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Abstract 

  

This thesis investigates how cognitive load theory might be used to optimize the learning 

process of students studying information technology. It does so by investigating the risk of 

cognitive overload in the module Information Systems, offered to first-year bachelor students 

Information Sciences at Utrecht University (UU). The module Information Systems aims to teach 

students about the modelling language Petri Nets. To assist students in their learning, they are 

obliged to participate in practice sessions (also called modelling sessions). However, it remains 

unclear how the modelling sessions can be set-up to optimally support student learning.  

 

This thesis offers an answer to the following research question: How can the learning 

process of students studying information modelling languages in the 10-week Utrecht University 

module Information Systems be optimized? This question is answered with a case study. Due to 

scheduling issues, the case study was only theoretical. It shows how simple changes in how 

information is taught can help prevent student cognitive overload and help students better grasp 

more of the information being taught in the module Information Systems. Future research can 

be conducted on the effect of individual interventions.  
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1. Introduction 

Since the start of the Industrial Revolution in the late 18th century, companies around the world 

have attempted to cut costs and out-compete rivals through standardisation and automation. 

Businesses strived to gain an advantage over competitors, which sparked the need for 

measurable variables. (Lusk et al., 2005).  

 

As businesses seek to standardize their products, they created production ‘lines’ and 

standardized work processes that need supervision and management to run well. Business 

process management (BPM), the process of optimising business production processes, offers a 

theoretical description of how to optimise production (Lusk, Paley, Spanyi, 2005). 

 

The development of BPM saw a growing demand for individuals with modelling skills. Over the 

past half-century, universities have sought to satisfy this demand by enrolling students in 

business administration and information management classes. Given the great number of 

modelling languages, modelling methods, and the complexity of many languages, universities 

need to prioritize which modelling languages they teach. Furthermore, they will need to teach 

these complex languages within weeks, often to students with no prior knowledge of modelling.  

 

The combination of complexity and time pressure risks exposing students to an overload of 

information, beyond which their cognitive abilities can cope. Cognitive overload decreases the 

effectiveness of student learning activities and can impact their study results or even their self-

confidence. Therefore, it is in the interest of both universities and students to investigate how 

classes should present their information so that students will be given efficient learning 

activities. 

 

This thesis investigates how the learning process of students studying information modelling 

languages can be optimized. It presents a case study of the mandatory 10-week module 

Information Systems (Informatiesystemen), taught at the University of Utrecht during the 

Bachelor of Information Sciences (Informatiekunde). In the module Information Systems, 

students are primarily taught via classical lectures and modelling sessions. During these 

modelling sessions, students are given exercises to practice the theoretical information taught 

during lectures. Due to time constraints, it is imperative that the modelling sessions are 

optimized without overburdening students. This thesis, therefore, seeks to answer the question:  

 

How can the learning process of students studying information modelling languages in 

the 10-week Utrecht University module Information Systems be optimized? 

 

This thesis is divided into 5 chapters. First the biology of learning will be discussed, then the 

Cognitive Load Theory. The following chapter will discuss Blooms Taxonomy in educational 

institutions. The final chapter will discuss a case study regarding the module Information 

Systems. 
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2. The Biology of Learning 

To learn is to be human; such is the description of human nature held by many a philosopher. 

Like the classic Chinese philosopher Xun Zi already noted more than two thousand years ago: 

“Learning proceeds until death and only then does it stop” (Hutton, 2016, p. 5) But how is 

human biology related to this process of knowledge acquisition, processing and storage which 

we undertake almost every waking moment of our lives? This section describes how human 

beings learn, and what limits exist in this knowledge. 

2.1 Remembering Information 

We can think, remember and reproduce knowledge because of our brain. But how does the 

brain function to allow humans to acquire and remember information? Atkinson and Shiffrin 

(1968) describe how two important types of memory play a role: long-term memory and short-

term memory (also known as working memory). (Atkinson & Shiffrin, 1968) 

2.1.1 Short term (working) memory 

Short term memory is the area of the brain which concerns itself with the processing of new 

information. It is limited in both its duration and processing capacity when dealing with new 

information (Mason et al., 2016). The exact short-term memory capacity limit differs per person 

and an exact average has been much debated. Some state that the working memory limit to be 

4±1 elements (Paas & Ayres, 2014), whilst others determine the range to be 7± 2 elements 

(Zugal et al., 2011). The duration of information storage is also debated. Some state the limit 

lies at 30 seconds (Paas & Ayres, 2014), whilst for others, it lies at 20 seconds (Leppink et al., 

2015). Part of the difficulty in measuring short-term memory occurs because it is also affected 

by things such as its physical environment and human emotions. However, irrespective of 

disagreement about the exact time and storage capacity, there is wide agreement that the 

working memory can handle only a small number of elements for a short period.  

2.1.2 Long term memory 

Long-term memory is a key part of human learning. It is the memory which stores information so 

that it can be recovered at a later date. The long-term memory has unlimited capacity, where 

information is permanently stored in the form of schemas (Mason, Seton, & Cooper, 2016). 

Sweller (1994) describes a schema as “a cognitive construct that organizes the elements of 

information according to the manner with which they will be dealt.” (p.296). Schemas have no 

limit in size, and the more skilled an individual becomes, the larger its schema becomes – often 

by combining smaller schemas into a more complete picture (Paas & Ayres, 2014). 

2.1.3 Interaction between short-term and long-term memory 

The short-term (working) memory can take schemas from long-term memory and use them as 

required to help conduct all manner of tasks (Mason et al., 2016). A schema counts only as one 



 2. The Biology of Learning 

 8 

element in the working memory (Paas & Ayres, 2014; Zugal, Pinggera, Weber, 2011). Because 

schemas can hold unlimited information (Mason et al., 2016), the limitations of the working 

memory are just as well removed for more skilled learners when they are dealing with 

information that is already known. Therefore, more skilled individuals will be able to cope with 

more complex information that would previously cause cognitive overload (Paas & Ayres, 2014). 

By approximation, the working memory limit is therefore only relevant when dealing with new 

information.  

2.2 Acquiring Knowledge  

Humans are natural information processing systems who obtain information in several ways. 

One prominent description is offered by Sweller (2016), who offers five distinct phases of 

knowledge acquisition: Information store, Environmental organizing and linking, Randomness as 

genesis, Narrow limits of change, and Borrowing and reorganizing.  

2.2.1 Information Store (long-term memory) 

As noted, previously learned knowledge is stored in the long-term memory (Sweller, 2016).  To 

be able to function in a natural environment, an individual needs a large amount of information. 

(Sweller, 2016; Leppink et al., 2015). 

2.2.2 Environmental organizing and linking  

Humans must be able to function in a great many different situations. The first thing humans do 

when confronted with a problem is to use the short-term (working) memory to search the long-

term memory for a solution to the problem being faced (Sweller, 2016). The working memory 

can at any moment take information from the long-term memory and apply it to the situation it 

faces. This principle is called the Environmental organizing and linking principle. (Sweller, 2016; 

Tricot & Sweller, 2014) 

2.2.3 Randomness as genesis  

However, sometimes the solution cannot be found from already known knowledge. In these 

situations, humans analyse the situation in front of them and determine the possible moves they 

can make (Sweller, 2016). Due to the lack of information in the long-term memory regarding the 

problem, the individual is forced to make a random move. The outcome of this move is then 

analysed for its effectiveness. If it is effective, then the working memory stores it in the long-term 

memory for later use. However, if the move is ineffective, it is discarded. This process – also 

known as ‘randomness as genesis’ - is how humans create new knowledge (Sweller, 2016; 

Leppink et al., 2015). 

2.2.4 Narrow Limits of Change  

The ability to create new information and learn from new experiences is critical to our progress 

as a species.  However, the rate of recording new information learned through Randomness as 
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Genesis must be restricted. If no restrictions are made, we could damage our long-term memory 

by flooding it with new information. Human beings are therefore restricted by their working 

memory, which allows a limited amount of information to be processed at the same time 

(Sweller, 2016; Tricot & Sweller, 2014; Leppink et al., 2015). Due to these ‘narrow limits of 

change’, the long-term memory absorbs information much more slowly than that the working 

memory processes it (Sweller, 2016). 

2.2.5 Borrowing and reorganizing  

One enormously advantageous short-cut to knowledge acquisition which has been developed 

by human beings is an ability to pass gained experience onto others. This short-cut essentially 

attempts to increase the efficiency of human learning by limiting the number of random 

movements that a person without certain knowledge needs to take to find an acceptable 

solution to a problem or build a complex schema (see also Figure 1 below). Randomness is still 

genesis for the individual learner, but by consistently practising an outcome which he/she trusts 

to be correct, the influence of the ‘narrow limits of change’ can be limited. 

 

It is for this reason that humans borrow information, listen to each other, and read what others 

write (Sweller, 2016; Leppink et al., 2015; Tricot & Sweller, 2014). The information gleaned by 

listening to and learning from others is in turn automatically combined with information learned 

from other sources and now held in long-term memory (Sweller, 2016). In this manner, human 

beings can build new knowledge from the ‘old’ knowledge passed on to them by other human 

beings. 

 
Figure 1: Process of assessing a situation with the five principles 

2.3 Types of Knowledge 

Given that knowledge acquisition is a deeply biological process, it comes as little surprise that 

some information is learned more easily than other information. Geary categorizes knowledge 

into two categories, based on the ease by which it is learned: Biologically primary knowledge 

and Biologically secondary knowledge (Sweller, 2016).  
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2.3.1 Biologically primary knowledge  

Biologically primary knowledge refers to knowledge that we as humans have evolved to acquire 

more easily (Sweller, 2016; Leppink et al., 2015). The information is often complex but easily 

obtained (Leppink et al., 2015). The information is crucial to our survival (Sweller, 2016). 

