
 Eindhoven University of Technology

MASTER

Visualizing performance indicators for production planning in BPMN 2.0 in the manufacturing
domain

Heidema, Y.K.

Award date:
2018

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/9edca006-fa4e-41a7-be86-636ef9543ccd


 

Eindhoven, July 2018 

 

 

 

 

 

 

 

 

Y.K. Heidema, BSc. 
Student identity number – 0752598 

 
 

 
In partial fulfilment of the requirements for the degree of 

 
Master of Science 

In Operations Management and Logistics 

 

 

 

 

 

Supervisors: 
 
dr.ir. I.T.P. Vanderfeesten 
J. Erasmus, MSc. 
ir. R. Keulen  
K. Dizy, MSc. 
 
3rd assessor: 
dr.ir. R.M. Dijkman 
  

Visualizing Performance Indicators 

for production planning in BPMN 

2.0 in the manufacturing domain 

 



 
 
 
TUE. School of Industrial Engineering. 
Master Thesis Operations Management and Logistics 
 
 
 
 
 
 
 
 
 
 
 
Subject headings: BPMN overlay, dashboard design, performance monitoring system, visualization, 
ISO 22400.



I 

 

Table of Content 
Abstract ................................................................................................................................................... V 

Preface .................................................................................................................................................... VI 

1 Introduction ..................................................................................................................................... 1 

1.1 Research design ....................................................................................................................... 3 

1.2 Thesis overview ....................................................................................................................... 8 

2 Diagnosis and analysis: MOM KPIs and PI Visualizations ................................................................ 9 

2.1 List of Manufacturing Operations Management Key Performance Indicators ....................... 9 

2.2 List of Performance Indicator Visualizations ......................................................................... 13 

3 Solution design: BPMN MOM KPI Visualization Dashboard .......................................................... 18 

3.1 Design principles for the visualization of KPIs on BPMN ....................................................... 18 

3.2 BPMN KPI Visualization ......................................................................................................... 19 

3.3 BPMN MOM KPI Visualization Framework ............................................................................ 26 

3.4 BPMN MOM KPI Dashboard Design Procedure .................................................................... 36 

4 Case study implementation and evaluation .................................................................................. 49 

4.1 Case study implementation ................................................................................................... 49 

4.2 Case study evaluation ............................................................................................................ 59 

5 Conclusion ..................................................................................................................................... 63 

5.1 Overview of the results ......................................................................................................... 63 

5.2 Theoretical contributions ...................................................................................................... 63 

5.3 Practical implications ............................................................................................................. 64 

5.4 Limitations ............................................................................................................................. 64 

5.5 Future work ........................................................................................................................... 65 

6 References ..................................................................................................................................... 66 

7 Appendix:....................................................................................................................................... 69 

7.1 Literature review on MOM KPIs ............................................................................................ 69 

7.2 Literature review on the visualization of KPI for BPM .......................................................... 74 

7.3 ISO 22400 KPIs expansion by (N. Kang et al., 2016) .............................................................. 80 

7.4 ISO 22400 - Visualization table KPI considerations ............................................................... 86 

7.5 Original Vilarinho dashboard design procedure expanded ................................................... 94 



 

II 

 

Table of Figures 
Figure 1: Traditional Dashboard (Kang and Han 2008) ........................................................................... 1 

Figure 2: (left) BPM process view dashboard of Oracle, (right) Engelen (2015)’s financial information 
on BPMN .................................................................................................................................................. 2 

Figure 3: (left) Engelen's financial representation (right) Linden's financial representation ................. 2 

Figure 4: Adapted Problem-Solving Cycle of (Aken, Berends, & Bij, 2007) ............................................. 4 

Figure 5: Research framework showing three phases, deliverables and mappings to the thesis chapters
 ................................................................................................................................................................. 6 

Figure 6: IEC/ISO 62264 functional hierarchy model .............................................................................. 9 

Figure 7: ISO 22400 KPIs structure (N. Kang et al., 2016) ..................................................................... 10 

Figure 8: Visualization of ISO 22400 KPIs Hierarchy .............................................................................. 12 

Figure 9: Bullet graph with 2 values and 3 quantitative states ............................................................. 13 

Figure 10: Bullet graph with 3 values and 3 qualitative states ............................................................. 13 

Figure 11: Bar charts to compare 2 groups ........................................................................................... 14 

Figure 12: Stacked bar chart .................................................................................................................. 14 

Figure 13: Scatter plot ........................................................................................................................... 14 

Figure 14: Line graph ............................................................................................................................. 15 

