginning of the project, when the direction and goals of the 

project had to be determined. It felt like I was drifting in a vast sea of possibilities, all 

with their attractivenesses and repulses, without any idea what would be nice, realistic, 

of interesting difficulty, etc. For me this was the most difficult period of the project. 

 

Due to the length of the project, it was inevitable that the ProM framework for process 

mining [22], on which many people are actively working, would be subject to change. 

Hence the programming and documentation done in and for the ProM framework for 

process mining needed updating during the course of the project. As I said, this was 

inevitable, but I did not realize this in the beginning of the project. So when this need for 

updating arose the first time, this was quite a drawback. 

 

If we think about what the main goal of studying is, it would be to learn something. And 

although all the good and nice things made the project enjoyable, the things that did not 

go so well made it a project of which I learned. I learned about the likes and dislikes of 

research. I learned about the use of making a planning. I learned a lot about the area of 

product based workflow design. I learned about how to give direction to and motivate 

other people, just by observing how my supervisors did those things for me - which will 

also be very useful in my other fields of interest. But maybe the most valuable is that I 

also learned about myself, how I behave in different situations, some strengths and 

weaknesses I was not aware of, but also about what I enjoy and need (and dislike and 
not need) in both professional and leisure work. 
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Acronyms 
Below the acronyms used throughout this thesis are listed. 

 

Bill-of-Material (BoM) 

A static product specification of a physical product. The BoM represents the step-by-step 

structure of the product. The BoM is common practice in the manufacturing area. 
 

Business Process Management (BPM) 

BPM is a field of knowledge that includes methods, techniques, and tools to support the 

design, enactment, management, and analysis of operational business processes. 

 

Business Process Redesign (BPR) 

BPR is one of the approaches in BPM. The idea of BPR is to review the business processes 

of a company, instead of simply automating the processes. In the field of BPR an 

evolutionary and a revolutionary approach can be distinguished. The evolutionary 

approach focuses on local updates of an existing business process. The revolutionary 

approach focuses on the design of the process from scratch, thus making radical changes 

possible [5]. 

 

Business Process Redesign is also known as Business Process Reengineering, Business 

Transformation, or Business Process Change Management. 

 

Process Model (PM) 

A PM is a model of one or more (business) processes. The model prescribes how things 

must/should/could/shall/can/will be done. A PM can be useful to support the 

development of new processes, but it can also be used to support the execution of one or 

more processes. 

 

Product Based Workflow Design (PBWD) 

PBWD is a revolutionary approach in the field of BPR. PBWD takes the product 

specification as a starting point in order to derive a favorable new design of the business 

process. 
 

Product Data Model (PDM) 

A static product specification of an administrative, information based product. The PDM 

represents the step-by-step structure of the product. 

 

Yet Another Workflow Language (YAWL) 

YAWL is a workflow language that uses Petri nets extended with constructs to address 

multiple instances, advanced synchronization, and cancellation patterns, as a starting 

point. 
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Appendix A: Benchmark set 
For purposes of the testing of the developed algorithms (see chapter 6) a benchmark set 

was created. The benchmark set consists of sixteen small PDMs. These sixteen PDMs 

together contain all basic constructs possible in a PDM, together with some more 

complex constructs. 

The product data models 

In table A.1 below, the formal and graphical notations are given from the PDMs that 

together form the benchmark set. Recall from section 3.3 that a PDM is a tuple 

( )OreD ,, . Check out [26] for the xml-files of the PDMs that can be imported in the ProM 

framework for process mining, website [22]. 

 

 Formal notation Graphical notation 

test01 AB 

D  = {A, B} 

 
re  = A 

 

O  = {(A, {B}), (B, {})} 

 

test02 ABCor 

D  = {A, B, C} 
 

re  = A 

 

O  = {(A, {B}), (A, {C}), 

   (B, {}), (C, {})} 

 

test03 ABC 

D  = {A, B, C} 

 
re  = A 

 

O  = {(A, {B, C}), (B, {}), 

   (C, {})} 

 

test04 ABC2 

D  = {A, B, C} 

 

re  = A 

 

O  = {(A, {B, C}), (A, {C}), 

   (B, {}), (C, {})} 
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 Formal notation Graphical notation 

test05 ABCC 

D  = {A, B, C} 

 

re  = A 

 

O  = {(A, {B, C}), (B, {C}), 

   (C, {})} 

 

test06 ABCDor 

D  = {A, B, C, D} 

 

re  = A 

 