Examples of Biologically primary knowledge are the ability to recognize faces, the ability to 

acquire general skills, such as social skills (Leppink et al., 2015) and the ability to navigate 

between places (Sweller, 2016). 

2.3.2 Biologically secondary knowledge  

Biologically secondary knowledge refers to knowledge which society defines as important, but 

which we have not evolved to acquire easily (Leppink et al., 2015). Examples of such 

information include the ability to write or the ability to do algebra (Leppink et al., 2015). There 

are two important characteristics of this type of knowledge. First, the information is domain-

specific (Sweller, 2016), i.e. the information is applicable in some specific situations, but not in 

others. Secondly, the information taught requires a conscious effort to learn. However, because 

it is domain-specific, biologically secondary knowledge is learned more easily with explicit 

guidance (Sweller, 2016). Schools were invented to deliver this type of information to others 

(Sweller, 2016; Leppink et al., 2015). 
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3. Cognitive Load Theory  

As described in the previous chapter, universities attempt to teach domain-specific biologically 

secondary knowledge to students in such a way as to significantly decrease the time it takes 

them to learn these skills compared when students attempt to learn this information through 

trial-and-error themselves (randomness as genesis). However, in the modern economy, it is not 

enough to simply teach students new skills and knowledge accumulated through generations. 

The demand inside and outside academia is to teach these skills within defined schedules so 

that graduates can fulfil outside business demands at a predictable pace. 

  

Several theories – including the constructivist approaches (Vogel-Walcutt, Gebrim, Bowers, 

Carper, & Nicholson, 2010), the Cognitive Load Theory and the Cognitive Theory of Multimedia 

Learning (Mayer, 2005)  - have been developed to describe the rate at which a person learns, 

i.e. how a learner might use their biological capacity to create long-term memory schemas as 

efficiently as possible.  

  

The Cognitive Load Theory (CLT) focuses on obtaining information in well-structured 

environments. It is less effective in less structured environments. Opposing CLT is the 

constructivist approach. This approach focuses on individuals processing new information and 

supporting learners to develop their own learning experience. However, this approach lacks 

efficiency and fails to consider the human architecture. Individuals faced with this approach 

often cope with a working memory overload (Vogel-Walcutt et al., 2010).  Lastly, the Cognitive 

Theory of Multimedia Learning focuses on the use of different forms of media. (Mayer, 2005) 

Whilst this is an interesting theory to study, it is less applicable in the context of this thesis. As 

this thesis focuses on optimizing the learning process of students studying information 

modelling languages, the most applicable theory to study is the Cognitive Load theory. 

Therefore, this theory will be used for this thesis. 

  

Originally developed by John Sweller, CLT focuses on optimizing the acquirement and 

processing of “domain-specific, biologically secondary knowledge using explicit instructions”, i.e. 

the type of education performed at schools and universities (Sweller 2016, p. 296).   

3.1 Types of Cognitive Load 

Cognitive Load Theory distinguishes three types of cognitive load which impact the working 

memory processing capacity: intrinsic load, extraneous load, and germane load (Mason et al., 

2016; Paas et al., 2003; Leppink et al., 2015). 

3.1.1 Intrinsic Cognitive Load 

The intrinsic cognitive load refers to the complexity of the information which must be learned, 

and the complexity of its relationship to other knowledge schemas. The exact level of complexity 

is different for each piece of information (Mason et al., 2016; Leppink et al., 2015; Paas et al., 
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2003). As the number of interactions between elements of information increases, the material’s 

complexity also increases (Mason et al., 2016; Leppink et al., 2015).  

 

In line with what was described in section 2.1.3, the existence of related schemas in the long-

term memory affects the amount of intrinsic cognitive load a user perceives when learning new 

information (Leppink et al., 2015; Paas et al., 2003). As novices do not have the same schemas 

which experts do have, novices face a higher intrinsic cognitive load when learning new 

information about their subject compared with when experts learn new information (Leppink et 

al., 2015).  

 

Assuming a set knowledge compendium to be learned, the amount of intrinsic cognitive load 

“cannot be directly influenced by instructional designers” (Paas et al., 2003, p.65). It can only be 

influenced by the user’s pre-existing knowledge of relevant related schemas. 

3.1.2 Extraneous Cognitive Load 

Extraneous cognitive load “refers to a learner…engaging in cognitive processes that are 

extraneous to the learning goals” (Leppink et al. 2015). In other words, extraneous cognitive 

load describes extra information or effort which the learner must process in order to learn the 

information they want to learn. 

  

In classroom settings, extraneous cognitive load is influenced by instructional design. If the way 

in which information is presented does not clarify the precise information that should be learned, 

the cognitive load of learners is higher (Paas et al., 2003; Mason et al., 2016). 

  

This load can be directly influenced by changing the way information is presented. As Leppink 

et al. (2015) state: “An example, information that should be presented visually is presented 

verbally (e.g. describing anatomical structures such as the vessels of the heart verbally instead 

of presenting them visually using a diagram) also contributes to extraneous cognitive load;” 

(Leppink et al., 2015, p.209). 

3.1.3 Germane Cognitive Load 

Germane cognitive load is the processing power used to relate new schemas to existing 

knowledge in the long-term memory (Mason et al., 2016; Paas et al., 2003). As Leppink et al. 

(2015) state: “Given that in cognitive load theory, learning is the gradual development of 

knowledge in long-term memory, this third type of cognitive load is the one that arises from 

relating relevant information from long-term memory or context to new information elements.” 

(Leppink et al., 2015, p.210).  

 

This type of load is also influenced by the instructional design (Paas et al., 2003). When 

relations between different pieces of information are clearly described, it is easier to build a 

similar scheme. If, by contrast, the relation between different pieces of information is described 

diffusely, it takes much more cognitive load to ‘lay the puzzle’ and develop a complete picture of 

the information that is being taught.  
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3.1.3 Relation between different types of Cognitive Load 

All three of the cognitive load types are additive. Therefore, the intrinsic cognitive load can be 

well within the physical limits of the working memory, but if the information is taught inefficiently, 

the ability of the working memory can be surpassed.  

 

The intrinsic cognitive load cannot be reduced unless the individual gains more and better 

schemas (Paas et al., 2003). The extraneous and germane cognitive load have thus a set 

amount of working memory to work with. For example, if the intrinsic cognitive load is ⅓ of the 

total working memory, the Extraneous and Germane load can use ⅔ of the total working 

memory before surpassing the maximum threshold (Paas et al., 2003). This is shown in Figure 

2 below. 

 

 
Figure 2: Examples of total working memory consisting of different levels of cognitive load (Leppink et al., 2015) 

3.2 Cognitive Overload 

As described in section 2.2 above, when humans are confronted with unknown situations for 

which they have no previous experience, they will experiment to find a suitable solution to the 

problem which they are presented. In this new situation, their short-term memory will be affected 
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by the three cognitive loads discussed previously. Furthermore, short-term memory will also be 

affected by alternative variables, such as emotions and their physical environment.  

 

All these factors are additive, resulting in peak cognitive load or even in cognitive overload. 

Cognitive overload occurs when humans are confronted with too much complex information to 

process effectively. This process is enhanced by the way information is presented. This process 

is also shown in Figure 3 below.  

If cognitive overload occurs, the individual will need to take more time to process the 

information, therefore decreasing the efficiency of their learning process. Cognitive overload 

does not speed up the learning process but slows it down: it requires students to ask for a break 

and/or a repetition of explained information. 

 

 
Figure 3: Process of facing an unknown situation 
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3.3 Optimising use of the cognitive load 

Knowing the different cognitive loads and recognising that cognitive overload is not conducive to 

efficient learning, it is interesting to know how to improve the cognitive load. 

 

Academic literature describes thirteen possible interventions to optimize classroom use of the 

limited cognitive load of students. Given that in an ideal learning situation, intrinsic cognitive 

load is high and extraneous and germane cognitive load are limited, these interventions can be 

divided into those which adapt the intrinsic cognitive load, adapt the extraneous cognitive load, 

and those which influence the germane cognitive load. Note that the effects described in this 

section assume that the learned knowledge is obtained in an educational institute, the 

knowledge is domain-specific, biologically secondary information that is most effectively 

transferred with explicit instruction. (Sweller, 2016, p.302)  

3.3.1 Adapting Intrinsic Cognitive Load  

One of the main ways to prevent cognitive overload is to adapt the difficulty of problems being 

taught to the level of the student. Several interventions can help to limit or increase the intrinsic 

cognitive load of practice sessions. 

 

Smaller information chunks (The sub-goal effect and the isolated elements effect)  

Manipulating intrinsic cognitive load is all about managing the number of information elements 

that need to be handled while solving a problem. Whenever students face a problem which is 

too complicated, a teacher can set smaller goals to make the problem and learning level more 

manageable. Over time, the number of sub-goals can be reduced to create a larger gap 

between each sub-goal until the student can solve the complete problem without sub-goals. 

Teachers can also present the student smaller chunks of information, following the isolated 

elements effect. Students will create knowledge schemas more efficiently, as the information is 

presented in more manageable portions and cognitive overload is prevented (Mason et al., 

2016).  

 

Step-by-step problem solving (worked example effect) 

When students are presented with practice problems to test their knowledge, they will generally 

use discovery-based problem solving to solve the problem. When the problem relates to new 

information, they are likely to spend a large portion of their cognitive load on the discovery 

aspect, and they will use randomness as genesis (see section 2.2.3) to discover the correct 

answer (Sweller, 2016; Clark, Nguyen, & Sweller, 2011).  

