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I 

 

Abstract 

In this Master’s thesis, the feasibility of applying process mining techniques in tracking 

and tracing systems is discussed. The research objective is to investigate whether the 

involvement of process mining techniques can enhance the performance of T&T systems 

in solving problems in the context of supply chains. In order to make the detailed design, 

three delivery problems are selected as the research problems. To help in addressing each 

research problem, a mechanism is designed. The mechanism presents how process 

mining can be applied on basis of the T&T system and what functions of process mining 

can be used to address the research problem. The mechanisms are demonstrated with the 

case generated from the workflow simulation model which mimicked a real-life process. 

Through the demonstration, process mining can be found as a promising supplement of 

the T&T system in addressing delivery problems. The mechanisms can also be 

generalized to treat more problems.  
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Management summary  

This Master’s thesis discusses the application of process mining techniques in tracking and 

tracing systems. The research scope of this project covers delivering and returning processes 

under the Supply Chain Operations Reference (SCOR) model. Any decision making issue 

involved in this project is on the operational or tactical level.  

 

Research domain 

 

The T&T system has been widely applied in supply chain management as a controlling tool. 

It links information systems with the material flow in the supply chain so that the behaviors 

of items can be recorded in the database. The T&T system can contribute to detecting 

performance problems and providing information to support process modeling or decision 

making. However, our literature study indicates that there are some limitations of the T&T 

system in addressing supply chain problems namely, individual view, lack of understanding 

of the process, lack of analyzing functions, lack of predicting functions, lack of data 

structures. These limitations prevent users gaining enough insights from the process to 

address the problems. It motivates us to seek another method as the supplement to the T&T 

system.  

 

Our literature review in the domain of process mining shows that process mining is a 

powerful approach to extract knowledge from event logs. Its advantages in analyzing and 

process understanding show a great potential to fit the vacancy left by the T&T system. 

However, to our best knowledge, no research is currently available on applying process 

mining in T&T systems. Therefore, this project can be seen as a pilot project of exploring the 

feasibility of combination of T&T and process mining. The main research question is defined 

as: 

 

Can process mining techniques contribute to improving the performance of the T&T 

system in addressing delivery problems, and, if so, how does it work? 

 

  



IV 

 

Deeper analysis 

 

In the deeper analysis of the research problem, the delivery problems are categorized into two 

groups: performance oriented problems and administrative problems. Among all identified 

problems, delivery delays, delivery flexibility and focus shifts attract our research interests 

most. By addressing these problems, we can test if process mining is a promising approach to 

enhance the performance of the T&T system. 

 

Resource, output, and flexibility are identified as three major types of metric for measuring 

SC performance. Concerning the research problem, the following KPIs are selected for this 

project:  

 

Output: delivery lateness, delivery earliness, average lateness of orders, percent on-time 

deliveries, waiting time, processing time, throughput time.  

Flexibility: remaining changing time, available working time of the resources. 

 

For performance controlling, the T&T system tracks the ongoing case or traces the historic 

case to monitor the process status. The problems can be detected by the predefined thresholds. 

The adjustments will be made after the T&T system report the problems. For administrative 

controlling, the T&T system starts to collect information after receiving requests from the 

delivering administration. The collected information is sent through information systems to 

support decision making. 

 

 

Design 

 

Three mechanisms of applying process mining are designed to help in addressing the research 

problems: 

 

The mechanism for delivery delay. Two functions of process mining are involved: 

process rediscovering and performance analysis based on Petri-nets. The mechanism 

works with the following procedure: process rediscovery (discover process executions)-

>performance analysis based on Petri-nets (detect bottlenecks)->causal analysis (figure 

out the cause of the problem). 

 

The mechanism for delivery flexibility. Two functions of process mining are involved: 

log based statistics and multiple-case analysis. The mechanism works with the following 

procedure: measure (measure trends of the delivery flexibility)->predict (predict the 

delivery flexibility in the future state)->improve/redesign (give improving suggestions to 

increase the delivery flexibility). 
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The mechanism for focus shifts. Two functions of process mining are involved: data 

structuring and process remodeling. The mechanism works with the following procedure: 

structure the data (figure out the subordinate relations between different pack levels)-

>remodel the process (remodel the process with multiple focus). 

 

 

Demonstration 

 

A pharma logistics case is used in this project as the demonstration case. The case is based on 

a real-life T&T solution but the data of the simulation model are artificial. To create the 

simulation model, we use an infrastructure introduced by Rozinat et al (2008). Through the 

demonstration, we can see that process mining is a very promising approach to solve the 

research problems on the basis of the T&T system. 

 

 

Conclusions 

 

In addressing performance oriented problems (delivery delays and delivery flexibility), 

process mining can enhance the controlling performance of the T&T system by detecting 

problems based on massive numbers of event logs. The process rediscovering functionality of 

process mining can help in understanding the process. The strength of process mining in log 

based analyzing can serve as the basis of performance measuring and future state predictions. 

The improving plans can be made based on the analyzing result. To address focus shifts, 

process mining is used as a ‘data processer’ who turns the raw data collected by the T&T 

system into the structured data. Decision making is better supported by structured data. The 

findings above shows that process mining can bring us extra insights and enhance the 

performance of the T&T system in addressing the delivery problems.   
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1. Introduction 

This Master’s thesis project studies the application of process mining in tracking and tracing 

systems in the context of supply chain management. 

 

1.1. Research scope 

According to the Supply Chain Operations Reference (SCOR) model, a global standard for 

supply chain projects developed by the Supply Chain Council, a typical supply chain model is 

based on five distinct management processes namely, plan, source, make, deliver, and return 

(Figure A.1). Integrated with a supply chain, the tracking and tracing (T&T) system can work 

as the link between the information systems and the goods flow. Delivering and returning are 

management processes usually concerning both information and goods flow. Meanwhile, to 

manage these two processes, not too much detailed information of materials and products 

from manufacturing operations is required. Therefore, to make our research easy to be 

generalized, delivering and returning processes are chosen to be the research focus of this 

project.  

 

The boundaries of the SCOR model are not only clearly defined horizontally, but also 

clarified into a hierarchy providing three levels of process detail (Figure A.2). Level 1 assists 

a company in defining scope and context of a supply chain; level 2 identifies major 

configurations within the scope; level 3 identifies key process elements within a 

configuration. Below level 3, companies decompose process elements and implement specific 

supply chain management practices to achieve competitive advantage and to adapt to 

changing business conditions. The expectation of combining T&T with process mining is to 

create a mechanism to control, analyze and improve the ongoing processes. The mechanism 

connects the process details and process data with the key process elements, therefore should 

be located between level 3 and level 4 as indicated in Figure A.2.  

 

To sum up, the research scope of this project is to explore the feasibility of combining T&T 

with process mining in delivering and returning processes to support operational and tactical 

decisions.  
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1.2. Project approach 

The report is organized in the following structure. Chapter 2 presents the research plan 

including research objectives, research questions, the literature review, and the research 

methodology based on the research questions. In Chapter 3 the deeper analysis on research 

problems and research environment is conducted. In Chapter 4, the mechanisms designed to 

enhance the performance of the T&T system by involving process mining techniques is 

elaborated. Chapter 5 gives a demonstration of the mechanisms designed in Chapter 4.  The 

result of the demonstration is discussed in Chapter 6. Finally, the conclusions and 

recommendations are presented in Chapter 7.  
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2. Research Plan 

The research plan is described in this chapter. Section 2.1 systematically reviews the 

literatures in the research domain. In Section 0, imitations of T&T in addressing delivery 

problems are summarized. In section 2.2, the research objective is defined and the research 

questions are formulated. In section 2.3, the research methodology is presented.  

 

2.1. Research domain  

The purpose of this section is to provide background information relevant to the research 

scope. The literature review can be divided into three main parts by research domains: T&T, 

process mining, and supply chain performance measurement. In the first four subsections, a 

systematic literature review is conducted to capture basic concepts and research trends in 

T&T. Specially we give more information about functionality and performance evaluation 

methods of T&T in two separate subsections. And the limitations of T&T are summarized 

based on the characteristics of T&T presented in literatures. In Subsection 2.1.5, the review 

covers the basic concepts and current research trends of process mining. Finally, the review 

on KPIs and measuring methods is also included in this section to help define the problems 

this project will focus on.  

 

2.1.1. Basic concepts and research trends in T&T 

Nowadays, T&T play important roles in the logistics industry concerning customer service, 

operations management and improvements, and supply chain integration. Although no 

official agreement on definitions of T&T has been achieved and there are variations in 

different contexts, most definitions show similar fundamentals. According to Kelepouris et al 

(2006a), tracking is defined as a method of determining the ongoing location and state of 

items during their way through the supply chain. Meanwhile, tracing is defined as a method 

of recording and/or having access to information regarding the composition of an object from 

raw material or sub-components and operations that the object has undergone during its 

lifetime. Kelepouris et al (2006b) also defined the time dimension of T&T. As shown in 

Figure 2.1, tracking works to update the current state of a case, while tracing can help to 

obtain the past states of the case. The T&T system does not provide the prediction of the 

future states, but serves as the basis of the analysis to support predictions.  
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Figure 2.1 The T&T time dimension 

 

The research in this area can be categorized into three groups: T&T framework development, 

T&T performance evaluation, and T&T technologies (a detailed review on current T&T 

research is available in Table B.1).  

 

T&T framework development 

Early literature mainly focuses on basic design principles and structure (Stefansson and 

Tilanus, 2000; Van Dorp, 2002). Afterwards, developers intend to pay attention on operations 

and decision support. For instance, the reference data model developed by Jansen-Vullers 

(2003) is extracted from manufacturing operations. Moreover, forwarder independent 

tracking (FIT) proposed by Karkkainen (2004) takes most practical information flow 

problems into considerations and starts to consider overall benefits instead of individual roles 

in a supply chain. 

 

T&T performance evaluation 

Once the T&T systems have been set up, the next issue most researchers and companies are 

interested in is whether the T&T system is effective, what benefits can be received, and how 

the performance can be evaluated. There are two related articles (Kelepouris et al, 2006; 

Kelepouris and McFarlane, 2007) that provide some insights in this area. Kelepouris et al 

(2006) identify important factors affecting T&T effectiveness by qualitative case studies. 

Based on previous research, Kelepouris and McFarlane (2007) develop a quantitative 

measurement framework.  They also indicate in the further work, they will try to deliver a 

method for quantifying the benefits of automatic identification technologies deployment for 

improving T&T.  
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T&T technologies 

These technologies can be divided into hardware and software. The mainstream in hardware 

is Auto-ID, the importance of which has been discussed in Kelepouris et al (2006). 

Meanwhile, applications of more specific technologies such as GPS, RFID, etc, have been 

mentioned in different articles.  T&T nowadays are becoming an integrated service in supply 

chains, e.g. see the TRANSPO-TRACK case (Loebbecke and Powell, 1998) 

 

2.1.2. Functionality of T&T 

The initial appearance of the T&T systems is related to the logistics industry where 

consignment tracking is considered as a necessary service by most costumers (Day, 1991; 

Janah and Wilder, 1997; Loebbecke and Powell, 1998; Willesdorf, 1991; Williams and Tao, 

1998). It has been pointed out in Karkkainen et al (2004) that tracking shipments is of great 

importance mainly for two reasons. First, the T&T systems are the link between the 

information systems and the material flow in the supply chain. Second, administrative 

purposes (e.g. cost reduction, inefficiency detecting, decision support, etc) can be achieved 

through the T&T systems. For instance, in Agarwal (2001), cost reduction associated with 

improved on-shelf availability (reducing out-of-stocks), reduced stock level, and improved 

security of products due to RFID-enabled traceability has been recognized. The benefits of 

integrated the T&T system also attract other areas for extensive applications, such as 

manufacturing, retailing, food industry, etc. Nevertheless, those areas are still highly relying 

on logistics. 