O  = {(A, {B}), (A, {C, D}), 

   (B, {}), (C, {}), 

   (D, {})} 

 

test07 ABCD 

D  = {A, B, C, D} 

 

re  = A 

 

O  = {(A, {B, C, D}), (B, {}), 

   (C, {}), (D, {})} 

 

test08 ABCCD 

D  = {A, B, C, D} 

 

re  = A 

 

O  = {(A, {B, C}), (A, {C, D}), 

   (B, {}), (C, {}), 

   (D, {})} 

 

test09 ABCDDE 

D  = {A, B, C, D, E} 

 
re  = A 

 

O  = {(A, {B}), (B, {C, D}), 

   (B, {D, E}), (C, {}), 

   (D, {}), (E, {})} 
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 Formal notation Graphical notation 

test10 ABCCDE 

D  = {A, B, C, D, E} 

 

re  = A 

 

O  = {(A, {B, C}), (A, {C, D}), 

   (B, {}), (C, {E}), 

   (D, {}), (E, {})} 

 

test11 ABCCDEF 

D  = {A, B, C, D, E, F} 

 

re  = A 

 

O  = {(A, {B, C}), (A, {C, D}), 

   (B, {}), (C, {E}), 
   (C, {F}), (D, {}), 

   (E, {}), (F, {})} 

 

test12 ABCDEor 

D  = {A, B, C, D, E} 

 
re  = A 

 

O  = {(A, {B, C}), (A, {D, E}), 

   (B, {}), (C, {}), 

   (D, {}), (E, {})} 

test13 ABCDEEFor 

D  = {A, B, C, D, E, F} 

 

re  = A 

 

O  = {(A, {B}), (A, {C}), 

   (B, {D, E}), (C, {E, F}), 

   (D, {}), (E, {}), 

   (F, {})} 

 

test14 ABCDEEF 

D  = {A, B, C, D, E, F} 

 
re  = A 

 

O  = {(A, {B, C}), (B, {D, E}), 

   (C, {E, F}), (D, {}), 

   (E, {}), (F, {})} 
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Table A.1: The PDMs forming the benchmark set 

 

 Formal notation Graphical notation 

test15 

ABCDDEFor 

D  = {A, B, C, D, E, F} 
 

re  = A 

 

O  = {(A, {B}), (A, {C}), 

   (B, {D}), (C, {D, E}), 

   (C, {F}), (D, {}), 

   (E, {}), (F, {})} 

 

test16 Helipilot 

D  = {A, B, C, D, E, F} 
 

re  = A 

 

O  = {(A, {B, C}), (A, {D}), 

   (A, {F}), (B, {}), 

   (C, {E, F}), (D, {}), 

   (E, {}), (F, {})} 
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The process models 

The results of using the PDMs of the benchmark set as input for the developed algorithms are given in this section, in table A.2. 

For reasons of understandability, the graphical representation of the PDM is given here as well. For the process models, only the graphical 

representation is given. For formal notations of the PDMs, please see the previous section of this appendix. See section 2.2 for formal notations of 

Petri nets and consult [19, 20, 21] for more information on YAWL models. 

 

 

test01 AB from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

  
from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

 
 

from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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test02 ABCor from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

  

from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

 

from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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test03 ABC from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

  

from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

 
 

from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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test04 ABC2 from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

  
from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

 
 

from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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test05 ABCC from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

  

from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

 
 

from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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test06 ABCDor from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

 
 

from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

 

 

from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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test07 ABCD from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

 
 

from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

 

 
from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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test08 ABCCD from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

  

from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

  
from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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test09 ABCCDE from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

  

from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

 
 

from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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test10 ABCCDE from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

 
 

from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

 

 
from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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test11 ABCCDEF from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

 

 

from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

 

 
from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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test12 ABCDEor from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

  
from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

 

 

from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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test13 ABCDEEFor from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

 

 

from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

 
 

from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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test14 ABCDEEF from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

 

 

from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

 
 

from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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test15 ABCDDEFor from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

  
from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

  
from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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Table A.2: The process models derived from the benchmark set 

 

test16 Helipilot from PDM to PM, algorithm Bravo 

 

 

from PDM to PM, algorithm Alpha from PDM to PM, algorithm Echo 

  

from PDM to PM, algorithm Charlie from PDM to PM, algorithm Golf 

 

 
from PDM to PM, algorithm Delta from PDM to PM, algorithm Foxtrot 
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Appendix B: Pseudo code 
The implementation of the algorithms that are developed for this project can be found in 

the ProM framework for process mining [22]. Here the algorithms are given in pseudo 

code. An elaborate description of the algorithms and their properties can be found in 

chapter 6 and in [18]. 