 

When students must discover multiple steps to answer a practice problem, the number of 

possible answers increases exponentially with each extra step that must be solved. Practice 

problems that are above the knowledge level of a student therefore require rapidly escalating 

amounts of energy and cognitive load to solve. Rather than presenting students with open-

ended questions, educators can first use worked example exercises which demonstrate step by 

step how to complete a task (Leppink et al., 2015; Clark et al., 2011). 
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When a student is presented with a worked example exercise, the student will use less cognitive 

load on discovery-based problem solving and more on making schemas (Clark et al., 2011). As 

they use less cognitive load on the discovery of the correct answer, the total cognitive load 

lowers, meaning there is more room for the germane load. A strong focus on worked examples 

at the start of a new topic (i.e. for novices) proved more efficient than the conventional focus on 

solving open question problems and also a more efficient intervention than problem-solving 

tasks, tutored problem-solving or even a combination of problem-solving and worked examples. 

(Chandler & Sweller, 1991; Leppink et al., 2015; Mason et al., 2016). 

 

 

The expertise reversal effect  

However, as humans gain expertise, the effectiveness of some teaching methods to offer new 

information is reduced. For example, whilst the worked example effect is beneficial for new 

students, it is less effective for experts.  

 

The term expertise reversal effect is sometimes used to describe that teaching methods 

become less effective when an individual gains more expertise (Sweller, 2016). At the core, this 

effect is the result of the interaction between short-term and long-term memory as described in 

section 2.1.3: use of long-term memory schema does not require significant working memory 

cognitive load.  As a student gains more knowledge and skill, they therefore need to be 

presented with more challenging exercises. 

 

Practice problems (the problem completion effect) 

One way to present these problems is to ask students to indicate that they want more 

complicated practice problems. When they do so, a transition should be made and students 

should be asked to answer partially completed exercises, which are exercises that show new 

information but do not show previously learned information (Mason et al., 2016; Clark et al., 

2011). By presenting partial solutions when a student so indicates, students can couple their 

learning curve to the difficulty level of the questions being asked, preventing both time wasted 

on practice questions that are too easy as well as a risk of cognitive overload (Sweller, 2016). 

 

The goal-free effect 

With some types of information, it is very difficult to create worked examples. One alternative to 

limit the cognitive load for students with open questions is to remove a predefined target from 

problem exercises. The need to resolve a problem to find a single specific answer forces 

students to think through multiple steps simultaneously, therefore increasing the cognitive load. 

 

Instead of demanding a single answer, students can simply be asked to prove competency of 

their thought process by finding as many correct answers as possible. For example, in 

mathematics problems, students might be asked to find as many values as he or she can and 

showing their thought process at every step without demanding that a specific value for X is 

described. By taking away the need to ‘hit’ a predefined goal, the student focuses more on 

technique by which they solve a problem instead of feeling pressure to hit a predefined target 

(Sweller, 2016). 



 3. Cognitive Load Theory 

 17 

3.3.2 Adapting Extrinsic Cognitive Load  

As noted before, it is not only the amount of information that is presented which affects cognitive 

load but also how it is presented. Two main decisions which influence the extrinsic cognitive 

load are how information is presented, and the support that is offered when working through 

problems. 

 

Presenting information in the most effective manner: 

When presenting new information to students, it is important to remove all unnecessary and 

irrelevant extra information. For example, if the information is presented by two sources, but the 

sources contain the same information (the redundancy effect), it is best to remove one of the 

sources of information. By removing sources with identical information, the cognitive load is 

reduced, as less information clamours for the student’s attention (Sweller, 2016; Mason et al., 

2016).  

 

Beyond removing redundant information, it is important to as much as possible retain one clear 

overview of the information which needs to be learned. If related elements of information are 

presented in two different locations, an individual will have to mentally integrate the information 

before he or she would understand it. This means the individual is using a portion of his or her 

cognitive load on mentally integrating the information, which means it is not available for 

learning (the split-attention effect). Mental integration can be removed by integrating the 

different sources of information (Sweller, 2016; Mason et al., 2016). The individual can focus 

more cognitive load on making schemas and learning new information (Sweller, 2016; Mason et 

al., 2016). 

 

Technology has given educators new methods to present information in a more coordinated 

manner. However, technology is not a panacea. If not used carefully, it can hinder the learning 

activity of students. For example, by changing complex written information into spoken 

information could drastically increase the cognitive load (Sweller, 2016). This phenomenon that 

cognitive load differs depending on the means of presentation is also known as the transient 

information effect. It is therefore important to measure the effects of different technology types 

before implementing them.  

 

At times it is not feasible or practical to fully integrate multiple sources of information. One 

solution to maximise the use of the working memory in this situation is to present information 

using multiple sensors. For example, instead of presenting two sources of information in text, it 

could prove beneficial to present one source of information in text whilst presenting the other 

source of information via auditory processors. Using different sensors can expand the working 

memory (Sweller, 2016). However, it is not always beneficial to divide the sources of information 

across different sensors. Furthermore, if the information is integrated, but is presented in two 

different formats, for example, audio and visual, a portion of the students' cognitive load will be 

occupied to ensure that the two sources of information remain coordinated (Mason et al., 2016).  
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Offering the right support: 

Beyond the presentation of new information, how information is processed also influence the 

use of cognitive load. With very new information cognitive load can be reduced by allowing 

students to work together in groups (collective working memory effect). Students that work 

together can theoretically gain a collective working memory – supporting each other by 

contributing different pieces of knowledge that they have retained to solve problems. (Sweller, 

2016). 

 

Whilst novice students learn better with explicit guidance, more skilled students need less 

guidance (guidance fading effect). Burdening a more experienced individual with too much 

guidance will interfere with the effectiveness of their learning activities.  

 

It is therefore important to tailor the guidance and support for students so that their knowledge 

decreases with the increase in expertise – as they start using schemas in line with the following 

the environmental organizing and linking principle (see section 2.2.2 above). By decreasing the 

guidance, an individual will not be presented with redundant information, therefore lowering the 

amount of information he or she must process.  

3.3.2 Influencing the Germane Cognitive Load  

Of the three types of cognitive load, the germane cognitive load is least susceptible to external 

influence. It simply takes time for a person to relate newly learned information to older in the 

memory schemas. However, it is important to recognize that germane cognitive load takes time, 

and to leave room for this cognitive process to do its work. Given the Narrow limits of change 

(see section 2.2.4 above), it is important to not teach too much information at once. One 

technique for which there is some proof that it allows learned information to enter the long-term 

memory quicker is the ‘imagination effect’, whereby time is taken in a classroom for students to 

mentally rehearse the learned information and actively find connections with other knowledge 

they already have (Sweller, 2016).  
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4. Cognitive Load Theory and Educational 

Institutions 

In the past half-century, universities have sought to satisfy a growing economic demand for 

individuals with modelling skills by offering students information modelling classes. However, 

they have not necessarily done so with the perspective of the student in mind. 

4.1 Bloom’s Taxonomy 

First published in 1956, and revised in 2001, Bloom’s Taxonomy is a framework for educational 

institutes to develop learning modules. The framework can be used to determine what students 

will learn and what knowledge or skills they should be able to produce (Krathwohl, 2002). 

 

Bloom’s taxonomy consists of six different cognitive levels: Remembering, Understanding, 

Applying, Analysing, Evaluating, and Creating (Forehand, 2010; Churches, 2008; Adams, 

2015). These steps are hierarchical, whereby a student must first be able to describe and 

interpret a skill before it can be applied. While a student cannot skip ahead a step, he or she 

can return to previous steps to learn more information (Forehand, 2010).  

 

 
Figure 4: Cognitive levels of thinking according to Bloom's Taxonomy (Churches, 2008) 

 

Examples of what activities student can perform at each level are shown in Figure 5 below. 

Following Bloom’s Taxonomy, a student must not be asked to analyse information before he or 

she has been offered enough time to remember and understand new knowledge. Furthermore, 
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as universities deal with a strict time constraint, it is imperative to create a module where 

students are given the most efficient learning activities.  

 

 
Figure 5: Verbs that show at what level a student’s knowledge is (Churches, 2008) 

 

 

4.2 Applying Bloom’s Taxonomy to Information Modelling  

To successfully model information systems, it is not enough for students to remember, 

understand, analyse or even evaluate the information they learn in a modelling class. Students 

need to reach the pinnacle of Bloom’s Taxonomy; they need to create new models with the 

modelling language(s) they have learned. 

 



 4. Cognitive Load Theory and Educational Institutions 

 21 

A model is a simplified view of a system or reality, graphically showing the complexity of reality 

through abstraction (Robinson, Arbez, Birta, Tolk & Wagner, 2015; Wand & Weber, 2002; 

Rodrigues da Silva, 2015; Noran, 2000). Pinggera et al. (2013) describe the creation of a model 

in three consecutive phases: a comprehension phase, a modelling phase, and a reconciliation 

phase. During the comprehension phase, a modeller creates a mental representation of the 

problem or system and develops a mental solution. Knowing the problem and solution, the 

modeller utilizes his knowledge of a modelling language to model a solution. Having created a 

draft, the modeller makes the model more understandable, for example by adding or changing 

labels, in the reconciliation phase. Each system can be modelled in several ways and each 

modeller can go through the phases differently (cf. Figure 6 below), the important observation is 

that modelling is an inherently creative process that assumes mastery of modelling languages 

before it can be successfully executed. 

 

 

 

 

Because of the complexity of modelling languages, and the pressure on students and 

universities to deliver results, information systems modules risk exposing students to cognitive 

overload.  

 

Cognitive overload decreases the effectiveness of student learning activities and can impact 

their study results or even their self-confidence. In contrast, effective management of student 

cognitive load might in theory even help increase the grades and number of successful 

graduates of modelling systems classes – helping students, universities and businesses alike.  

  

Figure 6: Two modellers modelling in different phases (Pinggera et al., 2013) 
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5. From Theory to Practice: A Case Study 

However, does this theory also pan out in practice? This can only be discovered by running a 

case study.  