Figure 15: Simple sparkline of 12-month history of a balance .............................................................. 15 

Figure 16: Sparkline that includes quantitative values and an indicator .............................................. 15 

Figure 17: Box plot................................................................................................................................. 15 

Figure 18: Combination of bar chart and line chart .............................................................................. 15 

Figure 19: Tree map .............................................................................................................................. 16 

Figure 20: Alerts example ...................................................................................................................... 16 

Figure 21: Up/Down icons ..................................................................................................................... 16 

Figure 22: On/Off icon example ............................................................................................................ 16 

Figure 23: Text example ........................................................................................................................ 16 

Figure 24: Drawing object ..................................................................................................................... 17 

Figure 25: Table image .......................................................................................................................... 17 

Figure 26: Spatial map ........................................................................................................................... 17 

Figure 27: Small multiples containing horizontally aligned bar charts ................................................. 17 

Figure 28: Excerpt from the final solution design (paragraph3.3.3) ..................................................... 18 

Figure 29: Design space BPMN model (Green = desirable, Orange = less desirable, other colours = 
unsuitable) ............................................................................................................................................. 18 

Figure 30: Description of a Bullet graph by Few (2006) ........................................................................ 21 



 

III 

 

Figure 31: Interpretation of a Bullet graph for the BPMN KPI visualization ......................................... 22 

Figure 32: Basic Sparkline by Few (2006) .............................................................................................. 22 

Figure 33: Interpretation of a Sparkline for the BPMN KPI visualization .............................................. 22 

Figure 34: Interpretation of Alerts for the BPMN KPI visualization ...................................................... 23 

Figure 35: Interpretation of the Up/Down Icon for the BPMN KPI visualization .................................. 23 

Figure 36: Interpretation of Text for the BPMN KPI visualization ......................................................... 24 

Figure 37: Interpretation of Images for the BPMN KPI visualization .................................................... 24 

Figure 38: Possible KPI visualization areas comparative to the task ..................................................... 27 

Figure 39: Collapsing and Expanding processes .................................................................................... 28 

Figure 40: Selecting the Bullet graph for Leading POT .......................................................................... 30 

Figure 41: Selecting the Sparkline for Leading POT............................................................................... 30 

Figure 42: POT drilldown example ........................................................................................................ 30 

Figure 43: IEC 62264 Equipment Hierarchy Model ............................................................................... 36 

Figure 44: IDEF-0 hierarchical network ................................................................................................. 37 

Figure 45: Example BPMN modelling structure for KPI matching ......................................................... 38 

Figure 46: Possible KPI visualization areas comparative to the task ..................................................... 38 

Figure 47: Fictional manufacturing process .......................................................................................... 42 

Figure 48: Fictional manufacturing process expansion of A13 ............................................................. 42 

Figure 49: Example dashboard Part/Current performance visualization: (left) main display and (right) 
side display ............................................................................................................................................ 45 

Figure 50: Availability Drilldown............................................................................................................ 46 

Figure 51: Quality Drilldown .................................................................................................................. 46 

Figure 52: Effectiveness Drilldown ........................................................................................................ 47 

Figure 53: Drill down into A1 ................................................................................................................. 47 

Figure 54: Example visualization legend ............................................................................................... 48 

Figure 55: Example visualization mouse-over ....................................................................................... 48 

Figure 56: Example Subset of Final Displays (left: Main Display; right: Availability Drilldown) ............ 48 

Figure 57: Resource planning TRI .......................................................................................................... 50 

Figure 58: TRI Production Areas ............................................................................................................ 51 

Figure 59: TRI example expansion of Production area to Work Centres .............................................. 51 

Figure 60: Case study (left) main display and (right) side display ......................................................... 55 

Figure 61: HR Utilisation Drilldown ....................................................................................................... 56 

Figure 62: Production/Changeover Time Drilldown .............................................................................. 56 

Figure 63: Machine Utilisation Drilldown .............................................................................................. 57 



 

IV 

 

Figure 64: Production Line to Work centre drilldown ........................................................................... 57 

Figure 65: Case study visualization mouse-over ................................................................................... 58 

Figure 66: Back button and title ............................................................................................................ 58 

Figure 67: Case Study Subset of Final Displays (left: Main Display; right: Work Centre drilldown) ..... 58 
 

Tables overview 
Table 1: Methodology sub-questions ...................................................................................................... 4 

Table 2: Applicability of visualizations from Few (2006) on a BPMN model ......................................... 20 

Table 3: BPMN KPI visualization elements ............................................................................................ 25 