Algorithm Bravo 

Please note that the algorithm below does not guarantee uniqueness of the names of the 

places and the transitions. It is possible that a transition corresponding to an operation 
appears twice in the model generated by this alternative. These are meant to be two 

different transitions, not one and the same! See for instance the translation of the 

operation (C, {}) in ‘test08 ABCCD’ in Appendix A. 

  
1 Bravo((D, re, O): PDM) 

2 // The input is a valid PDM. 

3 begin 

4   makeplace(Ps) 

5 ; makeplace(Pf) 

6 ; calculate(re, Ps, Pf) 

7 ; initial_marking = (Ps = 1) 

8 end  // of Bravo 

9 

10 calculate(de: data element, in: place, out: place) 

11 begin 

12 // α holds, so each de has at least 1 operation that determines it: 

13   foreach <(d,cs) ∈ O, with (d = de)> 
14   // Each operation that produces de will be translated and added to the 

15   // Petri net, as will the data elements that are in cs. 

16   // Next, all operations that produce the data elements in cs 

17   // will be translated and added to the Petri net recursively. 

18 do 

19   maketrans(T(d,cs)) 

20 ; makearc(T(d,cs), out) 

21 ; if |cs| = 0 → makearc(in, T(d,cs)) 

22   □  |cs| = 1 → begin, with j ∈ cs 
23 // Since |cs| = 1, j is unique. 

24   makeplace(Pj) 

25 ; makearc(Pj, T(d,cs)) 

26 ; calculate(j, in, Pj) 

27 end 

28   □  |cs| > 1 → begin 

29   maketrans(T(d,cs).init) 

30 ; makearc(in, T(d,cs).init) 

31 ; foreach <j ∈ cs> 
32 do 

33   makeplace(Pj.init) 

34 ; makearc(T(d,cs).init, Pj.init) 

35 ; makeplace(Pj) 

36 ; makearc(Pj, T(d,cs)) 

37 ; calculate(j, Pj.init, Pj) 

38 od 

39 end 

40   fi 

41 od 

42 end  // of calculate 
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Algorithm Echo 

 
1 Echo((D, re, O): PDM) 

2 // The input is a valid PDM. 

3 begin 

4 // Create some ‘general’ places and transitions. 

5 ; makeplace(Ps) 

6 ; makeplace(Pf) 

7 ; maketrans(Tinit) 

8 ; makearc(Ps, Tinit) 

9 ; initial_marking = (Ps = 1) 

10 

11 ; foreach <d ∈ D> 
12   // Create a connected place and transition for 

13   // every data element. 

14 do 

15   makeplace(Pd) 

16 ; maketrans(Td.out) 

17 ; makearc(Pd, Td.out) 

18 od 

19 

20 ; foreach <(d,cs) ∈ O> 
21   // Create a transition for each operation. 

22   // Connect this transition with as much places (also created) as 

23   // there are data elements in cs, with a minimum of 1 place. 

24   // This translation of the operation is connected with all data  

25   // elements mentioned in the operation (being d and all de’s in cs). 

26 do 

27 ; maketrans(T(d,cs)) 

28 ; makearc(T(d,cs), Pd) 

29 ; if |cs| = 0 → begin 

30    makeplace(Pready.for.(d,cs)) 

31  ; makearc(Pready.for.(d,cs), T(d,cs)) 

32  ; makearc(Tinit, Pready.for.(d,cs)) 

33  end 

34   □  |cs| > 0 → begin 

35    foreach <j ∈ cs> 
36  do 

37    makeplace(Pj.(d,cs)) 

38  ; makearc(Pj.(d,cs), T(d,cs)) 

39  ; makearc(Tj.out, Pj.(d,cs)) 

40  od 

41  end 

42   fi 

43 od 

44 

45   // Finally, make sure the end-place (= Pf) can be reached. 

46 ; makearc(Tre.out, Pf) 

47   // And add the administration layer. 

48   // Please note that currently only a lazy soundness-layer is supported. 

49 ; administrationlayer(lazysoundness) 

50 end  // of Echo 
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Algorithm Foxtrot 

Please note that the algorithm below does not guarantee uniqueness of the names of the 

transitions. The naming of the places however is supposed to be unique! See for instance 

‘test02 ABCor’ in Appendix A. 

 
1 Foxtrot((D, re, O): PDM) 

2 // The input is a valid PDM. 