5.1 Utrecht University module Information Systems 

Utrecht University offers the module Information Systems (Informatiesystemen), which is 

mandatory for first-year bachelor’s students specialising in Information Sciences 

(Informatiekunde). The module focuses on how to analyse and model information flows, and 

how to specify and implement a process-aware information system. In total, around 200 

students take the class every year.  

An ability to understand and create models is an essential part of information systems 

development (Wand, Monarchi, Parsons, & Woo, 1995). During the Bachelor Information 

Sciences, students are taught several modelling languages. These languages each have 

different notations, rules, strengths and weaknesses. Appendix A shows five commonly used 

languages and a comparison between them. In the course Information Systems, students are 

taught the modelling languages BPMN and Petri Nets. A thorough explanation of these 

languages can be found in appendices A and D. While students have been taught BPMN in 

earlier modules, they will, in general, have no prior knowledge of Petri Nets. 

Information Systems classes take place three days a week during the last 10-week period of 

every UU academic year. Each week contains three different sections:  

1. Lectures 

2. Project development 

3. Modelling Sessions 

 

During lectures, the lecturer presents the theoretical background of the modelling languages 

BPMN and Petri Nets as well as other information deemed important for the subject matter at 

hand. Lectures are conducted with the entire class present. Project development emphasises 

group work. It is a timeslot where students work together on a prescribed problem for which they 

have to develop a solution.  

 

The modelling sessions offer time to put into practice the information taught during lectures 

earlier in the week. All students are divided into groups and scheduled for a session. Each 

modelling session consists of two problems. Students are given 25 minutes to module a solution 

to each problem, followed by 5 minutes to individually reflect on each model by using 

predetermined questions and finally, after reflection, a 15-minute group discussion. A typical 

question that might be asked during the modelling sessions goes as follows: 
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 “A group of frogs jump from a bridge into a pond. They swim to one of two sides and 

return to the bridge to jump again. A princess looking for true love picks up every third 

frog on the bridge, kisses the frog, and then returns the frog onto the bridge.  

Imagine the group consists of five frogs. What happens to your model? How does your 

model change if the group has two or four frogs? Is it possible that each frog can be 

kissed at least once by the princess?” (Utrecht University, z.d.) 

 

The material and the set-up of the Information Systems module have been developed with 

Bloom’s Taxonomy in mind but without regard to student cognitive (over)load.  

5.2 Problem Description 

From a cognitive load perspective, the course set-up still looks far from perfect. For example, 

students are currently asked to answer questions using discovery-based problem-solving 

techniques from the very start of every session. As described in section 3.3.1 above, discovery-

based problem-solving techniques are not the most effective means to learn new modelling 

languages – especially as a beginner. Furthermore, the lecture slides and modelling questions 

have not been integrated into a single information framework. As a result, students practising 

modelling languages need to integrate two separate sources of information (problem description 

and lecture slide), causing unnecessary extra cognitive load (cf. section 3.3.2 above). Lastly, 

students are immediately asked to focus on achieving specific modelling outcomes – instead of 

focusing on performing the right steps to make a coherent model. This goal-focused effect 

unnecessarily increases the intrinsic cognitive load following the goal-free effect (cf. section 

3.1.1 above). 

5.3 Hypothesis 

How might cognitive load theory be used to optimize the learning process of students studying 

the module Information Systems at Utrecht University? Based on the above description, we can 

hypothesize that the learning process of students studying Information Systems can be 

improved by reworking the class set-up to incorporate insights from cognitive load theory. Two 

hypotheses have been created, shown in Table 1. 

 

 
Table 1: Hypotheses 

H0 The Utrecht University Information Systems module is efficiently set up to avoid 

cognitive overload 

 

H1 By restructuring the Information Systems module, cognitive load can be reduced and 

the learning process of students studying Information Systems can be improved 
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5.4 Method 

In practice, it is very difficult indeed to measure changes in cognitive load. First, as discussed in 

chapters 2 and 3, the exact intrinsic cognitive load of any given problem is not objective but 

subjective: it differs depending on the long-term memory schemas at the disposal of a student. 

A more experienced student will experience less cognitive load than a true beginner in any 

subject. The most effective way to – as much as possible – prevent measurement impairment 

because of different knowledge bases, is to make sure that individuals start a course with the 

same level of background knowledge (Sweller, 1994). Second, while methods exist to measure 

the total cognitive load, it has proven impossible to measure intrinsic, extrinsic and germane 

load separately (Paas et al., 2003).  

 

That said, the measures of cognitive load that do exist can indicate if a student is being 

challenged at an optimal level. 

5.4.1 Measuring Cognitive Load. 

Three main ways of measuring cognitive load exist. 

 

First, cognitive load can be measured through the use of questionnaires which ask participants 

about their perceived level of mental effort, fatigue and/or frustration. However, these 

questionnaires – also known as subjective rating scales of cognitive load – are very subjective 

representations of cognitive load that do not necessarily reflect actual student learning progress 

(De Jong, 2010).  

 

Second, recent scientific advances have led to attempts to create more objective physiological 

measures of cognitive load. These techniques measure heart activity, brain activity and track 

eye activity while solving problems. The idea is that physiological aspects change and can be 

measured depending on cognitive load. Physiological measures are not yet fully developed and 

remain inconsistent for now, but they show potential to become a more reliable method of 

measuring cognitive load in the future (Leppink et al., 2015) 

 

A third method is to measure cognitive load indirectly. Among the approaches that follow this 

track, two stand out. First are simple indirect measures of cognitive load which compare test 

results after performing certain exercises to test results before these exercises were performed. 

This type of measurement can take on various guises. For example, it is possible to indirectly 

measure cognitive load by evaluating the speed at which students complete exercises and then 

improve on their test scores (Leppink et al., 2015). A different approach is to baseline cognitive 

load by including a secondary task to any primary exercise a person is performing. By 

introducing a secondary task, an individual would have to spend a portion of his or her cognitive 

load on performing said task. If the primary task takes less load to perform then there is more 

room to perform the secondary task (Leppink et al., 2015; De Jong, 2010). By introducing the 

same secondary task to different problems, researchers can theoretically measure the relative 

cognitive load which different primary tasks cost. 
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While there are therefore different methods of measuring cognitive load, they all fall prey to 

several flaws. First, as discussed before, it is currently impossible to measure individual 

cognitive load levels. It is only possible to measure the total cognitive load of an individual (Paas 

et al., 2003). Second, most methods are performed after a task has been completed, which may 

be less precise than measurements taken while performing the task (De Jong, 2010). Third, 

while performing tasks, individuals are confronted with several variables which are near-

impossible to control – even in an experimental environment. For example, people’s cognitive 

load can be affected by their emotions (Fraser et al., 2012), their individual characteristics 

(Chen, Pedersen, & Murphy, 2011), their motivation, their environment (Choi, van Merriënboer, 

& Paas, 2014), and secondary skills like writing or typing (Tarafdar, Pullins, & Ragu-Nathan, 

2014). 

 

In addition, not all mentioned measuring methods are equally suitable to apply in an educational 

setting. Given a real-life class setting, it would be unethical to purposely hinder students in their 

learning. Yet by introducing secondary tasks for students to perform while studying would 

purposely distract them from learning their primary studies by spending a portion of their 

attention (cognitive load) on conducting an unrelated secondary task. Likewise, physiological 

measures would require equipment that could prove costly to acquire and distracting in a 

classroom setting – potentially impacting the real-life study outcomes of students in a negative 

manner. 

 

In contrast to secondary tasks or physiological measurements, subjective rating scales 

(questionnaires) and indirect measurements are much less likely to unduly impact student ability 

to learn in a classroom setting. Both measurements are easily scalable, relatively cheap to 

conduct, and could offer reasonably reliable results about student cognitive load. When 

comparing these two, indirect measurements are less dependent on voluntary student 

participation and require less manual processing of information than questionnaires, while 

questionnaires offer an opportunity to gain more detailed experiment than is possible with 

indirect measurements. 

 

Within the scope of this research and the university setting to which it applies, indirect 

measurements seem like the most promising avenue to inquire if and how cognitive load theory 

might be used to optimize the learning process of students studying information technology. 

Several indicators might be used to analyse student improvement, but the most straightforward 

among these is an analysis of the percentage of students that pass the course, and/or the 

average grade by which students pass the class. In such an experiment, the application of 

cognitive load interventions (as described in section 3.3) acts as an independent variable, 

affecting the dependent variable, i.e. grades of students.  

 

Student grades are well-suited to act as dependent variable give that they should offer a rough 

reflection of their competence of the subject matter in any given subject. To fail a class means 

to not have shown a minimum required grasp of the material which has been taught. To pass a 

class with high marks indicates that the student has shown great proficiency in the subject 
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matter at hand. In general, if the grade average structurally improves this can indicate that 

students have obtained a better grasp of the knowledge that has been taught. 

 

5.4.2 Controlling for extraneous variables: 

Of course, class grades are affected by much more than just the style and means of instruction. 

Several precautions should therefore be taken to control for as many extraneous variables as 

possible.  

 

As noted in section 3.1.1, the exact intrinsic cognitive load caused by any given problem is not 

objective but subjective: it differs depending on the long-term memory schemas at the disposal 

of a student. As a result, it is incredibly difficult to measure the intrinsic cognitive load unless we 

ensure that the case study subjects start a class with the same level of background knowledge 

(Sweller, 1994). 

As noted in section 5.1, the module Information Systems involves lectures on two 

programming languages: BPMN and Petri Nets. However, students have been taught 

BPMN in earlier modules, they will, in general, have no prior knowledge of Petri Nets. To 

measure cognitive load accurately, this case study should therefore focus on the progress made 

with the modelling language ‘Petri Nets’.  