 

2.1.3. Effectiveness analysis and performance evaluation on T&T 

Effectiveness is one of the most important perspectives when considering T&T for practical 

applications. Through four practical case studies, Kelepouris et al (2006) find out key factors 

affecting T&T effectiveness. It is identified that identification delays, identification accuracy, 

checkpoint configuration, and aggregation information can affect the effectiveness of tracking, 

while tracing effectiveness is related to identification accuracy, information standardization, 

and information accessibility. The analysis in (Kelepouris et al, 2006) also reveals the lack of 

T&T performance measurement metrics. Therefore, Kelepouris and McFarlane (2007) 

propose an overall performance measurement framework. The framework firstly provides a 

method to model the way lifecycle information evolves throughout the lifecycle of a product. 

Based on the model, the quality, timeliness and cost of the final lifecycle information 

available to the decision maker can be estimated. Meanwhile, a way to estimate the 

information value of the final information product as a function of the aforementioned 

properties and the intrinsic value of perfect information is proposed by Kelepouris and 

McFarlane (2007) as well. 
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2.1.4. Limitations of T&T 

The T&T system plays the role of a monitor in a supply chain. As mentioned in the literature, 

the T&T system can contribute to detecting performance problems and providing information 

to support process modeling or decision making. However, based on characteristics of the 

T&T system summarized from literatures (Kelepouris et al, 2006; Karkkainen et al, 2004; 

Stefansson and Tilanus, 2000) and observations, there are also some limitations of the T&T 

system preventing the user from gaining further benefits in solving delivery problems. They 

are listed as follows: 

(1) Individual view: the T&T actions are taken on cases individually. The individual 

view can hardly help either in detecting the problems associated with multiple cases, 

or in summing up common features from quantities of cases.  

 

(2) Lack of understanding of the process: the process model contains different routes. 

Because of the individual view of the T&T system, users usually get the individual 

workflows instead of a structured process model.   

 

(3) Lack of analyzing functions: the T&T system is involved as a controlling tool. The 

analysis it could provide is not sufficient enough to support decision making. 

 

(4) Lack of predicting functions: Recalling the time dimension of T&T defined by 

Kelepouris et al. (2006b), tracking is the ability to determine the current state of a 

case at any time, while tracing is the ability to determine the past states and the origin 

of a case. Therefore, the prediction of the states in the future actually is beyond the 

capability of the T&T system.  

 

(5) Lack of data structures: with the help of the T&T system, plenty of information can 

be captured. The data can reflect the basic status of the process. However, the data is 

not organized in a structure that the decision making is supported. 

 

2.1.5. Basic concepts and research trends in process mining 

The basic idea of process mining is to extract knowledge from event logs recorded by an 

information system. A lot of techniques and tools have been developed for discovering 

processes, controlling data, organizational behaviors, and social structures from event logs.  

 

Tracing back to the very beginning of the development of process mining, Cook and Wolf 

(1998a) are the pioneers who tried to discover software processes from event logs. Three 

grammar inference methods are presented in Cook and Wolf (1998a) namely, RNet, 

Markovian approach, and Ktail. Ktail and Markovian approach are found the most promising 

methods, however, the results are limited to sequential behavior. Cook and Wolf (1998b) then 
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extend their work to concurrent processes. Once the process models are established, it comes 

an important issue that whether the model can reflect and predict the executing process. The 

process mining techniques bring the process executions to the front stage. To measure the 

discrepancies between models and executions, called process validation, Cook and Wolf 

(1999) developed two metric-oriented techniques.  

 

Since Agrawal et al (1998) presented a technique which can extract a business process as a 

graph from existing execution logs, researchers start the exploration of process mining 

techniques in workflow context. Based on workflow processes, Weijters and van der Aalst 

(2001) introduce a three-step process mining technique which makes use of 

dependency/frequency table. In van der Aalst et al (2003), they propose a common XML-

based format for workflow logs and summarize the challenging problems faced by workflow 

mining techniques. Five different approaches and four mining tools are introduced and 

compared referring to different problems. Van der Aalst and Weijters (2004) present a clearer 

discussion about those challenging problems including noise, hidden tasks, duplicate tasks, 

non-free choice constructs, mining loops, different perspectives, Delta analysis, visualizing 

results, heterogeneous results, concurrent processes, local/global search, process re-discovery. 

Tiwari and Turner (2008) also outline those problems and the techniques that can solve them 

in their literature review covering 50 research papers. Through the systematic review, the 

current trends and future research directions in Process Mining are identified. However, it has 

not been found one technique which can address all of the problems. The study (Tiwari and 

Turner, 2008) shows most common problems can be addressed by Genetic Algorithm (GA). 

GA has promising performance in noise reduction and the mining of hidden tasks. Meanwhile, 

data-mining based approaches are also relevant for the most common problems. A lot of 

research nowadays tends to produce a combination of different algorithm to solve those tough 

problems. 

 

2.1.6. Measuring supply chain performance 

To manage logistics operations efficiently, it is essential to find a way to measure the 

performance of processes in a supply chain. There are plenty of Key Performance Indicators 

(KPI) defined by many different researches. Then the challenge is to select the most relevant 

ones in the context of supply chain and related to delivering processes. Gunasekaran and 

Bulent (2007) give an overview of recent performance measurement (PM) systems in 

logistics and supply chain management (SCM) systems. Their literature survey indicates that 

internal business process PMs, especially nonfinancial measures, have significant impacts on 

the operational performance. The studied literatures also show that resource utilization and 

flexibility play a major role in effective management of SC systems. In Beamon (1999), 

resource, output, and flexibility are identified as three major types of metric for developing 

SC measurement details.  
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According to Beamon (1999), resources are generally measured in terms of the minimum 

requirements (quantity) or a composite efficiency measure. Concerning the research scope of 

the project, resource allocation efficiency and resource utilization can be used as the 

delivering resource performance measures. In Beamon (1999), product lateness (delivery date 

minus due date), average lateness of orders (aggregate lateness divided by the number of 

orders), average earliness of orders (aggregate earliness divided by the number of orders), 

percent on-time deliveries (percent of orders delivered on or before the due date) are listed 

out as on-time delivery measures. According to Slack (1987), delivery flexibility is defined as 

the ability to change planned or assumed delivery dates. However, higher delivery flexibility 

level does not necessarily mean better performance of the delivering process. For instance, 

Dempsey (1983) reviewed the reported experience from 40 Flexible Manufacturing System 

(FMS) installations around world and indicated that on average 40% of the benefits predicted 

for an FMS are actually achievable or have been achieved before the FMS is delivered and 

often within six months. 

 

2.1.7. Summary 

The literature review above shows that the T&T system is involved in supply chain 

management as a controlling tool. However, the limitations of T&T prevent users gaining 

enough insights from the process to address the problems that can only be solved by more 

advanced analysis and process understanding. |This motivates us to seek another method as 

the supplement to the T&T system. As reviewed in this section, process mining is a powerful 

approach to extract knowledge from event logs. Its advantages in analyzing and process 

understanding show a great potential to fit the vacancy left by the T&T system. However, to 

our best knowledge, no research is currently available on applying process mining in T&T 

systems. Therefore, this project can be seen as a pilot project of exploring the feasibility of 

combination of T&T and process mining.  

2.2. Research objective and research questions 

The objective of the project is to investigate whether the involvement of process mining 

techniques can enhance the performance of T&T systems in solving problems in the context 

of supply chains. So the main research question is: can process mining techniques contribute 

to improving the performance of the T&T system in addressing delivery problems, and, if so, 

how does it work? In order to design the research methodology, the main research question is 

split into several detailed questions. By answering the following detailed questions, the 

answer to the main research question can be figured out.  

1. What delivery problems are attracting research interest into our project about 

enhancing the T&T performance? 

2. What are the KPIs of the delivering processes concerning the identified problems?  
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3. How can the T&T system help to control the delivering process in terms of detecting 

the problems, monitoring the process status, and assisting adjustments? 

4. What are the limitations of T&T systems in addressing the identified problems?  

5. How can process mining help in detecting, analyzing, and solving the identified 

problems?  

6. What additional insights and benefits can process mining bring to T&T?  

 

2.3. Research methodology 

 

In this section, the research methodology of this project is presented. The methodology 

shown in Figure 2.2 describes how the project will be conducted to answer the research 

questions. 

 

Firstly, a deeper analysis is conducted to answer the first four research questions. The deeper 

analysis consists of two parts: the analysis of research problems and the analysis of the 

research environment. The analysis of research problems specifies the research problems that 

we are going to address by combining process mining into T&T systems. It helps to solve 

question 1 and 2. Firstly, the typical delivery problems in a supply chain will be listed based 

on literatures and observations. Based on the research objective, selection criteria will be 

created to select several of the delivery problems as the research problems of this project. 

Then the selected problems will be formally defined. Following the problem definitions, a 

causal analysis will be made to distinguish different causes of the problems. Meanwhile, 

causal relations between different factors will formulated based on observations of delivering 

processes. Moreover, the defined problems also give us an idea about which perspectives of 

the delivering performance we will focus on in this project. So the related KPIs will be 

defined to measure the performance of the delivering process. And if necessary, the 

quantitative relations of KPIs will be defined with the help of the causal analysis.  

 

Continued with the specified research problems, the deeper analysis of the research 

environment is conducted in order to answer question 3 and 4. By research environment, we 

mean the way that the T&T system works to control the delivering process when dealing with 

the defined problems. The controlling mechanism of the T&T system will be emulated by 

flowcharts with the indication on what information is supposed to be available. The analysis 

is on the basis of the characteristics of T&T systems extracted from literatures or 

observations. The aim of the qualitative analysis is to figure out the limitations of the T&T 

system in addressing the delivery problems. Meanwhile, the analysis will also indicate how 

the T&T system serves as the basis for applying process mining techniques.     

 

To address research question 5, the framework of combining the T&T system with process 

mining is designed and then demonstrated with workflow simulation. Since process mining 



10 

 

can be used for various purposes, the framework of applying process mining can be designed 

with different functional focuses when dealing with different research problems. For solving 

each research problem, a mechanism of applying the process mining techniques will be 

designed. The mechanism consists of the functional focus (e.g. performance analysis, 

performance prediction, operations modeling, etc), the problem solving procedures, the 

selected process mining techniques, and the specified analyzing methods. To demonstrate the 

designed framework, the approach of workflow simulation will be applied. Based on a case 

extracted from a practically applied T&T system, the simulation model will be built under the 

infrastructure made up of YAWL, ProM, and CPN tools. Following the designed mechanisms, 

the simulation output will be analyzed. 

 

Finally, the evaluation on the performance of the process mining techniques will be given to 

answer research question 6.  Comparison of the performance between the T&T system and 

process mining in addressing the research problems will be made to see if the involvement of 

process mining can bring additional benefits.    