Table 4: ISO 22400 visualization framework ......................................................................................... 35 

Table 5: Adapted main dashboard stages as defined Vilarinho et. al (2017) (original is expanded in 
Appendix 7.5) ........................................................................................................................................ 40 

Table 6: Case Requirements (CR) TRI .................................................................................................... 50 

Table 7: Performance Indicators to visualize for TRI ............................................................................. 52 

Table 8: Case study survey participants ................................................................................................ 59 

Table 9: Case study survey results......................................................................................................... 60 

Table 10: Results of MOM KPI literature review ................................................................................... 71 

Glossary 

BPMN MOM KPI visualization  The visualization that arises from following the design 
procedure 

MOM Manufacturing Operations Management 

BPMN Business Process Model and Notation 2.0 

KPI Key Performance Indicator 

PI Performance Indicator 

ISO International Organization for Standardization 
  



 

V 

 

Abstract 
In order to keep their competitive advantage, companies need continuous monitoring of their business 
performance. This is typically done with traditional dashboards that visualize Key Performance 
Indicators (KPIs) in bar graphs, pie charts and line charts. But recently, both in academic as well as in 
business applications, KPIs are starting to be visualized on Business Process Models that follow the 
BPMN 2.0 notation. In the literature, there are visualizations defined for financial metrics and resource 
status visualization, but there are no visualizations for Manufacturing Operations Management (MOM). 
Therefore, this thesis proposes a visualization design for the visualization of MOM KPIs on BPMN. 

In order to create the BPMN MOM KPI visualization, the list of visualization media defined by Few 
(2006) is evaluated for possible application on BPMN. The resulting visualizations are then applied to 
ISO 22400, a leading MOM KPI list, in order to create a framework and a design procedure to support 
designers in the creation of a BPMN MOM KPI visualization. This procedure is applied and evaluated 
during a case study. 

The case study is performed at a manufacturing company (TRI) and finally evaluated using a survey 
based on the Technology Acceptance Model (Davis, Bagozzi, & Warshaw, 1989) and the Method 
Evaluation Model (Moody, 2003). This survey gave insights into the perceived ease of use, perceived 
usefulness and intent to use the resulting visualization. The results of the survey were very positive 
and showed that visualizing the KPI on a BPMN model leads to a more intuitive understanding of 
process performance and of causes of performance issues. But, the design does need a certain level 
understanding of the underlying constructs (BPMN 2.0, Visualization Media) in order to be 
understandable. Lastly, although the design leads to more work when compared to a single graph, it 
does give better insights and is therefore perceived as valuable. 

 

 

 

Topics: BPMN overlay, dashboard design, performance monitoring system, visualization, ISO 22400. 
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1 Introduction 
In a world connected by the internet, manufacturing is under pressure due to increasing customer 
demand for customization, international demand caused by the internet and increase in price pressure 
due to international markets. Therefore, there is a rising need for manufacturing companies to improve 
business performance in order to outperform competition.1 

According to Kang and Han (2008), maintaining competitive advantage requires continuous real-time 
monitoring of business performance. For effective real-time performance management, 
manufacturing companies must monitor their processes and respond to them quickly (J. G. Kang & Han, 
2008). 

Therefore, manufacturing industries nowadays implement performance measurement systems to 
evaluate the operating state of their manufacturing activities (Franceschini, Galetto, & Maisano, 2007). 
These performance measurement systems consist of a set of detailed indicators that are defined to 
realize the strategic goals needed for process management and improvement. Those indicators are 
quantitative data that arise from operations and are called Key Performance Indicators (KPIs) (Fukuda, 
2010). By using these KPIs, an organisation can quantify the efficiency and effectiveness of 
manufacturing operations in order to enable improvement (Zhu, Johnsson, Mejvik, Varisco, & Schiraldi, 
2017). The specific group of KPIs that enable improvements for manufacturing operations are called 
Manufacturing Operations Management (MOM) KPIs (Xiao, Miao, & Su, 2009). 

Typically, these KPIs are visualized in traditional dashboards, which consist of multiple performance 
indicators visualized in the form of graphs or values to communicate performance, see Figure 1. But 
recently, both academic (Engelen, 2015) as well as business (Oracle2) examples of a new form of 
dashboards have been created that visualize KPIs on top of a process model (Figure 2). These 
dashboards display the financial KPIs in the context of the processes where the KPIs are measured, 
which is not done well enough by traditional dashboards. 