Furthermore, as noted in section 4.2, in order to successfully model information systems, it is 

not enough for students to remember, understand, analyse or even evaluate the information 

they learn in a modelling class. Students need to reach the pinnacle of Bloom’s Taxonomy; they 

need to create new models with the modelling language(s) they have learned. To do so, 

students need to put into practice what they have been taught and show mastery of their 

subject. Based on the description of cognitive load optimization in section 3.3, hands-on practice 

sessions offer significantly more opportunities and intervention possibilities than plain lectures. 

These two observations support a special focus on the module’s modelling sessions (see 

section 5.1).  

Even if we focus our attention specifically on the modelling sessions that teach the modelling 

language Petri Nets, a series of extraneous variables relate specifically to the students that 

attend the module. Examples include class size, the course set-up, schedule, means of 

instruction and instructor. Many of these variables can be controlled for by creating a control 

group which teaches the module in the same way that it has always been taught, and a 

research group that is taught the module set-up using the insights of cognitive load theory. 

These two groups should be of identical class size, can attend the same class lectures and 

group projects but would follow separate modelling sessions each week.  

In order to ethically populate the control group and research group, students starting the course 

should be made aware of the experiment and while they should in principle be randomly 
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assigned to either group, any person with a significant preference for one group or the other 

should be catered in their wishes. 

While the use of control groups and random assignment of students to either the control or the 

research group will help control for many extraneous variables, there remains a risk that either 

the control group or the research group is above- or below-averagely talented or motivated or 

otherwise not average. Likewise, if two modelling sessions are not taught by the same instructor 

or student assistant differences in teaching styles may affect class outcome. If the experiment 

were only performed once, such a hidden discrepancy could skew its results. Possible 

anomalies can, however, be controlled for by running the same experiment for several years 

keeping its parameters (means of group assignment, group sizes, instruction manual, etc.) the 

same every year. 

Within these parameters, we might assume that any results which show a structurally significant 

difference in the grade average between the research and the control group is the result of the 

cognitive load intervention performed during the experiment. 

5.4.3 Experimental Set-Up 

How would we apply this experiment to the UU module Information Systems? Figure 7 offers a 

schematic overview of an experiment which can test how cognitive load theory might optimize 

the learning process of students studying information technology. Note that this experimental 

set-up and its results have not been applied in practice yet. 
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Figure 7: Process of Entire Experiment 

 

Before the start of the module Information Systems, the module coordinator will develop a 

lesson program for the control group (i.e. lectures and exercises). Barring major program 

changes, this lesson program can be largely recycled from the module taught in the previous 

year.  

 

The module coordinator and the research team then take control group program and help to 

redevelop it in line with cognitive load theory (cf. section 3.3). Examples of how this might be 

done include:  

1) Present a summary of the lectures and the modelling session problems in one single hand-

out. By integrating the modelling problems with the class lectures, the need to mentally 

integrate information from different sources is negated (split-attention effect). As a result, 

there is no longer any need to apply cognitive load to remember and mentally integrate 

separate sources of information. 

2) Tailor the exercises students need to make during the modelling sessions. Large exercises 

can be sub-divided and only gradually be made more complex to help students first grasp 

smaller schemas and only then integrate these into larger schemas. This could be done by 

presenting small chunks of information and exercises with multiple small goals. (cf. isolated 

elements effect and sub-goals effect) Students must not have to rely on discovery-based 

problem-solving, as this costs a lot of cognitive load. As shown in Figure 8 below, it is 

therefore important that students are presented the right exercises for their knowledge level. 
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When a student has a schema level of 0, he or she should be confronted with a level 1 

problem difficulty, so that the student can make a level 1 schema. It is less effective for a 

student with a schema level of 0 to face exercises of problem difficulty 2, as he or she lacks 

the schemas to effectively deal with the exercise. This would force the student to rely on 

discovery-based problem-solving which will drastically increase their cognitive load. If 

instead, the student is presented with the correct exercise difficulty in relation with their 

schema level, the students will effectively create more in-depth schemas. To achieve this, 

students might first be offered fully worked examples, which require less discovery to solve 

the problem. Later on, to make sure that they remain engaged and challenged (i.e. prevent 

the expertise reversal effect), they should be given partially completed exercises. Once 

students have enough expertise to easily complete partially completed exercises, they can 

finally be asked to solve full problem exercises. Together, these adjustments should lead to 

a different program for the research group than for the control group. 

 

These two types of interventions seem most suitable for this experiment because they do not 

radically change the structure of the class but do apply a significant number of cognitive load 

theory: one single location of information (split-attention effect), using smaller goals during 

exercises (sub-goal effect; isolated elements effect), and strategically combining exercises of 

different difficulty at different stages of the learning process (worked example, Problem 

completion, and the expertise reversal effect).  

 

 
Figure 8: Problem difficulty adjusted to schema level 

 

At the start of the module’s first lecture, the researcher explains the experiment to all students 

and offers them the opportunity to express a strong preference for the control or research group. 

Two groups of identical size are created for the modelling sessions. All students attend the 

same class lectures and are randomly assigned to group projects, but they follow separate 

modelling sessions each week. 

 

During the first modelling session, students have not practised with any exercises. Students will 

be presented with two types of information. If the students are part of the control group, they will 

follow the same structure that is currently used. Students are given 25 minutes to solve the 

exercise, 5 minutes to answer questions about the exercise, and 15 minutes to discuss the 
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answers as a group. This process is done twice before ending the session. The test group will 

be presented with different exercises and they will be given handouts First, the students will 

face worked examples, where they will be given 15 minutes to analyse the model. Hereafter, 

students are faced with partially completed exercises, where they are given 20 minutes to 

complete the exercise. Then students are faced with two extra full problem exercises, where 

they are given 20 minutes for each exercise. Hereafter, students will discuss their results as a 

group. This is shown in Figure 9. 

 

 
Figure 9: Proposed first modelling session of the module 

 

During the following weeks, excluding the exam weeks, students remain in their experimental 

group. After the first modelling session and halfway through the course, the research team and 

coordinator discuss the learning experience and if any changes need to be made to the 

experiment. These moments are chosen with reason.  Discussion after the first week offers an 

opportunity to adjust to any unforeseen challenges to the experiment. The discussion halfway 

through the module offers more in-depth feedback as well as the first statistics in the mid-term 

exam performance. 

 

Alongside the final exam, the researcher will hand out a questionnaire to the students. The 

students will be asked for their cooperation in filling in this questionnaire after the exam. This 

questionnaire asks what students thought of the sessions.  

 

Two weeks after the final exam, students will have received their grade. The research team and 

the coordinator collaborate anonymise the grades and statistically analyse them. 

5.5 Results 

What might be the results of this experiment? As noted, the experiment has not yet been run. 

However, the hypothesis of this experiment – (cf. section 5.3) would be confirmed if the 

experiment offered the following results:  

• Significantly more students in the research group than in the control group pass the 

module. 
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• Students in the research group attain statistically significant higher grades than students 

in the control group 

5.6 Further Work 

The main experiment described above combines many different advised interventions to prove 

that cognitive load theory can help students more quickly and effectively learn Information 

Systems modelling languages. However, it is also important to single out each intervention and 

know its contribution to any effect. As with the main experiment, the effects of these 

interventions can be measured indirectly (student grades, percentage of students that pass) or 

with subjective rating scales. However, in order to test each of these interventions individually 

during a single module, the class would have to be split into five groups (one for each 

intervention and one control group). Assuming all 200 students participate in the experiment, 

five groups of 40 students could be created. This does assume that all students are willing to 

participate in the experimentation. 

 

Figures 10, 11, and 12 show the setup of the experiment of three specific types of individual 

interventions. The control group stays the same for each experiment. In Figure 10, the 

difference between the control group and the research group is that the latter receive a clear 

overview of information located in one place. In Figures 11 and 12, the research group are given 

smaller, more tailored questions than the control group. These problems are smaller, therefore 

decreasing the likelihood of student cognitive overload.   

  

 

 
Figure 10: Proposed structure for experiment on split-attention effect 
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Figure 11: Proposed structure for experiment on sub-goals effect 

 

 

 

 
Figure 12: Proposed structure for experiment on isolated elements effect 
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6. Conclusion 

This thesis sought to investigate how cognitive load theory might be used to optimize the 

learning process of students studying information technology. It does so by investigating the risk 

of cognitive overload in the module Information Systems, offered to first-year bachelor students 

Information Sciences at Utrecht University (UU). The module Information Systems aims to teach 

students about the modelling language Petri Nets. To assist students in their learning, they are 

obliged to not only attend classic lectures but to also participate in practice sessions (also called 

modelling sessions).  

 

A literature review on Cognitive Load Theory indicated that simple changes in the manner by 

which information is taught can help prevent student cognitive overload and help students better 

grasp more of the information they are being taught in the module Information Systems. By 

implementing a combination of worked examples, problem-completion examples, and full 

problems, students could use cognitive load more efficiently – resulting in an improved rate of 

learning.  

 

To test if this theory also works in practice, a case study was devised around the Utrecht 

University module Information Systems. This case study focused on proving the hypothesis: By 

restructuring the Information Systems module, cognitive load can be reduced and the learning 

process of students studying Information Systems can be improved. 

 

The results of this thesis are particularly relevant for coordinators of university modules who 

seek to efficiently transfer knowledge to a group of students. However, while the proposed 

interventions theoretically help students grasp and retain the information they learn more 

effectively, it is necessary to also corroborate these findings with experimental evidence. 

Unfortunately, a real-life experiment could not take place in the course of writing this thesis 

because of scheduling issues.   

 

To acquire the necessary empirical proof, the described experiment might be run during the 

Information Systems module in 2019-2020 – and repeating it in later years. By repeating the 

data, the coordinator could get a nuanced data set which also controls for intangible factors like 

IQ, student motivation, etc. In addition, further research might be done to determine the total 

effect of each proposed intervention, as students are affected by multiple variables that could 

impede their learning abilities.  