 

 

Figure 2.2 Research methodology 
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3. Deeper analysis 

In this chapter, we make a deeper analysis of the research problems and the research 

environment to support the design of the mechanisms to apply process mining. The 

aforementioned research objective and research questions have indicated the direction of this 

project. However, the detailed design needs specified research problems from practice and 

deeper understanding of the research environment. Therefore, the deeper analysis serves as 

the link between the research objective and questions and the detailed design. In section 3.1, 

the deeper analysis is conducted to specify the research problems, structure the causal 

relations, and define KPIs. The research environment is analyzed in section 3.2.  

 

 

3.1.  Deeper analysis of research problems 

As designed in the research methodology, this section consists of three parts: problem 

specification, causal analysis, and KPI definitions.  

3.1.1. Problem specification 

In a supply chain, the administration might have been experiencing various delivery problems. 

Basically, they can be categorized into two groups: performance problems and administrative 

problems. The performance problems concern the perspectives of the delivering performance 

that need to be improved. As indicated in subsection 2.1.6, resource, output, and flexibility 

are three major types of metrics of measuring SC performance. So the problems related these 

performance measures normally attract our attention the most. The common performance 

problems in delivering processes are identified as follows:  

• Resource allocation problem (resource) 

• Low resource utilization (resource) 

• Delivery delay (output) 

• Delivery flexibility measuring and controlling (flexibility) 

According to Beamon (1999), the perspective of resource is directly related to the output and 

flexibility performance. Since there might exist overlaps with other two perspectives, the 

resource problems will not be discussed as independent research problems, but be considered 

as an important factor of delivery delay and delivery flexibility. Therefore, the three major 

types of metrics can be well covered by choosing delivery delay and delivery flexibility 

problem as the performance oriented research problems. 

 

As mentioned previously, there is another group of problems which are administrative 

problems. Instead of being related directly to delivering performance, the administrative 

problems are related to scheduling/planning, process modeling, decision making, etc. Since 
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neither the T&T system nor process mining is capable to solve scheduling/planning problems, 

it will not be covered by this project. From Gerke et al (2009), we discovered one 

administrative problem named focus shifts (the problem is defined later in this subsection). 

When focus shifts, it is problematic for the T&T system to support either process modeling or 

decision making. There might be other interesting administrative problems, however, due to 

the limitation of the time and knowledge, we will only choose focus shifts as one of our 

research problems. So far, we have selected three research problems for this project. They are 

defined as follows:  

 

Delivery delay 

Delivery delay is the time delay in delivering processes, which results in lateness of 

delivering products to the customer. Since timeliness is one of the essential functional 

requirements of the delivering processes, delivering delay exists as a common problem which 

influences the performance of the entire supply chain in terms of production planning, 

inventory controlling, customer service, etc. There are many causes that may lead to 

delivering delay of an order, such as execution delay, detection delay, queuing delay, etc.  

Thus the challenge is to not only detect the delivery delay, but also to figure out the exact 

cause(s), so that solutions can be developed based on a more specific direction.  

 

Delivery flexibility 

According to Slack (1987), delivery flexibility is defined as the ability to change planned or 

assumed delivery dates. More flexibility in the supply chain means more ability to react to 

customer needs or changes of the needs. Conversely, low delivery flexibility could lead to 

low capability to system fluctuations and low customer satisfaction. However, delivering 

processes are not always designed to be flexible enough to deal with contingencies or provide 

more customized service. The reason perhaps is that flexibility rarely comes for free: it 

should be clearly defined as part of the company strategy and resources need to be allocated. 

Since flexibility is always a trade-off between service level and managerial cost, the 

challenge here is to assess the delivery flexibility of the delivering processes and make 

improvements based on the managerial objectives with reasonable cost and resource.   

 

Focus shifts 

For delivery convenience, there are various packing and unpacking, assembly and 

disassembly operations, making it difficult to follow the object flow of a single process 

instance. These are so called focus shifts. For instance, when cartons are packed on a pallet, 

the focus on the object flow will shift from individual cartons to the pallet. In the following 

steps, pallets will be considered as operational units. The problem of focus shifts stays on the 

way to achieve accurate shipment management which requires a clear understanding of which 

products, at which pack level, are delivered through which operations. For process modeling, 

it becomes confusing when the focus shifts between different pack levels; and to support 

decision making, it would be nice to have the process model available for different foci. So 
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the challenge is to model the process in a way that the behaviors at different pack levels can 

all be distinguished and clearly reflected. 

 

3.1.2. Causal analysis 

Previously, three delivery problems have been selected as the research problems. Two of the 

research problems are defined as performance oriented problems: delivery delay and delivery 

flexibility. Since it is essential to know which factor causes the underperforming of the 

delivering process when dealing with performance oriented problems, the causal analysis is 

conducted in this subsection for the two performance oriented problems.  

 

Delivery delay 

As mentioned in the problem identification, the delivery delay of an order may be due to 

different reasons. Based on observations, execution delay and queuing delay are two quite 

obvious reasons for the delivery delay. Additionally, Kelepouris and McFarlane (2007) 

defined the detection delay that may occur in the T&T system. The other reasons can be 

merged into these three groups.  

 

Execution delay is the delay that occurs during the processing of a task. As indicated in 

the left center of Figure 3.1, execution delay is mainly caused by low capacity, execution 

error, unbalanced resource allocation and iterations.  

 

Queuing delay is the delay caused by long queuing time. Note that except unbalanced 

resource allocation and iterations, the execution delay can also cause queuing delay. 

Therefore, the factors the execution delay become the indirect factors of queuing delay. 

 

Detection delay is the delay that happens when the T&T system updates the information 

of a case. According to Kelepouris and McFarlane (2007), there can be amount of time 

between the moment an item actually changes state and the moment this is reflected by 

the tracking system. Low detection efficiency often causes the status of a case get 

updated after it arrives for amount of time. 
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Figure 3.1 Causal relations between different delaying factors 

Delivery flexibility 

As mentioned in Section 2.1.6, the delivery flexibility is defined as the ability to change the 

planned or assumed delivery dates. Assume that during the delivering process for each case, 

there is a time interval within which the planned delivery date could be changed. It is obvious 

that the earlier the customers send their changing requests, the easier it is for the company to 

reorganize the delivery. Changing the delivery is not only a matter of time, but also highly 

depending on the resource availability. The dates can only be changed when there are 

available resources. From above mentioned perspectives, the indicators of the delivery 

flexibility will be defined in the remaining of this subsection. 

  

 

3.1.3.  KPI definitions 

In this subsection, the KPIs involved in solving performance oriented problems will be 

defined by using the causal relations discovered in the previous subsection.   

 

KPIs related to delivery delays 

To detect and control delivery delays, it is essential to know the delaying indicators. 

Intuitively, the terms such as waiting time and processing time can indicate the delivering 

performance from the time perspective. There are also other indicators that can be deducted 

from those basic terms. In the following paragraphs, all the indicators needed to address 

delivery delays will be defined.   

 

Assume that there are two sequential events in a process instance, let W denote the waiting 

time before the case is processed and P denote the processing time. So, W1 and W2 represent 

the waiting time of event 1 and event 2; P1 and P2 represent the process time of the two 

events. As represented in Figure 3.2, S denotes the starting point of a time period and C 

denotes the completing point. Therefore, the following relationships can be derived from the 

notations. 
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W1=CW1-SW1; W2=CW2-SW2; P1=CP1-SP1; P2=CP2-SP2. 

 

 

Figure 3.2 Time decomposition 

Define T as the total time of an event including waiting time and processing time, then, 

T=W+P. Thus, we have T1=W1+P1 and T2=W2+P2. For each task or waiting period, there is a 

planned time of finishing, defined as E(T), E(W), and E(P). µ is defined as a threshold 

parameter here to detect those cases with an unexpected delay. The cases which satisfy the 

condition (1) have a delay within the limits and those who satisfy the condition (2) are 

considered as seriously delayed cases. The conditions are illustrated as follows: 

 

0 < ������
���� ≤ μ (1); 

������
���� > μ (2) 

 

Let TH denote the throughput time of a case. LN stands for delivery lateness. Then, we have 

the relations: 

 

LN=TH-E(TH)(LN can be negative when the throughput time is shorter than planned). 

 

As explained previous, there are three typical causes of the delivery delay. Each cause can be 

presented with the above indicators as follows: 

 

Execution delay: 0<P-E(P)<µE(P) (execution delay within limits); 

 P-E(P)>µE(P) (serious execution delay). 

 Queuing delay: 0<W-E(W) <µE(W)(queuing delay within limits); 

   W-E(W)>µE(W) (serious execution delay). 

Detection delay: Cp(n)≠Sw(n+1).  

Ideally, the completing time of processing a case is the same as the 

starting time of waiting for the next sequential event (Cp(n)=Sw(n+1)) in the 

T&T system. However, due to the detection delay, there might be an 

amount of time between the moment the waiting for next event starts and 

the moment this is updated in the database.  

 

The definitions above only consider the sequential events. In case of parallelism, only the 

events on the critical path (the path consuming longest time) will be taken into consideration, 

since the delay in throughput time is decided by the critical path.   
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KPIs related to delivery flexibility 

The definition of delivery flexibility is a bit abstract to apply in practice. In order to design 

the mechanism for monitoring delivery flexibility, an empirical equation for measuring 

delivery flexibility based on its factors will be firstly introduced.  

 

Let ts denote the starting time of a time interval and tc denote its ending time. Let Ri(t) 

represent the expected time that resource i can work on changing the delivery time from time 

t till the end of the time interval (tc). For instance, if the distribution of the available time of 

resource i follows the function fi(t), then we have, 

 

���� = � �����
��
�

 

 

Assume that there are m resources related to delivery changing, and let R(t) denote the total 

expected time available among m resources from time t till tc, we have the following relations: 

��� =�����
�

���
 

 

Define P(t) as the percentage of the remaining time out of the time interval at time t, then 

 

��� = � − 
� − � 

 

Based on the observations, the flexibility is positive related to the resource availability and 

remaining time for changing. Therefore, we define the expected flexibility at time t as the 

product of R(t) and P(t). Let F(t) denote the expected flexibility value at time t, ts≤t≤ tc, then.  

 

��� = ��� ∙ ��� = � − 
� − ������

�

���
 

3.2.  Deeper analysis of the environment 

Recalling the functionality of the T&T system which is introduced during the literature 

review, it serves as the link between the information system and material flow. The T&T 

system can also be used for administrative purposes like providing data support for decision 

making. Basically, the T&T system is defined as the research environment, in which we are 

exploring the feasibility of applying process mining techniques. To achieve better 

understanding of the research environment, the analysis of the environment is made in this 

section to figure out the controlling mechanisms of the T&T system.  
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Controlling mechanism is the way that the T&T system works to detect and control delivery 

problems. For different types of delivery problems (performance problem and administrative 

problem), the controlling mechanism works in different ways. So we describe the controlling 

mechanisms separately. 

 

Performance controlling mechanism 

As shown in Figure 3.3, the behavior of a case can be tracked from the beginning to the end. 

According to the predefined thresholds, when abnormal performance is detected in the 

ongoing event, the information will be reported to the administration. The administration will 

make the decision on whether to adjust the initial delivering plan and send the feedback to the 

tracking system. Meanwhile, the adjustments will be made if necessary and relevant 

information will be updated. The data of finished cases will be transferred to historic 

information which initializes the tracing method. If an abnormal case is picked out from the 

historic information, one can trace back to find the exact task or originator causing the 

anomaly. This can be done by narrowing down possible factors and checking process details.  