 

Figure 1: Traditional Dashboard (Kang and Han 2008) 

                                                           
1 https://www.strategyand.pwc.com/reports/manufacturings-new-world-order 
2 https://docs.oracle.com/middleware/1213/bam/bam-user-guide/GUID-55D50960-EBC2-47F5-A279-815682F9E4D6.htm#BAMUG98423 
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Figure 2: (left) BPM process view dashboard of Oracle3, (right) Engelen (2015)’s financial information on BPMN 

The Business Process Model and Notation 2.0 (BPMN) is an ISO standard that has been hailed as a 
major step in business process modelling and automation (Geiger, Harrer, Lenhard, & Wirtz, 2018). 
Furthermore, it is recognised as the de-facto modelling language for business process 
models(Carmignani, Cimino, & Failli, 2014). Consequently, it is understandable that most practical 
examples use this modelling language to visualize process models and this thesis assumes that future 
visualizations of KPIs should occur on this modelling notation.  

In fact, the need for visualization of KPIs is recognised as an important tool for the future of BPMN 
(Rosing, White, Cummins, & Man, 2015, page 447). Currently, the literature contains some articles in 
the financial management (Engelen, 2015) and resources management (Linden, 2014) domain which 
visualize KPI on BPMN, illustrated in Figure 3. But, there are no articles that show visualizations for 
manufacturing processes. 

 

Figure 3: (left) Engelen's financial representation (right) Linden's financial representation 

This thesis fills this gap by providing a way to visualize MOM KPIs on a BPMN model. Furthermore, 
since it was identified by Nowak et al. (2012) that it can be difficult for non-technical users to easily 
and quickly adapt BPM visualizations to their needs, this thesis will also provide a framework for 
creating the visualizations for a selected MOM KPI structure. 

Concluding, the purpose of this thesis is to solve the lack of visualization of MOM KPIs in BPMN in order 
to support the practical need of manufacturing companies for these visualizations. This is done by 
creating a design for the visualization of KPIs on BPMN and providing a framework to select the right 
visualization for a commonly used list of KPI. This framework is then applied to a theoretical and a 
practical case study to finally be evaluated in a manufacturing organisation. 

  

                                                           
3https://docs.oracle.com/middleware/1213/bam/bam-user-guide/GUID-55D50960-EBC2-47F5-A279-815682F9E4D6.htm#BAMUG98423 
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1.1 Research design 
1.1.1 Problem statement and requirements 
In the introduction, a new type of dashboard was presented that display financial KPIs in the context 
of the processes where the KPIs are measured. The problem of traditional dashboards not being able 
to display this information is not only an issue in the financial management domain, but also recognized 
by experts in manufacturing. These experts pointed out that it can be challenging to visualize MOM 
KPIs in a way that gives a good overview of the performance in relation to the process while enabling 
drilling down into possible causes of performance issues. This makes it difficult for them to use the KPI 
to identify process performance improvement opportunities. 

Traditional dashboards have tried tackling this issues by visualizing all relevant KPIs in one view as 
shown in Figure 1, but practice shows that this does not always provide the overview that companies 
are looking for. Therefore, the problem statement addressed in this thesis is the following: 

Traditional dashboards do not visualize MOM KPIs in relation to the activities where those 
KPIs arise. Therefore, hindering the process of identifying possible process performance 
opportunities. 

Since process models have shown their capabilities in giving a good overview of the process (Rosing et 
al., 2015), they could be a good framework to visualize MOM KPIs on. As mentioned in the introduction, 
out of all the process modelling notations, BPMN is the de facto modelling notation. Therefore, this 
modelling notation is the one that will be used as basis for the visualization. 

Considering the above-mentioned problem statement, the provided visualization must meet the 
following requirements: 

1. It must visualize MOM KPIs 
2. It must visualize KPIs on a BPMN process model 
3. It must utilise current KPI visualization practice to leverage familiarity users have with current 

visualizations 
4. It must give users a better understanding of how KPIs relate to the process 
5. It must enable drilling down into process details to display underlying performance metrics, in 

order to identify possible causes of performance issues and improvement opportunities 
6. It must be adaptable to specific needs of a user (i.e. it should be possible to make various 

visualizations)  

In short, the goal of this thesis is to: 

• Improve the overview of KPIs in relation to the process 
• By designing a visualization of MOM KPI on a BPMN model along with a framework to guide 

the design of a dashboard with these visualizations  
• That satisfies the requirements mentioned above 
• In order to help manufacturing experts better identify manufacturing process performance 

improvement opportunities 
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1.1.2 Methodology 
In order to achieve the goal, an adapted version of the regulative cycle of van Aken et al. (2007) is 
followed as the original last steps would take too long for the time frame of a master thesis. The 
regulative cycle was developed in order to guide design-focused and theory based methodology for 
business problem-solving projects. In the adapted cycle, the “plan of action” needed to solve an 
organisational project is replaced with a “solution design” that could solve the problem. Furthermore, 
it replaces the complete “intervention” and “evaluation” that should be implemented for a complete 
solution with an “Case implementation” and “Case evaluation” in order to quickly validate the solution 
design without having to implement a perfect solution. This results in the cycle shown in Figure 4. 