 

Taken together, Cognitive Load Theory can act as a tool which can help universities more 

predictably satisfy a growing economic demand for individuals with modelling skills while at the 

same time keeping the perspective, limits and needs of students in mind. 
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Appendix A – Modelling Languages 

There is a copious amount of modelling languages created to model business processes. 

According to Pereira & Silva (2016), the five most prominent business process modelling 

languages are Business Process Model and Notation, Event-driven Process Chain, Unified 

Modelling Language - Activity Diagram, Integration DEFinition, and Role Activity Diagram. 

These languages will be briefly discussed in this section. As BPMN and UML-AD are the most 

used languages, they will be discussed using examples.  Hereafter the languages will be 

compared. Note that this thesis is by no means an in-depth review of these modelling 

languages. For more in-depth information regarding each modelling language, refer to the 

designated sources. 

 

A.1 Business Process Model and Notation 

Business Process Model and Notation, also known as BPMN, is a graphical notation that is a 

widely used standard for modelling business processes (Dumas, Rosa, Mendling, & Reijers, 

2013; Mili et al., 2010). The main goal of BPMN is to provide a notation that is understandable 

for all business users (Mili et al., 2010; White, 2004). BPMN was updated in 2011 and is 

currently in version 2.0 (Dumas et al., 2013). The notation contains over 100 different symbols, 

but users can create in-depth models with just a handful of symbols (Dumas et al., 2013). These 

symbols are shown in a Business Process Diagram, or BPD (White, 2004). 

According to White (2004), there are four basic categories of elements, these being Flow 

Objects, Connecting Objects, Swimlanes, and Artifacts. These categories will be described 

below.     

 

A.1.1 Flow Objects 

The Flow Objects consists of three different elements, these being Events, Activities, and 

Gateways. Events are notated as circles, indicating that something has occurred during the 

business process.  

 

Events can be seen in three versions, where a start event is shown as a clear circle, an 

intermediate event is shown as a circle within another circle, and an end event, where the circle 

has a dark outline (Dumas et al., 2013; White, 2004), This is also shown in Figure 13.  

 
Figure 13: Different Types of events (White, 2004) 

  

Activities represent something a company does. Activities are notated as round-corner 

rectangles (Dumas et al., 2013; White, 2004). These activities can either be a task or a sub-

process, where a task is an independent activity, and a sub-process represents a smaller group 

of elements. A sub-process is represented as a round-corner rectangle with a plus sign in its 

centre. Figure 14 shows an activity (White, 2004). 
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Figure 14: An Activity (White, 2004) 

 

Lastly, gateways are used to determine the flow of the process. For example, if a process splits 

into two flows, representing a simultaneously conducted action, a gateway is used. Gateways 

are also used for decision making. For example, if a process can only go one of several ways or 

multiple flows are needed to combine before the process can continue. The gateway can either 

contain a plus sign or an X-sign. A gateway is depicted as a diamond, shown in Figure 15 

(White, 2004). 

 

 
Figure 15: A gateway (White, 2004) 

 

A.1.2 Connecting Objects 

A business process model cannot be made by only using Flow Objects, as the relations 

between these objects are currently unclear. Connecting Objects are used to create the 

relations between these objects. Like the Flow Objects, there are three connecting objects, 

being Sequence Flow, Message Flow, and Association.   

 

As the name suggests, a sequence flow shows the sequence of the diagram. The flow is 

depicted with a solid line and a solid arrowhead (Dumas et al., 2013; White, 2004). Like the 

sequence flows, the name message flow depicts the function of the flow. Depicted by a dashed 

line with an open arrowhead, message flows show the flow of messages between two parties or 

participants within a diagram.  

 

Lastly, associations. Depicted by a dotted line with a line arrowhead, an association is “used to 

associate data, text, and other Artifacts with flow objects.” (White, 2004, p.3). These flows are 

shown in Figure 16. 

 

 
Figure 16: Different types of flow. From left to right: Sequence Flow, Message Flow, and Association (White, 2004) 

 

A.1.3 Swimlanes 

By using Flow Objects and Connecting Objects a modeller can create a high-quality BPMN 

model. However, in some cases a model becomes exceptionally large, containing multiple 
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participants. This would cause confusion, something BPMN was designed not to create. 

Swimlanes were created to prevent this type of confusion. There are two different objects within 

a swimlane, called Pool and one or multiple Lanes.  

 A pool is depicted as a large rectangle, wherein the elements of the diagram are shown. 

A Pool represents a participant in the diagram. Therefore, it is possible to have several pools in 

one diagram. A Lane is a small part of a pool and is used to “organize and categorize activities” 

(White, 2004, pp.4). The notation is shown in Figure 17. 

 
Figure 17: Pools and Lanes (White, 2004) 

 

A.1.4 Artifacts 

The last category of elements is Artifacts. Currently, Artifacts come in three versions, being Data 

Objects, Groups or Annotations. These can be added to add context for the reader of the 

diagram.  

 A Data Object is an Artifact that shows what a process consumes or produces to work. 

For example, during software engineering, requirements are collected to create a complete 

program for the stakeholder. A by-product of the requirements phase is a document of 

requirements description. This by-product can be added in a diagram to enhance the context for 

the reader. Data Objects are connected to activities via associations (White, 2004). 

 A Group is only used to enhance the readability and understandability of diagrams. As 

the name suggests, a Group connects different elements. However, a Group function does not 

alter the sequence flow, it only functions to enhance the understandability of the reader (White, 

2004). 

 Lastly, Annotations. These are used by the modeller to give extra context for the reader 

via text. Annotations are connected to other elements via associations (White, 2004). 

 

A.1.5 Example 

As Dumas et al. (2013) state “A basic BPMN model includes simple activities, events, gateways, 

data objects, pools, and lanes.” (Dumas et al., 2013, p.109) A modeller can make all forms of 

models, all varying in depth and complexity. For example, an order processing process can be 

modelled in several methods.  A simplified diagram could contain a few elements, as shown in 

Figure 18.  
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Figure 18: A simplified order processing diagram (Dumas et al., 2013) 

 

However, it is also possible to model the same process in a more in-depth manner, as shown in 

Figure 19.  

 

 
Figure 19: An elaborated order processing diagram (Dumas et al., 2013) 

This diagram already shows more complexity, but a modeller can choose to elaborate even 

further. An example is shown in Figure 20. 

 

 
Figure 20: An in-depth, elaborated order processing diagram (Dumas et al., 2013) 
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As the figures show, BPMN models can become quite complex rather quickly. Depending on the 

process being modelled and the goal of the modeller, BPMN models can be used to present a 

wide variety of complex models.  

 

A.2 Event-driven Process Chain 

Another business process modelling language is the Event Process Chains language (EPC). 

Developed by researchers at the University of Saarland and SAP, the EPC is used to “describe 

business processes at the informal business level, and are meant to support business users 

rather than formal manipulation.” (Mili et al., 2010, p.20). An EPC model consists of business 

functions, which are triggered by a sequence of events (Nüttgens, Feld, & Zimmermann, 1998). 

The three components of EPC are 1) an event, 2) a function, and 3) a connector (Mili et al., 

2010). These components have some restrictions, as an event can have a maximum of one 

inbound and one outbound arc, or flow. A function can have exactly one inbound arc and one 

outbound arc. Connectors are less restricted, as these can have either multiple inbound arcs 

and one outbound arc, or one inbound arc and multiple outbound arc (Mili et al., 2010). These 

connectors can be an ‘and’, ‘or’ or ‘exclusive or’. This gives an EPC the possibility to illustrate 

complex business systems (Nüttgens et al., 1998). 

 

Researchers have tried to translate EPCs into Petri Nets and use the high-quality analysis of the 

Petri Net. However, EPCs use ambiguous semantics, which makes it too difficult to translate to 

Petri Nets (Mili et al., 2010). Whilst EPCs are less rich compared to RADs and Petri Nets, they 

are widely used in commercial products (Mili et al., 2010). 

 

A.3 Unified Modelling Language - Activity Diagram 

Like BPMN, UML-AD, short for Unified Modelling Language - Activity Diagrams, can be used to 

model processes. The main unit of Activity Diagrams is the element of Action, which can modify 

the state of the system. Within the language of UML, there are more than 40 unique action 

types (Russel, Van der Aalst, Ter Hofstede, & Wohed, 2006). These action types are specific to 

certain situations, and generally, just a few types are used. Like BPMN, an Activity Diagram 

consists of nodes, activities, and arcs. An example of a UML Activity Diagram is shown in Figure 

21. The diagram is split into three sections using swimlanes, each lane representing a 

participant. Starting with the initial node, represented with a black circle, the diagram describes 

actions taken with action nodes, represented with rectangles. These are connected by arcs. 

Gateways are shown in the middle lane, where the process can split into two ways. The flow of 

the process can be controlled with these gateways. Eventually, the process reaches its end, 

represented with a partially filled-in circle, called the final node. 
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Figure 21: Example of UML-AD describing Purchase Ticket use case behaviour (“Ticket vending machine UML 

activity diagram example describing behavior of the Purchase Ticket use case.”, 2014) 
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The elements used in UML-AD are very similar to the elements used in BPMN. A comparison is 

shown in Figure 22 in Appendix C. However, UML contains more elements that can describe 

certain situations. These are described with Workflow control patterns (Russel et al., 2006). 

There are at least 20 workflow control patterns that can be used to describe situations; however, 

these are not within the scope of this paper. For more information, see (Russel et al., 2006) and 

(Geambaşu, 2012). 

 

A.4 Integration DEFinition Family 

One of the largest modelling families is the IDEF family. The IDEF family was created to 

address the needs of the system design and analysis domain. During the 1970s, The American 

Air Force Integrated Computer-Aided Manufacturing (ICAM) program designed the IDEF family 

to address these needs (Mili et al., 2010; Noran, 2000). Since its integration, the IDEF have 

become widespread in use for information system analysis and design, as the models were 

easy to understand by the business clients (Shen, Wall, Zaremba, Chen, & Browne, 2004). 