3 begin 

4   makeplace(P{})  // this place is called Ps in algorithms Bravo and Echo 

5 ; makeplace(Pf) 

6 ; initial_marking = (P{} = 1) 

7 ; calculate(D, {}) 

8 

9 ; foreach <place Pdataelements, with (re ∈ dataelements)> 
10 do 

11   maketrans(Tloos) 

12 ; makearc(Pdataelements, Tloos) 

13 ; makearc(Tloos, Pf) 

14 od 

15 

16 end  // of Foxtrot 

17 

18 calculate(todo: subset of D, done: subset of D) 

19 begin 

20   foreach <(d,cs) ∈ O, with ((d ∈ todo) ∧ (cs ⊆ done))> 
21 do 

22   if ¬exists(P(done∪d)) → makeplace(P(done∪d)) 

23   fi 

24 ; if ¬connected(Pdone→P(done∪d) via T(d,cs)) → begin 

25    maketrans(T(d,cs)) 

26  ; makearc(Pdone, T(d,cs)) 

27  ; makearc(T(d,cs), P(done∪d)) 

28  end 

29   fi 

30 ; calculate(todo\d, done∪d) 
31 od 

32 end  // of calculate 
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Algorithm Golf 

Please note that the algorithm below does not guarantee uniqueness of the names of the 

transitions. The naming of the places however is supposed to be unique! See for instance 

‘test03 ABC’ in Appendix A. 

 
1 Golf((D, re, O): PDM) 

2 // The input is a valid PDM. 

3 begin 

4   makeplace(P{})  // this place is called Ps in algorithms Bravo and Echo 

5 ; makeplace(Pf) 

6 ; initial_marking = (P{} = 1) 

7 ; foreach <path ∈ getpaths(re)> 
8   // For each path, the corresponding places and transitions are added 

9   // to the Petri net – if they do not exist yet! 

10 do 

11   calculate(path, {}) 

12 ; maketrans(Tloos) 

13 ; makearc(Ppath, Tloos) 

14 ; makearc(Tloos, Pf) 

15 od 

16 end  // of Golf 

17 

18 calculate(todo: subset of O, done: subset of D) 

19 begin 

20   foreach <(d,cs) ∈ todo, with (cs ⊆ done)> 
21 do 

22   if ¬exists(P(done∪d)) → makeplace(P(done∪d)) 

23   fi 

24 ; if ¬connected(Pdone→P(done∪d) via T(d,cs)) → begin 

25    maketrans(T(d,cs)) 

26  ; makearc(Pdone, T(d,cs)) 

27  ; makearc(T(d,cs), P(done∪d)) 

28  end 

29   fi 

30 ; calculate(todo\(d,cs), done∪d) 
31 od 

32 end  // of calculate 

33 

34 

35 // See next page for the remainder of this algorithm 
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36 getpaths(de: data element): set of subsets of D 

37 // This function returns all ‘paths’ towards data element de. 

38 // A path is exactly the set of operations needed to create de. 

39 // No superfluous data elements will be part of the path. 

40 // There can be multiple paths towards an data element, they 

41 // ALL will be determined. 

42 // E.g.: getpahts(1) for the PDM in figure B.1 will return 

43 // {{(1,{2}),(2,{})}, {(1,{3}),(3,{})}} 

44 begin 

45   returnpaths = {} 

46 ; foreach <(d,cs) ∈ O, with (d = de)> 
47   // there is at least one such (d, cs) 

48 do 

49   oppaths = {{(d,cs)}} 

50 ; foreach <j ∈ cs> 
51 do 

52   oppaths = pathjoin(oppaths, getpaths(j)) 

53 od 

54 ; returnpaths = returnpaths ∪ oppaths 
55 od 

56 ; return(returnpaths) 

57 end  // of getpaths 

58 

59 pathjoin(A: set of subsets of D, B: set of subsets of D): set of subsets of D 

60 // This function joins the elements of A with the elements of B like this: 

61 // >∪∈∧∈< }{::, baBbAabaU  

62 

63 // So if A = {{x}, {y}} and B = {{p,q}, {r}, {s}}, then 

64 // pathjoin(A, B) = {{x,p,q}, {x,r}, {x,s}, {y,p,q}, {y,r}, {y,s}} 

65 

66 // Both A and B have to be non-empty sets. 

67 begin 

68   returnvalue = {} 

69 ; foreach <a ∈ A> 
70 do 

71   foreach <b ∈ B> 
72 do 

73   returnvalue = returnvalue ∪ {a ∪ b} 
74 od 

75 od 

76 ; return(returnvalue) 

77 end  // of pathjoin 
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Figure B.1:  
A simple PDM 
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