 

 

Figure 3.3 The performance controlling mechanism of the T&T system 

To realize the controlling mechanism above, the T&T system should have the following 

functional modules: 

 

ID system: the system that assigns unique IDs to the products, orders, pallets, and other 

units need to be identified in the process. Based on the functional requirements, suitable 

identification technologies should be selected. 

 

Data storage: the function which decides which kinds of data related to the case should be 

stored, and where and how to store them. For the mechanism mentioned in this 

Subsection, case IDs, pack (e.g. box, pallets, or containers that a case may be packed into) 

IDs, timestamps, originators, and task names are the essential data that needs to be stored. 
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To support detecting factors in the 3
rd

 level of the causal structure in Figure 3.1, the 

information about capacity, resource allocation, detection efficiency, etc, should be stored.   

  

Data capture and update: the infrastructure to capture and update the stored data from the 

checkpoints distributed in the supply chain network. Once the data is updated, the 

infrastructure should make sure it is updated all over the network. 

 

 

Administrative controlling mechanism 

Different from the performance controlling mechanism, the administrative controlling 

mechanism is initialized from the administration. As shown in Figure 3.4, when a decision 

about the process is going to be made, the administration will send a request to the T&T 

system to get data support. According to the administrative purpose, the T&T will collect the 

relevant data from ongoing and historic cases.  

 

 

Figure 3.4 The administrative controlling mechanism of the T&T system  

 

3.3. Summary 

Through the deeper analysis, we obtain the following findings. Firstly, we specify the 

research problems. So instead of discussing the solution in a general way, we can make a 

detailed design to solve more specific and practical problems. Moreover, the challenges of 

addressing the problems by the T&T system are pointed out. This gives directions of our 

detailed design. Secondly, with the help of causal analysis, KPIs which are used to measure 

the performance of delivering processes are defined. These KPIs are the basis of quantitative 

analysis. Finally, the analysis of the environment helps us to understand how the T&T system 

works and what it can already provide before we introduce process mining techniques into 

the environment.  
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Based on the analysis in this chapter, we can start with the detailed design. In the following 

chapters, the detailed design of the mechanisms to apply process mining in the T&T system is 

presented first. Then, the mechanisms are demonstrated by using workflow simulation to see 

if process mining can really bring extra benefits as expected. 
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4. Design 

In this chapter, three mechanisms of applying process mining in solving the three research 

problems specified in Subsection 3.1.1 are presented. As mentioned in the research 

methodology, a mechanism here consists of four parts: a functional focus, a procedure, 

selected process mining techniques, and specified analyzing methods. The functional focus of 

a mechanism states what functions of process mining we are choosing for the design in order 

to solve the research problems. And the procedures aim at showing the steps one could follow 

to apply process mining techniques in the existing environment (T&T systems). During the 

illustration of the procedures, we also indicate what process mining techniques and analyzing 

methods are selected for the mechanism. The selection of process mining techniques and 

analyzing methods is depending on the functional focus and characteristics of the pending 

problem.  

 

4.1. Design of the mechanism for delivery delays 

Functional focus 

To solve the problem of delivery delays, we have to detect that in which part of the process 

the delivery delay occurs and what the cause(s) is/are. Due to the limitations of the T&T 

system in understanding and analyzing the process, detecting the delay and finding the exact 

cause(s) become challenges here. Therefore, we introduce two functions of process mining to 

the design: process rediscovering and performance analysis based on Petri-nets. By involving 

process rediscovering, we can access the process executions to achieve better understanding 

of the process. The analysis based on Petri-nets can help to discover the bottlenecks in the 

process. In the next paragraphs of this section, we will locate these two functions in the 

procedure of the mechanism and explain how they can help to solve delivery delays. As a part 

of the mechanism, the involved analyzing methods will also be illustrated.     

 

Procedure 

As shown in Figure 4.1, the procedure includes three main steps: process rediscovery, 

performance analysis, and causal analysis.  

 

Process rediscovery. By using process mining algorithms (i.e. Alpha algorithm, Genetic 

algorithm), the real world executions of a process can be extracted from event logs. There 

might be inconsistencies between the stylized and idealized model and the process 

executions. These inconsistencies may be the causes of the delivery delays, and therefore, 

they will be pointed out for further discussion in the causal analysis. A Petri-net based 

process model will be established based on the rediscovered process executions and used 

as the basis for further analysis.  
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Performance analysis. Based on the Petri-net model, the log traces will be replayed to 

conduct the performance analysis which focuses on the KPIs defined in Subsection 3.1.3. 

The statistics of KPIs reflects the long term status of the process. From the anomalies 

detected on single traces, we can distinguish the bottlenecks of the process and outliers 

under special situations. Moreover, the analysis on the average performance gives us a 

clue about what level of the service one can expect on the process. The performance 

analysis could also help in setting control flow benchmarks. 

 

Causal analysis. As mentioned in Subsection 3.1.2, delivery delays may be caused by 

different reasons. In order to control or even reduce the delays, knowing the exact causes 

is quite essential. The causal analysis aims at targeting on the correct causes of the delay 

through analyzing the related KPIs and extra information about capacity, resource, 

detection efficiencies, etc. The analysis starts from searching for possible causes, and 

then tries to narrow down the list, and finally collect the evidence to verify the causal 

relations.   

 

Figure 4.1 The procedure to apply process mining in solving delivery delays 
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4.2. Design of the mechanism for measuring and predicting the delivery 

flexibility 

Functional focus 

According to our definition of the delivery flexibility and its related KPIs, the measurement 

requires predictions on the remaining changing time and available working time of the 

resources. The lack of predicting functions makes it hard to measure the delivery flexibility 

by the T&T system only. In this case, we try to make use of the functions of log based 

statistics and multiple-case analysis in process mining to support predictions. This is because 

the two functions we choose can help us to learn from the historic and current status of the 

process. In the following design of the procedure, we use these functions of process mining to 

measure the delivery flexibility first. Based on the measuring result, we can make predictions 

of the delivery flexibility in the future states of the process. In case that the delivery 

flexibility does not meet the requirement (i.e. service level), improving suggestions can be 

formulated also on basis of the measuring results.      

 

Procedure 

Figure 4.2 describes the procedure designed to measure, predict, and improve the delivery 

flexibility of the delivering processes.  

 

Measure. By using the KPIs defined in Subsection 3.1.3, we can measure how the 

delivery flexibility varies from time to time based on the historic data. This can be done 

through the function of log based statistics in process mining. Moreover, we can well 

understand the capability of the process in the perspective of the delivery flexibility 

(average and maximum delivery flexibility). Furthermore, we can explore the conditions 

under which the process would have high/low delivery flexibility and summarize the 

similarities and differences of the cases with different conditions. 

 

Predict. When a changing request is received, process mining can help to predict the 

expected delivery flexibility in terms of workflow simulation which can “fast forward” 

the process shortly from the current state to “see” how the delivery flexibility will change 

in the future.  

 

Improve/redesign. Due to the administrative purposes such as increasing service level, etc, 

higher delivery flexibility might be required. Although process mining itself is not a tool 

for redesigning, the analysis conducted by process mining is closely linked to the 

redesigning plans, since process mining can provide plenty of the knowledge about the 

process. The evaluation afterwards can help to choose a proper redesign plan.   
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Figure 4.2 The procedure to apply process mining in solving the problem of delivery flexibility 

 

   

4.3. Design of the mechanism for focus shifts 

Functional focus 

Referring to the definition of focus shifts in Subsection 3.1.1, it causes the difficulty to follow 

the object flow of a process instance. By directly using the data from the T&T system to build 

the process model, flows with different foci may be mixed in the track of a process instance. 

This is problematic if the decision maker tries to make decisions with only one focus. To help 

decision makers distinguish the behaviors of different foci, we introduce two functions of 

process mining to the T&T system: data structuring and process remodeling. Data structuring 

is a function that can help in discovering relations and hierarchies from raw data. With the 

structured data available, we can rebuild a process model which is more supportive for 

decision making. This is so called process remodeling. In the next part of this section, the 

procedure of the mechanism is designed with these two functions. And how to apply the 

functions is explained.   

 

Procedure 

Figure 4.3 shows the procedure we are taking to solve the problems in decision making 

caused by focus shifts. Basically, there are two main steps: 
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Structure the data. By using the clustering algorithms, we can discover the subordinate 

relations between high and low pack levels (note that in the discussions about focus shifts, 

we can assume “pack level” means the same as “focus”). For instance, we can discover 

that which products are packed into a pallet through clustering all product IDs with this 

pallet ID.  After the hierarchies are built, the data is organized in a structure that different 

pack levels are distinguished. Then we can choose one of the foci and use the filters in 

process mining tools to leave only the data relevant to the chosen focus.  

  

Remodel the process. The process model can be reconstructed for each pack level with 

the filtered data. However, the purpose here is not to consider different pack levels as 

separated parts, but to clarify the decoupling points between them. In this way, decision 

making can be supported at different pack levels. Therefore, after we have the flow of 

each pack level available, we start to reconstruct the whole process model. Different from 

the original one, the new process model indicates the pack level of each task, which 

makes it easier to follow the object follow when focus shifts. Moreover, when a problem 

is detected with this model, we know at which level the problem occurs and the decision 

should be made.  

 

Figure 4.3 The procedure to apply process mining to support decision making when focus shifts 

Support 
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The three mechanisms above show how we are planning to bring process mining techniques 

into the current environment. Using these mechanisms, we should be able to enhance the 

performance of the T&T system in dealing with the delivery delays, delivery flexibility 

problems, and focus shifts. In the next chapter, we demonstrate how the mechanisms can be 

applied in a realistic case.  
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5. Demonstration 

In this chapter, the mechanism designed in Chapter 0 is demonstrated by using workflow 

simulation.  Before introducing the organization of this chapter, the reason why we choose 

workflow simulation to generate the data for demonstration will be explained. Since we are 

experiencing the difficulty in collecting data from the real world T&T system, an alternative 

approach had to be employed to provide the necessary data for demonstration. Basically, 

there are two alternatives: 1) using the data from literatures; 2) simulation. However, the 

relevant literatures either do not include detailed data, or cannot provide sufficient 

information to cover the research problems. In contrast, workflow simulation is considered as 

a very powerful tool for process analysis and improvement. Thus, we decided to use 

workflow simulation as the data generator.    

 

The remaining of the chapter is organized as follows: in Section 5.1, the case used for 

demonstration is described. In Section 5.2, the infrastructure to build up the simulation model 

is presented. The result of the simulation is analyzed with the designed mechanisms in 

Section 5.3.  

5.1. Demonstration case description 

A pharma logistics case (“pharma case” for short) is used in this project as the demonstration 

case. The case is based on a real-life T&T solution for pharma logistics provided by Stelios 

Sbyrakis
1
. But the data of the simulation model are artificial.  

 

As shown in Figure C.5, the whole delivering process consists of four main parts: dealing 

with orders, picking and packing, loading, and delivering. The delivering process starts when 

EDI orders are checked by coordinators. Then delivery notes are formed by different orders. 