Problem 
definition

Analysis and 
diagnosis

Solution designCase 
implementation

Case 
evaluation

 
Figure 4: Adapted Problem-Solving Cycle of (Aken, Berends, & Bij, 2007)  

The first step of the problem-solving cycle (Problem definition) is already addressed in the introduction 
of this chapter. Thus, this chapter will continue by presenting the next steps of the cycle. How this is 
performed is shown in Figure 5 and elaborated below. 

In order to guide each step, the design goal was reformulated into a question, which was then broken 
down into sub-questions leading to sub-deliverables. The main question is:  

“How can the recommended MOM KPIs be visualized on a BPMN 
model?” 

Which can be divided into the following questions that will be addressed in the phases of the problem-
solving cycle: 

Q# Phase Sub-question 
Q1 Analysis and 

diagnosis 
Which KPIs are used to measure the performance for MOM? 

Q2 Analysis and 
diagnosis 

How are (K)PIs currently visualized? 

Q3 Solution design Which design principles should the visualization of KPI on a 
BPMN model fulfil? 

Q4 Solution design How can (K)PIs be visualized on a BPMN model? 
Q5 Solution design How can each of the recommended MOM KPI be visualized on 

top of BPMN? 
Q6 Solution design  How can the recommended visualizations be used to create a 

visualization? 
Q7 Case implementation Can the proposed solution be applied in a practical case? 
Q8 Case evaluation How is the proposed solution valued in a practical case? 

Table 1: Methodology sub-questions 
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To answer each of these questions, a specific approach was used, which led to a corresponding 
deliverable. Figure 5 below shows the deliverables that result from the questions. Below the figure, a 
detailed explanation of how these deliverables arise from the questions is elaborated on. Each of the 
deliverables match the number of the question they relate to.  
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Literature review

List of Manufacturing 
Operations 

Management (MOM) 
KPIs

List of Performance 
Indicator 

Visualisations

Design Principles BPMN KPI 
Visualisation List

BPMN MOM KPI 
Visualisation 
Framework

BPMN MOM KPI 
Dashboard Design 

Procedure

Design 
Decisions/
Guidelines

Case Study
Implementation

Case Study
Evaluation

Leads to Leads to

Supports

Used to create Used to create

Used to create

Used to create

Evaluated during

Constraints

Analysis and diagnosis (Ch. 2)
Solution design(Ch. 3)

Im
plem

entation and evaluation (Ch. 4)

1 2

4

5

6

7

8

3

Used to create

 

Figure 5: Research framework showing three phases, deliverables and mappings to the thesis chapters 
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Analysis and diagnosis (chapter 2) 

For the analysis and diagnosis phase, a literature review about MOM KPI and visualization methods 
for dashboards was performed. This literature review is synthesised and leads to the deliverables for 
Q1 and Q2. 

Deliverable 1: List of Manufacturing Operations Management (MOM) KPIs 

Deliverable 2: List of Performance Indicator Visualizations 

Solution design (chapter 3) 

From literature about visualization, the deliverable for Q3 is created. 

Deliverable 3: Design principles for the visualization of Performance Indicators on BPMN 

By combining the design principles of Deliverable 3 with the list of possible visualizations of 
Deliverable 2 and with reasoning concerning the applicability of certain Performance Indicator 
visualizations to a BPMN model. The deliverable for Q4 is created. 

Deliverable 4: BPMN KPI Visualization List (i.e. a description of possible visualizations of 
performance indicators on BPMN) 

Once the BPMN KPI Visualization List has been created, reasoning can be used to combine the BPMN 
KPI Visualization List with the resulting list of MOM KPI from the Analysis and diagnosis phase in 
order to give the deliverable for Q5. 

Deliverable 5 (Main thesis deliverable): BPMN MOM KPI Visualization Framework (i.e. a 
framework that presents how the MOM KPI list can be visualized on BPMN) 

Then adding some design decision based on experience of the researcher together with the 
dashboard design procedure from literature. A design procedure can be created for the BPMN MOM 
KPI visualisation. Thus, providing the deliverable for Q6. 