 

IDEF originally consisted of three methods, namely the IDEF0, designed for functional 

modelling; IDEF1, designed for information modelling; and IDEF 2, designed for dynamic 

modelling (Mili et al., 2010; Noran, 2000). Later the methods IDEF 3, designed to address the 

shortcomings of IDEF2, therefore providing more; IDEF 4, designed as an object-oriented 

software design method; and IDEF 5, a “knowledge acquisition and engineering method aiming 

to support enterprise ontologies” (Noran, 2000, p.19) were created (Mili et al., 2010; Nüttgens et 

al., 1998). IDEF0, IDEF 1, and IDEF3 will be discussed in more detail.  

 

IDEF0 

As stated above, the IDEF0 method is used to create functional models (Mili et al., 2010; Shen 

et al., 2004; Noran, 2000). As Mili et al. (2010) state: “An IDEF0 model describes what a system 

does—its function—what controls it, what are its inputs, its outputs, and which services or other 

functions it needs to perform its function.” (Mili et al., 2010, p.13). It contains just two graphical 

notations, being the activity box and interface arrow (Shen et al., 2004). The models are 

described precisely due to strict syntactical and semantic rules. However, due to its lack of 

graphical notation, the IDEF0 models can only describe the functions and the connection 

between them. Other information, such as logical or sequential relations cannot be described 

with the models (Shen et al., 2004). An important limitation of the IDEF0 is that the model shows 

the activation of activities and not the sequences of flow. This shows the abstraction of time, as 

it is unknown how long a process takes place using only an IDEF0 model (Noran, 2000). 

 

IDEF1/IDEF1x 

IDEF1 is a modelling method based on the Entity-Relationship approach and the relation model 

(Mili et al., 2010), where the intent was to define the information about the objects within a 

business (Noran, 2000). It is imperative to realize that IDEF1 is not a method to design 

databases. The IDEF1 method can be used by a business to understand what information it is 

dealing with (Noran, 2000). It does this in three ways. First, IDEF1 can be used to “identify what 

information is available in the organization” (Noran, 2000, p.20). Second, it can be used to find 
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lacking information management, which has been causing problems for the company. Lastly, it 

can be used to “specify information that needs to be managed in the 'to-be' CIM 

implementation” (Noran, 2000, p.20).  IDEF1 mostly uses three concepts, these being: 1) an 

entity, also known as an information image; 2) relations, which are the associations between 

entities; 3) entity and relations classes, which are templates for both the entity and relations 

(Noran, 2000). 

 

Whilst IDEF1 should not be used to create databases, the method IDEF1x should. IDEF1x is 

designed to support data modelling and create databases (Mili et al., 2010; Noran, 2000). The 

method also contains three concepts, these being 1) an entity, 2) an attribute, and 3) a 

classification structure. To use the IDEF1x model most effectively, it should be used after the 

information requirements have been defined and the decision to use a relational model was 

made (Noran, 2000). 

 

IDEF3 

IDEF3 is a method designed to describe the dynamic environment of businesses (Mili et al., 

2010). As Shen et al., (2004) states: “IDEF3 is a process description capturing method whose 

primary goal is to provide a structured method by which a domain expert can describe a 

situation as an ordered sequence of events, as well as describe any participating objects.” 

(Shen et al., (2004, p.5). When a developer uses IDEF3, he can choose between two 

description modes, these being the process flow and object state transition network (OSTN). 

The process flow is widely used most (Shen et al., 2004, Noran, 2000). The process flow can 

show activities, described by Unit of Work/Behaviour, it can show temporal precedence, object 

flow, and relations, and it can implement logic, by using junctions such as “and”, “or”, and 

“exclusive or” (Shen et al., 2004). The OSTN is used to show the available transitions of an 

object. An OSTN diagram contains concepts such as object states, state transition arcs, and 

referents (Noran, 2000). The network is dependent on constraints, where a transition may begin 

or end depending on the surrounding constraints (Noran, 2000). 

 

Whilst many aspects of IDEF3 are like the IDEF0 method, there are some differences. First, 

IDEF3 has fewer restricting rules, which makes it easier to model systems (Shen et al., 2004). 

Furthermore, whilst IDEF0 adopts a single view of a system, IDEF3 uses several user views of 

a system, therefore getting a more complete picture of the system. According to Mili et al. 

(2010) the IDEF3 model flourishes in describing several aspects, such as 1) scenarios of 

organizational activities, 2) roles of user types in the organization activities, 3) use cases, 4) 

user classes, 5) timing, sequencing, and resource constraints, and 6) user interface objects. 

 

A.5 Role Activity Diagram 

Role Activity Diagram, or RAD for short, is a modelling method that is part of the STRIM™ 

methodology. Produced by Praxis P.c of Bath in the United Kingdom, STRIM aimed to provide 

for the “elicitation, modelling, and analysis of business processes.” (Mili et al., 2010, p.17). The 

focus of STRIM, and therefore also RAD, is developing models that are “revealing and 

communicative” (Mili et al., 2010, p.17). RAD is one of the most influential languages, as there 
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is a distinct focus on the participants and their interactions within a business process (Pereira & 

Silva, 2016). 

 

The Role Activity Diagram uses five different items, these being roles, actors, activities, 

interactions, and entities. These items are used to make a role activity diagram (Mili et al., 

2010). 

 

A.6 Evaluation 

Pereira & Silva (2016) compared five different business process modelling languages, these 

being BPMN, UML-AD, EPC, RAD, and IDEF. They evaluated these languages based on 

expressiveness, readability, usability, user-friendliness, formality, versatility, universality, tools 

support, flexibility, ease of learning, innovation inducer, evolutionary, and collaborative work. 

Each criterion is given a value between 0 and 5, 0 being the lowest and 5 being the highest. 

Therefore, the maximum amount of points a language can accumulate is 70. These values are 

visualized in Table 1, shown in Appendix B. They found that BPMN accumulated the most 

points, with 61 points, followed by UML-AD with 58, EPC with 55, RAD with 49, and IDEF with 

39 points.   

 

The researchers found that BPMN was overall the best modelling language based on the 

criteria, where it either outshined or was level compared to the other modelling languages, with 

the noticeable exception being collaborative work, where RAD outshined the other modelling 

languages with several points. Closely following BPMN is UML-AD, which performed similarly 

as BPMN, only differing one point in several criteria. Following these two modelling languages is 

EPC, which also generally keeps up with the two leaders. The notable exception is tool support, 

where EPC has little tool support, therefore having a low value, whilst BPMN and UML-AD have 

multiple supporting tools, therefore having a high value. RAD, being fourth in line, is generally 

outshone by the previous three modelling languages, where the difference between each 

criterion often surpasses one point. The notable criteria are formality and collaborative work. 

RAD is the only language in this comparison that has no formal definition of its semantics nor a 

standard representation of its elements. Therefore, RAD has only been given a 1 the other, 

whilst the other languages have been given a value of 5. However, RAD does outshine the 

other languages in the criterion collaborative work, where it is given a value of 5, whilst the next 

highest value is 2. This is because RAD gives users more freedom in working together, whilst 

other languages place more restrictions. Following these languages, with a large gap, is IDEF. 

IDEF is outshone by all other languages with multiple points in each criterion, only being up to 

par regarding formality (Pereira & Silva, 2016). 

 

This evaluation shows that BPMN is the best choice for modelling processes. In almost every 

criterion, BPMN proves to be an excellent choice. Another good choice is UML-AD. A reason for 

this gap in quality between BPMN and UML and the other languages can be the rate of update. 

UML and BPMN are often updated, whilst other languages take far longer if at all, to update. 

Furthermore, the groups concerning these updates, being the Object Management Group, 

incorporate the best aspects of other languages in their language, therefore enhancing the 

language.  
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Appendix B – Table of compared languages 
Table 2: Comparison between business process modelling languages (Pereira & Silva, 2016) 
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Appendix C – UML 2.0 & BPMN Compared 

 

 
Figure 22: Comparison between BPMN and UML-AD elements (Geambaşu, 2012) 
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Appendix D Petri Nets 

As the previous section showed, there are several business process modelling languages a 

modeller can choose from. These languages have different concepts, and some are stronger 

than others. However, what all languages above lack, is the ability to analyse the properties of a 

system. This is where Petri Nets thrive.  

 

Defined by German mathematician Carl Adam Petri in 1962, Petri Net modelling is a method to 

model dynamic systems and business processes (David & Alla, 1994). Petri Nets are an 

excellent method to model business processes and due to its mathematical foundation, it can be 

used to analyse and validate dynamic systems. Furthermore, Petri Nets are capable of 

modelling large and complex systems with few elements (van der Aalst & Stahl, 2011). This 

section will continue with the basic concepts of Petri Nets and its analytic potential.  

 

D.1 Basic Concepts 

Graphically, a Petri Net consists of four different elements, these being Places, Transitions, 

Arcs, and Tokens. A place is a static element, as it can only store, accumulate or show other 

elements (Reisig, 2013). A place is depicted as a circle (Desel & Reisig, 1996; van der Aalst & 

Stahl, 2011; Reisig, 2013; David & Alla, 1994). A transition is an active element, as it can 

change the state of a Petri Net by producing, consuming or transporting elements (Reisig, 

2013). A transition is depicted as a square (Desel & Reisig, 1996; van der Aalst & Stahl, 2011; 

Reisig, 2013; David & Alla, 1994). Arcs show the relation between places and transitions (Desel 

& Reisig, 1996; Reisig, 2013). Arcs are depicted as arrows (van der Aalst & Stahl, 2011; Reisig, 

2013; David & Alla, 1994). Furthermore, places and transitions can only follow each other, 

creating a bipartite graph. Two places or two transitions cannot follow each other (David & Alla, 

1994). These elements are shown in Figure 23.  