According to the delivery notes, goods are picked and packed in boxes by pickers. For each 

order, a set of RFID labels are attached on the boxes by the pickers. After the labels are ready, 

the orders are gathered for each route on pallets by drivers. In parallel with picking and 

packing operations, the loading preparations including gathering normal orders and preparing 

shipping documents are done by drivers two hours before the truck leaves.  After both goods 

and related documents are ready, loading operations is started by drivers. Pallets are moved 

out of the restricted area and placed in truck loading area. Delivering starts when loading is 

finished. Orders are delivered according to route. If the good condition is OK, the delivery 

notes will be signed by customer and approved by coordinator. The delivering process ends in 

                                                   

 

 

1
 http://www.sbyrakis.net/past-projects/implementing-an-rfid-solution 
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this way. If the good condition is not OK or the customer does not pay on delivery, the goods 

will be returned to the distribution center. Coordinators will contact the customer to arrange 

another delivery or cancel it. If another delivery is arranged, the same steps as the first 

delivery should be followed. If the cancellation takes place, the whole process will end.  

 

The description of the process above is only for providing some general information. Based 

on this structure, a simulation model is built to support numerical analysis. Since not all 

process details are necessary for the analysis, some tasks are simplified or merged into one 

task.  

 

5.2. Simulation infrastructure 

In this section, the infrastructure to build up the simulation model is presented. First, the 

general approach of creating a simulation model by integrating workflow system and 

simulation system is presented. Second, the involved tools for the simulation in this project 

are introduced. Finally, the infrastructure made up by these tools is presented.  

 

5.2.1. The general approach of creating the simulation model 

In this subsection, we introduce an approach which is used to create the simulation model for 

our demonstration. The approach is invented by Rozinat et al (2008). This approach aims at 

creating an accurate simulation model which is suitable for operational decision making. 

Figure 5.1 gives an overview of the approach. To use this approach, we have to assume that 

the real-world process is supported and controlled by a workflow system. Before further 

introduction, several important concepts need to be clarified. 

 

Workflow: a workflow itself is a process in which documents, information or tasks are 

passed from one participant to another. It is a set of activities involving the co-ordinated 

execution of multiple tasks performed by different processing entities (Hollingsworth, 

1994). 

 

Workflow system: a system that completely defines, manages and executes “workflows” 

through the execution of software whose order of execution is driven by a computer 

representation of the workflow logic (Hollingsworth, 1994).  

 

Organizational model: a model defines the resource classes (roles, groups, etc.) and 

relations between the classes.  

 

Design information: organizational data and the information describing workflows. 
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Historic information: the information of the events that take place in event logs. The 

probability distributions for workflow events and the relevant timing can be extracted 

through the analysis on historic data. 

 

Current state information: the information reflecting the state of the workflow process at 

a particular point of time, including the control flow state, case data, and resource data. 

The current state information is used to initialize the simulation model. 

 

As shown in Figure 5.1, the three colored lines are the input that is needed to create a 

simulation model which can accurately reflect the real-world process. Workflow & 

organizational model describes the behaviors of the real-world process. It also specifies and 

configures the involved workflow system. The design information can be extracted from the 

workflow & organizational model. As we assumed, the workflow system supports and 

controls the real-world process. So the current state information can be extracted from the 

workflow system. While the real-world process is being executed, the basic information such 

as ID, originator and timestamps of the performed activities is recorded in event logs. The 

event logs are the source of historic information. By integrating design, historic and current 

state information, a simulation model can be created. Running the simulation model by a 

simulation engine, we can get the simulated process. Simulation logs records the similar 

information as event logs.   

 

The original purpose of the above approach is to support operational decision making. In this 

project, we try to apply this approach to create a research environment by mimicking a 

realistic process. But instead of supporting operational decision making, we use the simulated 

process to demonstrate our proposed designs in Chapter 0. Basically, we follow exactly what 

the approach indicates. However, there are a few adaptions we made: 1) since only the 

information about the process structure is available, the process details such as timing, 

resource data, etc. will be set with artificial information; 2) the initial state of the simulation 

model is assumed to be empty, so current state information will not be involved as the 

simulation input. 
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Figure 5.1 Overview of integrated workflow management and simulation system (Rozinat et al, 2008) 

5.2.2. Introduction of involved tools 

There are three tools involved in the infrastructure namely, YAWL, ProM, and CPN tools. 

YAWL is a workflow system with a concise and powerful modeling language as its 

background2. ProM is a generic open-source framework for implementing process mining 

tools in a standard environment
3
. CPN Tools is a tool for editing, simulating and analyzing 

Colored Petri Nets
4
. In our demonstration, YAWL is used as the workflow system and 

provider of design and historic information. And ProM is used to merge the available 

information into a simulation model which will be running in CPN tools. Moreover, ProM is 

a powerful process mining tool which provides plenty of mining algorithms and analyzing 

approaches. 

 

5.2.3. Infrastructure 

Figure 5.2 shows all the tools and information source involved to create the simulation model. 

This infrastructure is used as the instruction to build up the simulation model for this project. 

                                                   

 

 

2
 http://www.yawlfoundation.org/ 

3
 http://prom.win.tue.nl/research/wiki/prom/start 

4
 http://wiki.daimi.au.dk/cpntools/what_is_cpn_tools.wiki?cmd=get&anchor=What+is+CPN+Tools? 
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The three main steps are highlighted in Figure 5.2 with squares and numbers. In the next few 

paragraphs, this infrastructure will be elaborated.  

(1) Set up of YAWL model. As one can see in the top left corner of Figure 5.2, the 

process designer create a YAWL process specification through YAWL editor. The 

YAWL specification describes the real-world process and will be enacted on the 

YAWL engine. Through the YAWL editor, the process designer can also access the 

resource database and associate tasks with roles. 

(2) Run the YAWL model. Before starting the process, the resource needs to be allocated 

through YAWL control center. After the resources are allocated, YAWL users can 

start to create, offer, and execute work items through YAWL control center. The 

YAWL engine has three main products after the process executions: YAWL logs, 

organizational model file, and current state file. YAWL logs are exported to an 

MXML file by ProM import framework. The MXML file will be analyzed by ProM 

and the result will be used to set up the simulation model. The organizational model 

file is extracted from the YAWL engine by organizational model extractor. The 

current state of the process is extracted by current state extractor and converted into a 

SML file to initialize the CPN simulation model. Since the initial state of the 

simulation is assumed to be empty, the SML file will not be used in our simulation. 

(3) Form the simulation model and export it to CPN tools. ProM extracts all simulation 

relevant information from YAWL and merges them into a simulation model based on 

colored Petri-nets. 

Following the steps above, the simulation model of the pharma case can be created. The 

detailed set up of the simulation model can be referred to in Appendix C. 
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Figure 5.2 The infrastructure to build up the simulation model (Rozinat et al, 2008) 

  

 

5.3. Result analysis and demonstration of mechanisms 

In this section, the cases generated by the simulation model will be used to demonstrate the 

mechanisms designed in Chapter 0. For different research problems, the related mechanism is 

demonstrated separately. Following the demonstration, the evaluation is made to check if and 

how the performance of the T&T system is enhanced.  

5.3.1. Demonstration of the mechanism for delivery delays 

The mechanism designed for solving delivery delays includes three steps: process rediscovery, 

Petri-net based performance analysis, and causal analysis.  

 

Demonstration  

 

Process rediscovery 

Following the mechanism designed in Subsection 4.1, the first step is to rediscover the 

process executions from the event logs generated by the simulation model. As discussed 

during the literature review, there are plenty of process mining algorithms available. Three 

algorithms have been tested, which are the heuristics algorithm (Weijters and van der Aalst, 

(1) 

(3) 
(2) 
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2001), alpha algorithm (De Medeiros et al, 2004), and genetic algorithm (De Medeiros et al, 

2007). After the comparison on discovering concurrent tasks, mining loops, and visualizing 

results, the genetic algorithm (GA) is considered as the most promising algorithm for the 

selected problem, because of its good performance in discovering concurrent tasks and the 

clear visualization of the process. The process rediscovered by the GA plug-in of ProM in 

Figure D.1 shows high consistency with the stylized process model shown in Figure C.1 

(Note that the high consistency is because that the process is rediscovered from the 

simulation generated by ProM itself. In a real world case, it is possible to get inconsistencies 

at this step). From the rediscovered process, a Petri-net model can be exported (Figure D.2).      

 

Performance analysis based on Petri nets 

Based on the exported Petri-net model, all log traces can be replayed to conduct the 

performance analysis. The overall measurement on throughput time is as follows and the 

detailed analysis for each task can be seen in Table D.1.  

 

 Throughput time (hours) 

Avg 84.46 

Min 24.0 

    Max 400.0 

Stdev 57.99 

Fast 25% (41) 34.12 

Slow 25% (41) 161.98 

Normal 50% (81) 70.7 

Table 5.1 Analysis of throughput time 

 

Recalling the KPIs defined in Subsection 3.1.3, to illustrate how the designed approach works, 

we assume: 

 

E(TH)=AVG(TH), AVG(TH) is the average throughput time; µ=0.8. 

 

Note that in a real-life process, the setup of µ should be determined by the service level. In 

our demonstration, we consider the last 10 percent of the cases ordered by throughput time as 

serious delayed cases. By setting µ to 0.8, we can pick around 10 percent of the cases from all.   

Let TD denote the threshold, then  

 

TD(TH)=(1+µ)E(TH)=152.03 hours 
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Figure 5.3 Setting threshold to detect delivering delays 

As shown in Figure 5.3, there are 14 cases exceeding the threshold. In the following 

paragraphs of this subsection, we analyze these 14 cases to see what makes them seriously 

delayed. The result of the analysis of delivery lateness can be checked in Table D.2. And the 

statistics of waiting time and processing time of each task grouped by case ID is presented in 

Figure 5.4 and Figure 5.5. According to the statistics, there are three tasks which have long 

waiting time before the case being processed namely, another delivery, load, and return. 

Meanwhile, the two most time consuming tasks in processing cases are return and deliver 

orders. The performance analysis on the indicator of waiting time also indicates the 

bottlenecks of the process (the bottleneck detection for the parma case can be referred to 

Figure D.3, in which the bottlenecks are colored with pink). The causes of delivery delays 

will be discussed in the causal analysis.   
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Figure 5.4 Statistics of waiting time of each task (seriously delayed case only) 

 

 

 

Figure 5.5 Statistics of processing time of each task (seriously delayed case only) 
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Causal analysis 

Based on the performance analysis, it is obvious that both execution delays and queuing 

delays exist in the process instances. Since the tasks with longest queuing time and those with 

longest process time have been identified, the causal analysis will focus on those four tasks: 

another delivery, load, return, and deliver orders. For simplicity, set the expected time with 

average value of the involved tasks in Table D.1and let µ=0.8, we get the thresholds in Table 

5.2.  

 

 TD(W) TD(P) 

Another delivery 59.2326  

Load 23.2452  

Return 21.6 24.8652 

Deliver order  12.9456 

Table 5.2 Thresholds with µ=0.8 

By using the thresholds above, the queuing delays and execution delays can be detected form 

the instances. The serious delays are highlighted in Table 5.3 and Table 5.4. Note that 

although loading consumes a lot of time, its queuing delays are still within the limit of 

expectation. Recalling the rediscovered process model, it is interesting to find that all the 

tasks with serious delays are in the loops of the process. Therefore, the analysis of the number 

of iterations of each task is conducted to help figure out the real cause of the delays.  