Deliverable 6: BPMN MOM KPI Dashboard Design Procedure (i.e. a dashboard design 
procedure using of the provided framework along with a visual example of its application) 

Implementation and evaluation (chapter 4) 

Finally, in order to validate the design, it is implemented and evaluated during a case study. The 
implementation is performed at a company that has close relation with the Eindhoven University of 
Technology and that identifies a need for the solution provided in this thesis. By doing this, the 
deliverable for Q7 is provided. 

Deliverable 7: Case Study Implementation (i.e. visualization of a prototype dashboard created 
by applying of the BPMN MOM KPI Dashboard Design Procedure to a case study) 

Experts of the company then provide an evaluation of the prototype based on their expertise in a 
structured interview following the Technology Acceptance Model. These interviews result in the 
deliverable for Q8. 

Deliverable 8: Case Study Evaluation (i.e. evaluation of the visualization created for the case 
study) 
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1.2 Thesis overview 

The remainder of this thesis is organised as follows: 

Chapter 2 describes the result of the analysis and diagnosis phase. Here the existing MOM KPI 
structures are introduced along with ways to visualize performance indicators.  

Chapter 3 covers the solution design phase. In that chapter, the design principles will first be 
introduced. By using those design principles, a selection of visualization for BPMN KPI visualization is 
made, which is applied to the MOM KPI defined in chapter 2 to create BPMN MOM KPI Visualization 
Framework. The chapter concludes with a few guidelines and a procedure for the creation of a 
visualization. This procedure is also applied to a theoretical example.  

In Chapter 4 covers the implementation and evaluation phase, the visualization design procedure is 
applied to create a prototype at a case study company. First, the case study company will be introduced, 
followed by the application of the solution design and an evaluation.  

Lastly, Chapter 5 will conclude the thesis along with the discussion of some limitations and possible 
future work. 

 

  



Chapter 2 

9 

 

2 Diagnosis and analysis: MOM KPIs and PI Visualizations 
This chapter covers the diagnosis and analysis phase of the research project. It outlines the results and 
insights gained from the literature review. The first part of the chapter addresses the list of Key 
Performance Indicators (KPIs) for Manufacturing Operations Management (MOM) that will be used. 
The second part addresses how performance indicators can be visualized. 

2.1 List of Manufacturing Operations Management Key Performance Indicators 

As mentioned in the introductions, this thesis will be focussed on MOM KPIs. 

Manufacturing operation management (MOM) is defined in the international standard IEC/ISO 62264 
and has been proposed to manage the operations in a manufacturing enterprise in a systematic way 
(Xiao et al., 2009). In this standard, MOM is positioned at the middle (level 3) of a functional hierarchy 
model. In this model, the goal of MOM is to produce the desired end products, maintain records and 
optimize the production processes. Furthermore, MOM pays attention to the information details and 
structures transferring to the Level 4 and Level 2 (Xiao et al., 2009). 

 

Figure 6: IEC/ISO 62264 functional hierarchy model 

In order to find out which KPIs are used for MOM, a short literature review was performed. This 
literature review is summarised in appendix 7.1. The most important result of this literature review 
was that the ISO 22400 MOM KPI structure is the most recognized structure in literature and will 
therefore be used for the rest of this thesis. 

In 2010, an effort was started by the International Standardization Organization (ISO) in order to create 
a standard list of KPIs for MOM in alignment with other industry frameworks on KPIs, created by 
organisations such as MESA, WERC, SCOR, APICS and similar organizations. This effort resulted in the 
ISO 22400 standard. Besides being an industry standard, ISO 22400 is also often used in academic 
literature (Brundage, Bernstein, Morris, & Horst, 2017; N. Kang, Zhao, Li, & Horst, 2016; Zhu et al., 
2017). Given this practical and academic support, this will also be the KPI structure that will be used 
for the rest of this thesis. The next part of this paragraph presents how this KPI structure will be used. 
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2.1.1 ISO 22400 

The ISO 22400 is a standard that claims to specify what a manufacturing company should do in order 
to be successful. It says to have been developed according to a well-defined procedure, and, through 
voting, accepted by a majority of the worldwide countries that participate in ISO (Johnsson & Kirsch, 
n.d.). The specific focus of the ISO 22400, is to provide MOM KPIs. 