 

 
Figure 23: Legend of Petri Net elements (van der Aalst & Stahl, 2011) 

 

Mathematically, a Petri Net is described as a 3-tuple (P, T, F), where P refers to the set of 

places, T refers to the set of transitions, and F relates to the set of flows (or arcs). These sets 

are contained in N, which refers to the Net (Reisig, 2013).  
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Whilst places and transitions only have to be noted once in a set, flows have to be described 

twice. This is necessary, as it is imperative to know how places and transitions are connected. 

This is mathematically written as  

 

𝐹 ⊆ (𝑃 𝑥 𝑇) 𝑈 [𝑇 𝑥 𝑃) (van der Aalst & Stahl, 2011; Reisig, 2013).   

 

As seen in the formula, there are two parts. First, the flows from place to transition. These are 

also called input places. Mathematically, an input place can be written as (p, t) ∈ F. All input 

places combined can be placed in a set, called •t. If the entire set needs to be referred to, then 

the formula becomes  

 

 • 𝑡 =  {𝑝 | (𝑝, 𝑡)  ∈  𝐹}.  

 

Similarly, the same can be made for all output places. The formula then becomes 

 

 𝑡 • =  {𝑝 | (𝑡, 𝑝)  ∈  𝐹}.  

 

An input and output places are respectively also known as preset and postset (van der Aalst & 

Stahl, 2011).  

 

Tokens are depicted as black dots, and these are distributed across the Petri Net (van der Aalst 

& Stahl, 2011). Tokens can only be located within places. These tokens can move to other 

places when they are fired through a transition. This is only possible when a transition is 

enabled, meaning that the input places contain enough tokens for the transition to fire, thereby 

generating a certain number of tokens in the output places (van der Aalst & Stahl, 2011). When 

multiple transitions are enabled, they can fire at any time and in any order. There is no 

predefined sequence. This is also known as a non-deterministic choice (van der Aalst & Stahl, 

2011). The number of tokens needed for a transition to be enabled is determined by the weight 

of the flow connecting places to transition.  

 

The weight of flows is formally known as w. The weight of a flow can never be lower than 0. 

Let's look at an example. Figure 24 shows a small Petri Net.  
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Figure 24: Petri Net 1 

 

 

Following the formal description, a net is N (P, T, F). Mathematically, Petri Net 1 can be 

described as follows: 

 

- P = {p1, p2, p3, p4, p5, p6}  

- T = {t1, t2, t3, t4} 

- F = {(p1, t1), (p2, t1), (t1, p3), (t1, p4), (p3, t3), (p4, t2), (t2, p5), (t3, p5), (p5, t4), (t4, p6)}  

- Mo = {(4 * p1), (2 * p2)} 

 

So, Petri Net 1 has six places, four transitions, and ten flows. As shown in Figure 14, some of 

the flows have numbers. This indicates the weight of the flow. As stated before, a transition can 

only fire when it is enabled. This means that the preset of the transition has enough tokens. The 

preset of t1 is p1 and p2. Furthermore, the flow between p1 and t1 has a weight of 2. This 

means that p1 needs two tokens and p2 needs one token before t1 can fire. In its current state, 

t1 will be able to fire twice. When fired, it produces tokens in its postset, here p3 and p4. Note 

that the weight of the flow (t1, p4) has a value of two. This means that two tokens will be 

produced in p4 after t1 fires.  Mathematically, a transition is enabled if  

 

∀𝑝 ∈ • 𝑡 ∶  𝑚(𝑝)  ≥  𝐹((𝑝, 𝑡)) 

 

which means for all places of set preset t: tokens in place is equal or more to the weight of the 

flow (p,t). 

 

To formally describe a Petri Net, it is important to look at the tokens. The distribution of tokens 

across a Petri net is called a marking (van der Aalst & Stahl, 2011; Reisig, 2013). The 

distribution of tokens is the only thing that can change in a Petri Net. The structure of a Petri Net 

cannot change (van der Aalst & Stahl, 2011). The marking of a Petri Net determines its state 
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(van der Aalst & Stahl, 2011). Firing transitions can change the number of tokens a Petri Net 

holds, as transitions can consume more tokens than they produce, or they could produce more 

tokens than consumed. The places that contain tokens from the start are called initial markings, 

denoted as Mo. The initial marking of Petri Net 1 is four tokens in p1 and two tokens in p2 (van 

der Aalst & Stahl, 2011). 

 

D.2 Analysing with Petri Nets 

As stated before, Petri Nets are strong in analysing and validating dynamic systems. A Petri Net 

can be analysed and validated with the use of a reachability graph (van der Aalst & Stahl, 

2011). As the name suggests, a reachability graph shows which places of the Petri Net are 

reachable. A reachability graph contains nodes, which represent places, and edges, which 

represent transitions (van der Aalst & Stahl, 2011). Some of the properties that can be analysed 

with a reachability graph will be discussed in this section.  

 

D.2.1 Boundedness 

When a Petri Net is bounded, each place in the net has a maximum of tokens it can hold at one 

time. Formally written as p ∈ P ≥ k, a net is k-bounded if no place in the entire net holds more 

than k tokens in any reachable marking.  If this is not the case, then the Petri Net is unbounded. 

An unbounded net, even if not specified, is an indication of an incorrection in the net (van der 

Aalst & Stahl, 2011; Reisig, 2013). This property can only be analysed if the reachability graph 

is finite.  

 

D.2.2 Terminating 

A Petri Net can also be analysed for termination. This means that a net will always end in a 

place where no transition is enabled. Like the property boundedness, this property can only be 

analysed if the Petri Net is finite (van der Aalst & Stahl, 2011).  

 

D.2.3 Deadlock Freedom 

Following the property termination, the property deadlock-freedom analyses a net for a terminal 

marking, as a terminal marking is also known as a deadlock. If a Petri Net is deadlock-free, then 

a transition is enabled at each reachable marking (van der Aalst & Stahl, 2011; Reisig, 2013). 

 

D.2.4 Dead Transition 

Analysing a Petri Net for dead transitions is important, as it shows if the net contains transitions 

that never fire during a run. This means that this transition is never enabled at any reachable 

marking (van der Aalst & Stahl, 2011). 

 

D.2.5 Liveness 

Contrasting the property of dead transitions is the property of liveness. Analysing this property 

means analysing the reachability graph for transitions that can be fired more than once. In other 

words, if a transition is fired, it can be fired again at a later stage. A Petri Net can only be called 

live if every transition in the net is live. The property of liveness excludes the properties of 

terminating and dead transitions, as if every transition is live, then there is not terminating 

marking, nor is there a dead transition in the net (van der Aalst & Stahl, 2011; Reisig, 2013). 
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D.2.6 Home-Marking 

The sixth property is the property Home-Marking. Like the property liveness, a net is guaranteed 

the property home-marking if every marking can be reached after it is left. A net can be found 

reversible if the initial marking is a home marking (van der Aalst & Stahl, 2011; Reisig, 2013). 

 

D.2.7 Invariants 

The last and most important analysis method discussed here is invariants (Reisig, 2013). 

Invariants apply linear algebraic techniques to prove the properties of Petri Nets (van der Aalst 

& Stahl, 2011). There are two types of invariants, which are place invariants and transition 

invariants. These two variants will be discussed with the help of Figure 25. This figure shows the 

cycle of marriage and divorce. The place man and woman, both representing singles, go into 

the transition marriage, forming a couple. This couple goes into the transition divorce, which in 

turn goes to the place man and woman. 

 

 

Figure 25: Petri Net showing marriage and divorce (van der Aalst & Stahl, 2011) 

 

As the name suggests, place invariants focus on the places within the Petri Net. Place 

invariants are used to control the number of tokens in the Net. This is done by implementing a 

weight function on places. By implementing this weight, the following formal equation is made:  

 

𝑧1 ×  𝑚(𝑝1)  + … +  𝑧𝑘 ×  𝑚(𝑝𝑘)  =  𝑧0.  

 

In this equation, z is the weight value of a place, m refers to the tokens, and (pk) refers to a 

place. The total of this equation, z0, is called the weighted token sum of marking m. Using this 

equation in Figure 25, the following is shown: 

 

 (2 × 1) +  (3 × 1) +  (1 × 2)  = 7 

 

The weight of a place is assigned by the place invariant. In the context of Figure 25, marriage 

consists of one man and one woman. Therefore, the weight of place man and woman is one. 

These two form a couple, therefore the weight of place couple has a value of two. The total 

weighted token sum is in this model 7. To control that the tokens do not increase nor decrease, 



 Appendix D Petri Nets 

 54 

the transitions within the net could be fired, after which the equation should lead to the same 

value (van der Aalst & Stahl, 2011). 

 

The counterpart of place invariants, transition invariants are used to prove that a net can return 

to any marking after a series of fired transitions (van der Aalst & Stahl, 2011). A transition 

invariant assigns to each transition a weight. This weight, also shown as z, is always 

nonnegative. A net is a transition invariant if the number of tokens in a net does not change after 

firing the transitions a certain amount of times. Formally, this is similarly written as place 

invariants. The equation would be shown as: 

 

 𝑧1 ×  𝑡1 +··· + 𝑧𝑛 ×  𝑡𝑛. 

 

In the equation, zn is the weight of the transition and tn is the transition.  So, in the context of 

Figure 25, if both transitions are fired twice, it would result in 2 * marriage + 2 * divorce. This 

would not change the weighted sum of tokens in the net.  

 

These invariants can be used to analyse the properties of a Petri Net by applying linear algebra 

and vertices. However, this information goes beyond the scope of this paper. For more 

information, see (van der Aalst & Stahl, 2011).  

 

 

 

 

 

 

 

 