    

Case 118 131 133 144 30 35 43 52 58 70 84 86 96 97 

Another delivery 111 95 106 35 79 175 106 96 60 77 97 107 71 71 

Load 22 19 19 23 21 15 14 21 18 8 6 7 16 23 

Return 19 8 25 46 34 67 39 39 22 21 8 38 28 45 

Table 5.3 Detection on queuing delays 

Case 118 131 133 144 30 35 43 52 58 70 84 86 96 97 

Return 34 23 25 56 60 75 46 75 23 28 24 22 26 44 

Deliver orders 14 17 14 34 27 44 16 25 12 14 12 16 19 44 

Table 5.4 Detection on execution delays 

Referring to the result in Figure D.4, we calculate the correlation between the throughput 

time and the number of iterations of the 14 cases by using linear regression. The result is 

presented in Figure 5.6. The coefficient of determination R
2
 shows that nearly 70% of 

variation of the throughput time can be explained by the variation of the number of the 

iterations. Meanwhile, we calculate the Spearman correlation coefficient which indicates the 

direction association between the two variables. With the result that Spearman's rho=0.831 

and P-value=0.000229 (degree of freedom=14-2=12), we can conclude that the throughput 

time and the number of iterations are strongly correlated and the correlations are statistically 

significant. 
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The causal analysis indicates that it is high number of iterations that causes the delays. So the 

following improving plans should focus on reducing the number of iterations of the delayed 

case. According to the delivering process, a possible solution is to improve the quality of the 

product so that the returning rate will be lower, which will lead the reduction in number of 

iterations.  

 

The causal analysis above is on the basis of the performance analysis. Starting from the 

serious delayed cases indicated by KPIs and focusing on the most time consuming tasks, the 

causal analysis successfully figures out one of the most significant causes through studying 

on multiple cases and mining the hidden correlations between different factors. By using the 

same methodology and the causal relations defined in Subsection 3.1.2, we can also check if 

there are detection delays in the process instances and what the cause could be. The detailed 

procedure will not be elaborated in this subsection.   

 

 

 

Figure 5.6 Correlations between TH and No. of iterations 

Evaluation 

The demonstration above shows how “mission impossible” for the T&T system can be 

accomplished with the help of process mining. First, by working on massive number of cases 

instead of following a single trace, we start to learn the laws behind the cases. This extends 

the original capability of the T&T system from “cases” to “processes”.  During the 

demonstration, hundreds of traces captured by the T&T system are merged into a process 

model by GA. Second, the analyzing functionality of process mining helps the administration 

to switch the role from a “controller” to an “analyst”. With process mining, more information 

can be provided (i.e. the average, best, and worst performance, etc) as shown in Figure 5.3. 

Last but not least, the causal analysis can be conducted in a more systematic way. The causal 
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analysis of the demonstration shows a systematic way of finding causes: 1) searching for 

targets; 2) narrowing down the list; 3) verifying the causal relations.  

 

 

5.3.2. Demonstration of the mechanism for delivery flexibility 

Recalling the design of the mechanism in Section 0, we use log based statistics and multiple-

case analysis to measure and predict the delivery flexibility of a process. Then, based on the 

measuring result, we can give suggestions to direct potential improvements of the delivery 

flexibility. These steps are demonstrated in more detail in the following paragraphs. 
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Demonstration 

 

Measure 

Before measuring the delivery flexibility of the process, we need to make the following 

assumptions: 

1. The time interval of changing starts with the task check EDI orders and ends when 

the task load is finished. 

2. If the planned date of the order is changed, we assume that the order will not be 

combined into other planned deliveries but assigned to an extra delivery.  

3. To change the planned date of the order, coordinators are needed to re-plan the date 

and drivers are needed to make the extra delivery. However, the tasks done by 

coordinators do not require a lot of time, while delivering actions consume a lot of 

time of drivers. For simplicity, we relate the resource availability indicator Ri(t) only 

to drivers.  

4. To make the measuring easier, relative time will be used instead of absolute time. For 

instance, during the measurement, ts will be set to 0, and then tc can be transferred in 

the duration of the time interval of changing.  

5. The measurement use the historic data, but F(t) is actually an expected value. So we 

use the actual value as the expected value.   

Since different cases have different ts and tc, we randomly pick one case (No. 35) out of 163 

to measure how the delivery flexibility varies in its time interval of changing which starts at 

07:56:54 21-06-2010 and ends at 22:56:54 22-06-2010. By using basic performance analysis 

of process mining techniques, Ri(t) (the available hours of each driver) can be listed out. Then 

R(t) can also be calculated (��� = ∑ �������� ). We calculate R(t) every five hours from the 

beginning of the time interval and the result is shown in Figure 5.7. 

 

 

Figure 5.7 The trend of the total expected time available among 20 drivers 
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Figure 5.7 indicates that the indicator R(t) has a strong linear relation with t. When the 

changing request is received, the closer it is from the end of the time interval, the less flexible 

the process will be. Combining this trend into the indicator of the expected delivery flexibility, 

we can figure out how F(t) varies with time (Figure 5.8).  The curve shows that the delivery 

flexibility decreases in a slower speed when it is closer to the end of the time interval.  

 

However, since the process is dynamic, the distribution of the delivery flexibility can be 

influenced by a lot of factors. For instance, any fluctuation of the resource could possibly 

make a complete change in the trends. Regardless how different trends we will get, the same 

measurement on the delivery flexibility can always be conducted with the well-defined 

indicators and historic data. 

 

 

 

Figure 5.8 The trend of the expected delivery flexibility among 20 drivers 

 

 

Predict 

The same case can be used to demonstrate the prediction procedure. Assume that a changing 

request of case 35 is received at relative time 15. According to the analysis of resource 

availability on the historic data as shown in Figure 5.9, the best guess is that the trend 

continues with the similar slope. The horizontal intercept of the trend line is 33.57. Assuming 

that tc=33.57, then R(t) and F(t) can be estimated. The predicted trend line of F(t) and R(t) are 

compared with the actual trend lines in Figure 5.10 and Figure 5.11.  

 

As presented in the comparisons, the prediction performs really well. This is also partly due 

to the linearity of the trends. But it is clear that a good prediction on the resource availability 

can lead to a precise estimation of the expected delivery flexibility.   
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Assume that the changing of the scheduled date requires 50 hours. From the prediction in 

Figure 5.10, we can see that after the time point t=30.89, the process cannot afford the time to 

organize the changing any more. In this case, the cutoff value of the expected delivery 

flexibility is 10.40.  

 

 

Figure 5.9 The trend of the total expected time available (for prediction) 

 

 

Figure 5.10 Comparison between predicted and actual trend of R(t) 

 

50 
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Figure 5.11 Comparison between predicted and actual trend of F(t) 

 

Improve/redesign 

As indicated in the definition and measurement of the delivery flexibility, the remaining time 

of the time interval and available hours of resources are two factors deciding the level of the 

delivery flexibility. Therefore, the improvements and redesigns concerning the delivery 

flexibility will be considered from these two perspectives.  

 

Recalling the definition of the expected delivery flexibility, P(t), as a factor of F(t) and the 

indicator related to the time interval , is monotonic decreasing with t. This characteristic 

makes F(t) tend to drop, especially when the time is close to the end of the time interval (tc). 

To give more chances to make changes, one possible solution is to extend the time interval. 

However, the extension cannot be simply made without considerations from the perspective 

of the process. The process executions extracted by process mining techniques shows that the 

customer orders are delivered in the way of “point to point”. The deliveries start at the 

distribution center and go to the customer directly. According to the analysis in Table D.1, 

the task deliver orders is one of the most time consuming tasks. And once it is started, no 

change can be made any more. The information above directs the redesigns to consider 

introducing transferring hubs. It adds a stop in the order delivering. This gives us a chance to 

make changes while the orders are still at the hubs. Of course, the redesign must further 

consider other factors in practice, such as cost, resource, etc to evaluate the feasibility. Since 

the redesign is not the focus of this project, the redesign plans will not be elaborated.         

 

The decision makers may also intend to improve the delivery flexibility by adding more 

resources to the process. Since adding resource is always a trade-off between the level of 

flexibility and cost, it is wise to do so only when it is necessary. If the trend of the available 

hours of resources goes like what is shown in Figure 5.7, it is clear that to maintain a certain 

level of the expected delivery flexibility, more resources are needed when it is closer to the 
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end of the time interval. In contrast, the process is flexible enough at the beginning of the 

time interval with even a few resources so that part of the resources can be reallocated when 

the flexibility is above the required level.  

 

Evaluation 

The demonstration above gives another example that together with process mining, the T&T 

system can go further in addressing performance oriented problems. The measurement of 

delivery flexibility requires the analysis and prediction of the overall resource availability 

(analysis is for the historic and current data, and prediction is for the future states).  The 

individual view and lack of analyzing functions (limitation 1 and 3 indicated in Subsection 0) 

make it a big challenge for the T&T system. Instead of analyzing cases separately, process 

mining links the information between different cases. For instance, we used the basic 

performance analysis of process mining to collect available hours of all drivers for measuring 

the delivery flexibility of one case. Even a resource is not related to the case currently, the 

analysis by process mining would consider it as a candidate in the future states. Process 

mining considers the entire system as a whole, and different cases share the information and 

resource. This is how the measurement of delivery flexibility becomes possible with the help 

of process mining. Once we learn the trends of the delivery flexibility, the predictions can 

also be made. On the basis of the measurement, we get another benefit from process 

mining—improvements related to delivery flexibility can be made to the process.        

        

5.3.3. Demonstration of the mechanism for delivery focus shifts 

To support decision making under the situation that focus shifts, process mining can 

contribute by structuring the data and remodeling the process. The data structure and 

remodeled process are presented in this section to illustrate how focus shifts can be addressed.  

 

Demonstration 

 

Structure the data 

As described in the mechanism of Section 4.3, we can figure out the subordinate relations 

between different pack levels by using filtering algorithms in process mining tools (ProM is 

used in this project). For instance, by filtering the log file with the attribute OrderID we can 

obtain the information that how many pallets can be related to an order (unique or multiple). 

Similarly we can also figure out the multicity between pallets and trucks.  For the phama case, 

the multicity is that an order can be packed into one or more pallets, but a pallet belongs to a 

unique order. And a truck contains multiple pallets. We can also use the filters in ProM To 

collect the information about operations related to each entity. For example, by filtering the 

log with PalletID, all the operations without indicating PalletID are filtered out. Therefore, 

we know when a pallet ID is created and which operations are at the pack level of pallet. 
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Based on the discovered relations, a UML model is made as shown in Figure 5.12. There are 

three entities in the model representing the three pack levels of the pharma delivering process 

namely, order, pallet, and truck. The multicity of each entity is indicated at the ends of the 

connections. Each entity in the model contains two cells. The attributes of the entity are 

located in the upper cell, while the lower cell includes all the operations (process events in the 

process model) related to the entity.  

 

 

 

Figure 5.12 UML model of process entities 

After the data is structured, we dig out three types of information: subordinate relations, 

operations at each pack level and decoupling points between each pack level (the points a 

new ID at different pack level is involved). The information can be used to remodel the 

process in the way that different pack levels are indicated. We demonstrate the remodeling 

procedure in the following paragraphs. 