In appendix 7.3, the whole list of performance indicators and KPI is explained. But in order to guide the 
reader through this framework, the essential parts of the list will be addressed here. The ISO 22400 is 
based on a hierarchical structure presented in Figure 7. 

 

Figure 7: ISO 22400 KPIs structure (N. Kang et al., 2016) 

This hierarchical structure shows that supporting elements (performance indicators) are combined in 
order to form Basic KPIs and finally Comprehensive KPIs. The definition of the KPI and their formulas 
for these combinations can be found in appendix 7.3. The KPI presented in the appendix often have a 
prefix that indicate it as a “Planned” or “Actual” KPI, which relates to it being an expected future 
performance or a realisation respectively. But actually, every KPI has a “Leading” (future performance) 
and a “Lagging” (realisation) variant. i.e. each "Planned" KPI also has an "Actual" KPI (e.g. Realised 
Planned Downtime) and each "Actual" KPI has a "Planned" variant which should be used as input to 
calculate the higher level planned values and to set targets.  

In order to facilitate the understanding of the relationship between specific KPI/elements, a tree 
structure is presented in Figure 8 below. Figure 8 shows for all the basic KPI and Elements how they 
can be decomposed into their underlying inputs, assuming that every planned KPI also becomes an 
Actual KPI later. Since some KPI/elements could not be visualized well in that tree, they are mentioned 
separately at the bottom right. In order to illustrate the use of this structure, a comprehensive KPI will 
be broken down to its underlying elements: 
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• Starting with the Comprehensive KPI “overall equipment effectiveness (OEE)”, which is an 
indicator of the efficiency of machines, work centres, and areas with multiple machines or an 
entire work centre. This KPI is not in the tree but mentioned separately as “OEE = A * E * QBR”. 

• This Comprehensive KPI OEE is a product of the basic KPIs: a machine’s Availability 
(maintenance), Effectiveness (productivity), and Quality ratio (quality).  

• Assuming one would want to go deeper into Availability, the following branch of the tree 
would be relevant: 

 
• In this branch, the Availability is a Basic KPI that can be calculated by dividing the supporting 

element “Actual Production time” by “Planned Busy Time” of a machine. Furthermore, “Actual 
production time” is underlying element of the future realisation of “Planned Busy Time”. This 
Realised “Planned Busy Time”, can be decomposed into “Actual unit idle/delay time”, “Actual 
Production Time”, “Actual unit Setup Time” and “Actual unit Downtime”.  

By using this structure of ISO 22400, one can quickly drill down into the underlying elements and get 
insights into the cause of higher-level performance issues. 
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Figure 8: Visualization of ISO 22400 KPIs Hierarchy 
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2.2 List of Performance Indicator Visualizations   

In order to define how performance indicators can be visualized for Business Process Management, a 
short literature review was performed. The methodology and results of the literature study are shown 
in appendix 7.2. The resulting literature was split up in three groups: 

1. Visualizations of “performance indicator calculation” within a process model 
2. Dashboard user interface design 
3. Visualizing performance indicators in modelling languages 

Of these three groups, only the last two groups focus on the creation of visualizations of performance 
indicators. Yet, most of them either don’t explicitly define how the visualizations are defined or do not 
mention which literature it was based on explicitly. Nonetheless, many articles do refer to either 
(Eckerson, 2011; Few, 2006, 2007; Parmenter, 2010) (see appendix 7.2.5), which all contain a list of 
visualizations. Furthermore, both Eckerson (2011) and Parmenter (2010) refer to (Few, 2006) when 
mentioning how the chapter for the designing of dashboard displays was created. Lastly, Stephen Few, 
is recognised by an article in the journal of information visualization as an educator and innovator in 
the field of information visualization (Hsuanwei, 2017; Kintz, 2012). Therefore, the suggested 
visualizations defined by Few (2006), will be used as the default set of visualizations for the design of 
the BPMN KPI visualization. 

Few (2006) clearly defines a set of possible visualizations that can be used to create visualizations of 
performance indicators. These are introduced in the following part: 

2.2.1 Complete list of dashboard display media by Few (2006) 

According to Few (2006), effective dashboards need to combine text and graphics in a way that 
supports a rich and meaningful display of data, along with the desired level of quantitative precision, 
in a way that can be perceived efficiently. With each measure or set of related measures, one must ask 
what the viewer needs, how the data will be used, and what message the data must convey, and then 
blend the use of text and graphics to achieve these communication objectives. In order to support this 
decision making, he offers an ideal library of dashboard display media which will be used in this thesis: 

- Graphs 
o Bullet-Graphs (Figure 9, Figure 10) 

 A simplification of bar-graphs designed to display a key measure(s), along with 
a comparative measure and qualitative ranges to instantly declare if the 
measure is good, bad, or in some other state. It is possible to visualize up to 
five qualitative states without compromising readability. 