 

Remodel the process 

With the structured data, we can choose any of the pack levels to extract the relevant 

workflow (Figure D.5, Figure D.6, Figure D.7). To extract the workflow, the data needs to be 

filtered first, leaving only the operations at the chosen pack level (the operations related to 

each pack level can be referred to Figure 5.12). Meanwhile, 5 decoupling points are 

recognized between the tasks: Check EDI orders ->Prepare loading, Gather orders on 

pallets ->Load, Load ->Deliver orders, Another delivery? ->Deliver orders, Deliver orders -

>Conditions OK?. Then, we can reconstruct the process model by connecting the workflows 

at the decoupling points. Figure 5.13 presents the pharma delivering process after being 

remodeled. There are three pack levels in the process: order, pallet, and truck. The decoupling 

points between different pack levels are highlighted in the figure. In the low right of the 

figure, we can find two artificial tasks: receiving check and finish. The task receiving check 
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represents the tasks in the dash square when the focus shifts to the truck. By introducing 

artificial tasks, we can switch the behaviors in one pack level to another so that we can get a 

complete trace for each level.  

 

 

Figure 5.13 Remodeled process with multiple pack levels 

 

Evaluation 

To evaluate the proposed mechanism for addressing focus shifts, we compare the situation 

with and without process mining from the following perspectives: 

 

Data structure: if the data is well organized and the information of different pack levels is 

connected.  Before we introduced the process mining techniques, the data structure in the 

T&T system is ‘flat’—no hierarchies in the data. The T&T system focuses on single 

traces, from which we don’t know how many pallets belonging to the same order and 

how many pallets are on the same truck. With the help of process mining, the data 

structure becomes ‘stereoscopic’—subordinate relations are recognized and hierarchies 

are built between different pack levels. When the focus shifts to another pack level, we 

know how many items are connected. For instance, when we start the task deliver orders, 

the focus shifts to the truck. Thanks to the help of process mining, now we are able to 

learn how many pallets are moving with the truck. Therefore, with the structured data, we 

can follow the object flows even when focus shifts. 

 

Process remodeling supportiveness: to what extent process modeling is supported. As 

presented in the controlling mechanism in Figure 3.4, the T&T system only helps in 

collecting the necessary data for process modeling. However, as discussed in the 

demonstration, process mining can be used as a ‘pre-modeling’ tool. It supports process 

remodeling in terms of data filtering and process rediscovering (with the filtered data). 

With these supports, we managed to reconstruct the model shown in Figure 5.13. 

  

Decision making supportiveness: to what extent decision making is supported. Recalling 

the situation without process mining, since the behaviors in different pack level are not 

well distinguished in the process, it is difficult to make operational decisions only to one 

of the pack levels. Now with process mining, the process is remodeled with multiple pack 

levels (Figure 5.13). Meanwhile, we introduced artificial tasks which help us to complete 



46 

 

the trace for each level. For instance, in the original process model has the focus on 

orders after the task deliver orders. The process ends when the order is approved or 

redelivery is given up. Now in the model presented in Figure 5.13, we introduced the 

artificial task receiving check and finish to the pack level of the truck. Note that there is a 

loop between receiving check and deliver orders. It represents that if the truck carries 

multiple orders, the process ends only when all the orders are delivered. These types of 

behaviors are hidden before but become measurable with the proposed mechanism. Once 

the trace at each pack level is complete, we can conduct analyses at any level to support 

decisions on it.  
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6. Discussion 

In Chapter 0, we defined three research problems which can hardly be addressed by the T&T 

system due to its limitations. Therefore, we considered process mining as the supplement to 

the T&T system in solving the research problems. Three mechanisms to apply process mining 

were designed and demonstrated with the case generated from the workflow simulation 

model which mimicked a real-life process. Through the demonstration, we can see that 

process mining is a very promising approach to solve the research problems on the basis of 

the T&T system. Moreover, we can discuss whether the combination of the T&T system and 

process can be generalized to serve for other problems. 

 

In our demonstration of the mechanism for addressing delivery delays, process mining shows 

advantages with its functionality of process rediscovering and analyzing. And when we tried 

to solve the problem of delivery flexibility, we used process mining to learn from the historic 

and current data and then conducted the measurement and predictions. The ways we used to 

solve the two performance oriented problems have some similarities: 

(1) Process mining techniques are used to get better understanding of the environment. 

The environment here could be the process executions, the system states, etc. For 

example, the rediscovered pharma logistics process well reflects the process 

executions (segment process rediscovery in Subsection 5.3.1). 

 

(2) The performance is measured by involving analyzing functions of process mining. 

For instance, we used performance analysis based on Petri-nets for detecting delivery 

delays. And for measuring delivery flexibility, we employed multiple-case analysis.  

 

(3) The performance analysis exposes the bottlenecks or key performers in the process. 

Therefore, we can plan for potential improvements based on the analyzing results. 

For instance, improving suggestions were made based on the measuring result of 

delivery flexibility (segment improve/redesign in Subsection 5.3.2 )     

Based on the similarities above, we can create a more general mechanism to apply process 

mining for performance oriented problems. The mechanism is presented in Figure 6.1.  

 

Figure 6.1 Generalized mechanism to apply process mining in addressing performance problems 

  

To address administrative problems, the first step is always to define the administrative 

purpose(s). In the demonstration of the mechanism for focus shifts, process mining actually 

plays the role of a ‘data processer’. It collects the information from raw data provided by the 
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T&T system and structures the data in a way that decision making becomes much easier than 

before. This can be generalized for any problems related to decision making. 

 

With discussions above, we can conclude that process mining has a great potential to be 

combined with the T&T system to address delivery problems.  
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7. Conclusions and recommendations 

This chapter is organized as follows: in Section 7.1, the research questions are answered. In 

Section 0 recommendations are formulated. Section 7.3 provides directions for further 

research.  

7.1. Conclusions 

The T&T system has been widely applied in supply chain management as a controlling tool. 

It links information systems with the material flow in the supply chain so that the behaviors 

of items can be recorded in the database. The T&T system can contribute to detecting 

performance problems and providing information to support process modeling or decision 

making. However, literatures indicate some limitations of the T&T system in addressing 

supply chain problems. The characteristics of process mining show us its potential of being 

applied as a supplement the T&T system. Therefore, our main research question is defined as: 

 

Can process mining techniques contribute to improving the performance of the T&T 

system in addressing delivery problems, and, if so, how does it work? 

 

To address this question, three specific research problems (delivery delays, delivery 

flexibility and focus shifts) have been defined. In the detailed design, three mechanisms of 

applying process mining are designed to help in addressing the research problems. These 

mechanisms are demonstrated with a case generated by the workflow simulation. The 

simulation model imitates a phama logistics case in real life, which makes the simulation 

result more realistic. After the demonstration, the generalization of the designed mechanisms 

is discussed, so that the combination of the T&T system and process mining can be used to 

address more problems.   

   

Regarding to the detailed research questions in Section 2.2, the brief answers are as follows: 

1. The delivery problems can be categorized into two groups: performance oriented 

problems and administrative problems. Among all identified problems, delivery delays, 

delivery flexibility and focus shifts attract our research interests most. By addressing 

these problems, we can test if process mining is a promising approach to enhance the 

performance of the T&T system. 

  

2. Resource, output, and flexibility are identified as three major types of metric for 

measuring SC performance. Concerning the research problem, the following KPIs are 

selected for this project:  

Output: delivery lateness, delivery earliness, average lateness of orders, percent on-

time deliveries, waiting time, processing time, throughput time.  
Flexibility: remaining changing time, available working time of the resources.  
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3. For performance controlling, the T&T system tracks the ongoing case or traces the 

historic case to monitor the process status. The problems can be detected by the 

predefined thresholds. The adjustments will be made after the T&T system report the 

problems. For administrative controlling, the T&T system starts to collect information 

after receiving requests from the delivering administration. The collected information is 

sent through information systems to support decision making.  

 

4. In addressing the research problems, the T&T system has following limitations: 

individual view, lack of understanding of the process, lack of analyzing functions, lack of 

predicting functions, lack of data structures. 

 

5. In addressing performance oriented problems (delivery delays and delivery flexibility), 

process mining can enhance the controlling performance of the T&T system by detecting 

problems based on massive numbers of event logs. The process rediscovering 

functionality of process mining can help in understanding the process. The strength of 

process mining in log based analyzing can serve as the basis of performance measuring 

and future state predictions. The improving plans can be made based on the analyzing 

result. To address focus shifts, process mining is used as a ‘data processer’ who turns the 

raw data collected by the T&T system into the structured data. Decision making is better 

supported by structured data.    

 

6. Process mining can work as a promising supplement for the T&T system to address 

delivery problems.  

Regarding the reflection on the detailed research questions, we have following main 

conclusions: 

1. On basis of the T&T system, it is feasible to apply process mining to address delivery 

problems.  

 

2. The application of process mining can enhance the performance of T&T systems in terms 

of process understanding, analyzing, predicting, data structuring, and decision making.  

 

3. In general, process mining can be applied to deal with performance oriented problems by 

three steps: 1) use process mining to get better understanding of the environment; 2) 

conduct performance analysis; 3) according to the analyzing result, give improving 

suggestions. For administrative problems, process mining can help to organize the 

original data in a way that decision making can be easily supported.  
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7.2. Recommendations 

To make the combination of the T&T system and process mining techniques work smoothly, 

we have different recommendations for groups. 

 

For researchers who try to adopt the proposed approaches: 

1. Unify the exporting format of the T&T system and importing format of process mining 

tools so that the two approaches can be linked without losing any information. 

2. Standardize the performance measurements before combining the two approaches, 

because they may use different standards for measuring the same performance.  

3. Improve the usability of the process mining plug-ins in addressing practical problems. 

For supply chain managers who try to address their problems by the proposed approaches: 

1. A Well-functioning T&T system is the precondition to bring in process mining. The 

quality of the analyzing results by process mining is depending on the quality of data 

provided by the T&T system.  

2. The real-world environment can be really complicated, so there might be some factors 

not considered by our designs. Adaptions are probably needed.  

3. One should be aware of that although we design mechanism to address three research 

problems, but the general idea of combining process mining with the T&T system can 

serve for more problems.   

 

7.3. Future research 

This project has investigated the application of process mining in T&T systems. There are 

several topics that may be interesting for further studies: 

1. The application of process mining in a real-life T&T system 

In this project, we designed mechanisms for the application of process mining to address 

the research problems. However, the designs were demonstrated by using workflow 

simulation. Although the simulation model tries to imitate a real-life delivering process 

(the case we used is on basis of a real-life phama delivering process, but the data are 

artificial), there are still a lot of situations could not be simulated. This is one of the main 

limitations of our current research. Designing in real-life can improve the credibility of 

our designs, while there will also be more challenges. For instance, normally companies 

are quite cost sensitive. But both the T&T system and process mining techniques intend 

to use non-financial metrics for the performance measurements. How to introduce the 

concept of cost into the T&T system and process mining? What could be the new KPIs? 

These questions are very interesting under this topic.  
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2. The application of process mining in the general supply chain management. 
The topics in this project is narrowed to delivering processes, the research can be 

extended to the entire supply chain. Then the situation would become more complicated. 

To enhance the performance of one part of the supply chain or the overall performance, 

which is the tradeoff we may face when we try to apply process mining in the entire 

supply chain. Since there are multiple roles in a supply chain (supplier, manufacturer, 

3PL, etc.), how the information is shared between different roles can be a challenge.  
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A. Research scope in the SCOR model 

 

 

Figure A.1 The research scope highlighted in the SCOR model 

 

Figure A.2 SCOR hierarchies  



57 

 

B. Review on current Tracking and Tracing research  

Table B.1 Review on current tracking and tracing research 

Literature Definition of tracking and tracing Description of proposed approach/system Advantages Limitations 

Stefansson 

and Tilanus, 

2000 

Tracking stands for following the entity on its way 

from A to B, while tracing stands for finding the 

entity between A and B. Not specially distinguished 

in the article.  

Tracking and tracing systems are classified by using 

eight attributes. Design principles are worked out 

through practical case studies.  

Different tracking and tracing systems are 

formulated into the framework consists of same 

types attributes so that comparisons are easy to 

make; easy to examine whether the current system 

suits the supply chain and identify the unsuitable 

attributes.   

Most studied cases tend to simple 

applications of tracking and tracing, so 

advantages are not well reflected.  

Van Dorp, 

2002 

Definitions differ along the dimensions of type of 

activities that are included and the organizational 

context in which they are performed. 

A structure of tracking and tracing development 

consisting of three typical levels of sophistication: 

item coding, information architecture, and planning 

and control. 

Depending on the desired sophistication of the 

tracking and tracing application, the proposed 

development structure will guide managers or 

designers to pay attentions on particular layers of 

the supply chain and make the layer integrated by 

deploying dedicated concepts. 

No business cases involve the proposed 

structure; lack of details for application. 

Jansen-

Vullers et al, 

2003 

Tracking is a method of following an object through 

the supply chain and registering any data considered 

of any historic or monitoring relevance. 

Traceability is viewed as an ability by which one 

may track a product batch and its history through the 

whole, or part, of a production chain from harvest 

through transport, storage, processing, distribution 

and sales, or internally in one of the steps in the 

chain, for example the production step. 

Reference data model designed to accommodate 

support for the registration of historic relations 

between lots and/or batches, support for the 

registration of operations on lots and/or batches and 

support for the registration of associated operation 

variables and values.  

The reference model can be used to extend 

existing applications which are lacking of 

traceability functionality; dynamic derivations of 

data types are considered in the model. 

Typical support for multiple input-

multiple output operations is not 

included; registration of material relations 

on actual cyclic operations is not 

supported.  

Karkkainen et 

al, 2004 

Tracking signifies the gathering and management of 

information related to the current location of products 

or delivery items, whereas tracing relates to storing 

and retaining the manufacturing and distribution 

history of products and components. 

Forwarder independent tracking (FIT): produce and 

disseminate reliable tracking data from deliveries 

that are handled in multi-company distribution 

networks.  

The proposed approach is suitable for tracking 

shipments in short-term multi-company 

distribution network.  

No empirical research and application to 

validate or refute its perceived benefits. 

Kelepouris et 

al, 2006 

Tracking is a method of determining the ongoing 

location and state of items during their way through 

the supply chain. 

Tracing is a method of recording and/or having 

access to information regarding the composition of an 

object from raw material or sub-components and 

operations that the object has undergone during its 

lifetime. 

An approach used for tracking and tracing case 

studies to identify key factors which affect tracking 

and tracing effectiveness and estimate the impacts of 

automatic identification technologies towards 

effectiveness improvements.  

The factors are retrieved from 4 different practical 

case studies; the case studies focus on aerospace 

industry, making each case comparable.  

The approach is lack of details, e.g. how 

those factors are identified, by interview 

or by qualitative/quantitative methods; 

Only a basis for measuring the 

performance of a company with regard to 

those identified factors is provided, 

further performance metrics need to be 

defined. 

Kelepouris 

and 

McFarlane, 

2007 

Consistent with Kelepouris et al, 2006 Overall performance measurement framework which 

follows the factors identified in Kelepouris et al 

(2006) to provide quantitative metrics to measure 

tracking and tracing performance; a way of 

estimating the information value is also proposed. 

Well defined methodology capturing modeling 

supply chain tracking, identifying performance 

metrics, and measuring process. An example is 

raised helping readers to achieve better 

understanding about the proposed framework and 

methodology.   

Some defined metrics are not easily 

retrievable. The links between the 

measurement framework and operational 

decision support are still weak. 



58 

 

C. Simulation model 

C.1. Set up of a YAWL model 

The YAWL process specification for the pharma delivering case is presented in Figure C.1. 

The process specification follows the demonstration case description.  Note that small 

adaptations are made to simplify the process or for special purpose. Several loading 

operations are merged into the task “load”. 

 

 

Figure C.1 Delivering process in YAWL model 

To complete the YAWL process specification, tasks must be associated with roles. The 

resource groups and their responsible tasks are as follows: 

 

Task Group 

Check EDI orders Coordinator 

Pick goods Picker 

Pack Picker 

Attach RFID label Picker 

Gather orders on pallets Driver 

Prepare loading Driver 

Load Driver 

Deliver orders Driver 

Conditions OK? System 

Get signed Driver 

Approve Coordinator 

Return Driver 

Another delivery Coordinator 

Finish System 

Table C.1 Tasks and the associated groups 

C.2. Form the simulation model and export it to CPN tools 

The analysis result of YAWL logs are shown in Table C.2. The time distributions are all 

assumed to be uniform distribution. The arrival rate of cases is assumed to be normal 

distributed with the mean of 5.0 hour and variance of 2.5 hour. There are two decision 

making points in the process, “conditions OK?” and “another delivery”. The probabilities are 

DeliveLoadingPicking & Packing

Orders Picking &Packing Loading Delivering 
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set as: conditions OK?—(Yes: 0.9; No: 0.1), another delivery—(Yes: 0.4; No: 0.6). The 

organizational model of the demonstration process is shown in Figure C.2.  

 

Task Execution time 

mini/hour 

Execution time 

max/hour 

Waiting time 

mini/hour 

Waiting time 

max/hour 

Check EDI 

orders 

0.03 0.15 0 0.5 

Pick goods 0.75 2.5 0.25 6 

Pack 1 4 0 6 

Attach RFID 

label 

0.5 1 0 6 

Gather orders 

on pallets 

0.25 1 0 6 

Prepare 

loading 

0.5 1.5 1.5 4.5 

Load 0.5 1 0.15 24 

Deliver orders 2.5 12 0 0 

Conditions 

OK? 

0 0 0 0 

Get signed 0.1 0.25 0 0 

Approve 0.05 0.15 0.15 3 

Return 5 24 1 24 

Another 

delivery 

0.25 0.5 1 72 

Finish 0 0 0 0 

Table C.2 Log analysis of YAWL logs 

 

With CPN export plug-in, the simulation model can be exported into CPN tools. The process 

and simulation environment in CPN tools is presented in Figure C.3 and Figure C.4. 

 

 

Figure C.2 Organizational model of the demonstration process 
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Figure C.3 The simulation model in CPN tools—process 
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Figure C.4 The simulation model in CPN tools—environment 

 

C.3. Simulation output 

Deo (1991) explained the calculation of simulation run length with in a given limit of 

confidence as 

 = �!��"/$�$%$
$  

 

t is the tolerance limit we are willing to accept; σ
2
 is the variance of the parent population and 

y1- α/2 is the two tailed standardized normal static for the probability (1-α). In our simulation, 

since we do not have the parent population, we assume the variance of the parent population 

to be 100. Setting the confidence interval to be 95 percent, then we have y1- α/2=1.96.  Assume 

that the estimate of the minimum sample lies within ±2 units of the true mean, then t=2. 

The minimum sample size we need can be calculated as  

 

 = �1.96�$�100�
2$

+ 96 

 
To get 96 cases, we need about 3000 simulation steps in CPN tools. To make sure we have a 

big enough sample size, the simulation model is run for 6000 steps which have been 

estimated as the time for one month. The first1000 steps of which are considered as warming 

up period to make sure the system is in the steady state (it is tested that after 1000 steps the 

system has entered steady state). Table C.3 shows the summary of the simulation. It is 

indicated that the simulation covers a period of more than one month and163 process 
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instances are completed. Based on the simulation result, the T&T approach and process 

mining techniques will be used to detect, diagnosis, and solve the pre-defined problems. 

 

 
Statistics 

Process Instances 194 

Completed process instances 163 

    Effective audit trial entries 4360 

Start date 19-06-2010 17:56:54 

End date 25-07-2010 22:56:54 

Available resource Coordinator: 10; Picker: 10; Driver:20 

Average throughput time 84.46 hours 

Table C.3 Simulation summary 

 

Figure C.5 Distribution of restricted pharmapseutical goods with RFID & Telematics Proof of Delivery 

(http://www.sbyrakis.net/past-projects/implementing-an-rfid-solution) 
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D. Demonstration Figures 

 

Figure D.1 Result of the process rediscovery by GA plug-in of ProM
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Figure D.2 Petri-net model in ProM 

Task Average 

(working) 

Frequency 

(working) 

Stadev 

(working) 

Min 

(working) 

Max 

(working) 

Average 

(waiting) 

Frequency 

(waiting) 

Stadev 

(waiting) 

Min 

(waiting) 

Max 

(waiting) 

TASK_Another_delivery_89 0 118 0 0 0 32.907 118 21.471 1 72 

TASK_Approve_27 0 101 0 0 0 1.634 101 0.845 0 3 

TASK_Check_EDI_orders_3 0 163 0 0 0 0 163 0 0 0 

TASK_Conditions_OK_23 0 219 0 0 0 0 219 0 0 0 

TASK_Finish_11 0 163 0 0 0 0 163 0 0 0 

TASK_Get_Signed_26 0 101 0 0 0 0 101 0 0 0 

TASK_Gather_orders_on_pallets_18 0.656 163 0.476 0 1 2.693 163 1.929 0 6 

TASK_Attach_RFID_label_15 1 163 0 1 1 2.926 163 1.854 0 6 

TASK_Load_6 1 163 0 1 1 12.914 163 6.658 1 23 

TASK_Prepare_loading_32 1 163 0 1 1 2.362 163 1.154 0 4 

TASK_Pick_goods_4 1.558 163 0.498 1 2 1.902 163 1.311 0 5 

TASK_Pack_14 2.503 163 0.99 1 4 2.693 163 1.84 0 6 

TASK_Deliver_orders_19 7.192 219 2.728 3 12 0 219 0 0 0 

TASK_Return_88 13.814 118 5.381 5 24 12 118 6.866 1 24 

Table D.1 Detailed performance analysis for each task  
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Instance 118 131 133 144 30 35 43 52 58 70 84 86 96 97 

E(TH)/hours 84.46 84.46 84.46 84.46 84.46 84.46 84.46 84.46 84.46 84.46 84.46 84.46 84.46 84.46 

TH/hours 223 182 210 212 231 400 241 271 153 175 171 201 184 248 

LN/hours 138.54 97.54 125.54 127.54 146.54 315.54 156.54 186.54 68.54 90.54 86.54 116.54 99.54 163.54 

Table D.2 Analysis on the delivery lateness 

 

 

 

Figure D.3 Bottleneck detection 
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Figure D.4 No. of iterations for each task
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Figure D.5 Workflows at the pack level of ‘order’  
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Figure D.6 Workflows at the pack level of ‘pallet’ 

 

 

Figure D.7 Workflows at the pack level of ‘truck’ 
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