 
Figure 9: Bullet graph with 2 values and 3 quantitative states 

Furthermore, the bullet-graph can be designed in a way that shows multiple 
values which can be compared to the qualitative states. 

 
Figure 10: Bullet graph with 3 values and 3 qualitative states 

o Bar Graphs (Figure 11)  
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 Are designed to display multiple instances, rather than a single instance, of 
one or more key measures. Bar graphs are great for displaying measures that 
are associated with items in a category, such as regions or departments. 

 
Figure 11: Bar charts to compare 2 groups 

o Stacked Bar Graphs (Figure 12)  
 Stacked bar graphs are only the right choice when you must display multiple 

instances of a whole and its parts, with emphasis primarily on the whole. But 
in case these changes need to be shown precisely, normal bar graphs are more 
suitable. 

 
Figure 12: Stacked bar chart 

o Scatter plots (Figure 13)  
 A scatter plot does only one thing, but it does it quite well: it displays whether 

or not, in what direction, and to what degree two paired sets of quantitative 
values are correlated. For instance, if you want to show that there is a 
relationship between the number of broadcast ads and sales revenues. 

 
Figure 13: Scatter plot 

o Line Graphs (Figure 14)  
 Line graphs do an exceptional job of revealing the shape of data, its movement 

up and down from one value to the next, especially as it changes through time. 
Any time that you wish to emphasize patterns in the data, such as trends, 
fluctuations, cycles, rates of change, and how two data sets vary in relation to 
one another, line graphs provide the best means. 
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Figure 14: Line graph 

o Sparklines (Figure 15, Figure 16) 
 Are "data-intense, design-simple, word-size graphics.". Which is to say that it 

is a bare-bones and space-efficient time-series context for measures, similar 
to a line graph, just more compact. 

 
Figure 15: Simple sparkline of 12-month history of a balance 

Furthermore, Sparklines can be adapted to include more information. The 
example below shows a sparkline that includes a light grey rectangle to 
represent the number of manufacturing defects that are acceptable 

 
Figure 16: Sparkline that includes quantitative values and an indicator 

o Box Plots (Figure 18)  
 It is often inadequate to describe a set of values as a single summarized 

measure such as a sum or average. At times it is important to describe how 
those values are distributed across the entire range. Box plots show this. 

 
Figure 17: Box plot 

o Combination graphs (Figure 18)  
 It is possible to combine some of the above graphs into one. For example, a 

bar graph with a line graph. When you combine bars and lines together in a 
single graph, you shouldn't do so arbitrarily. This combination should be used 
only when some data can be displayed best using bars, with an emphasis on 
individual values and local comparisons, and some using a line, with an 
emphasis on the overall shape of the data. A common example involves 
displaying revenues and expenses (using bars to highlight the individual 
months) along with profits (using a line to highlight the trend) 

 
Figure 18: Combination of bar chart and line chart 

o Tree Maps (Figure 19) 
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 These are graphs used to display large sets of hierarchically or categorically 
structured data in the most space-efficient way possible. The purpose of tree 
maps is not to make fine quantitative comparisons or to rank items, but rather 
to spot particular conditions of interest. 

 
Figure 19: Tree map 

o Other graphs: there exist many other graphs, but Few (2006) decided to exclude those 
for the following 2 reasons: 
 They communicate less effectively than the alternative that Few mentions 
 They are too complex for the typical needs of a dashboard 

- List of icons 
o Alert (Figure 20) 

 An alert shouts at the viewer, "Hey, look here!" For an icon to play this role 
well, it needs to be exceptionally simple and noticeable. Typically happens in 
the form of the traffic light metaphor. 

 
Figure 20: Alerts example 

o Up/Down icons (Figure 21) 
 Up/down icons convey the simple message that a measure has gone up or 

down compared to some point in the past or is greater or lesser than 
something else, such as the target. Financial information is common on 
dashboards, and a quick way to indicate the up or down movement of stocks, 
profits, and so on is often useful. 

 
Figure 21: Up/Down icons 

o On/Off icons (Figure 22) 
 On/off icons serve as flags to identify some items as different from others 

 
Figure 22: On/Off icon example 

- Text (Figure 23) 
o Any time it is appropriate to report a single measure alone, without comparing it to 

anything, text communicates the number more directly and efficiently than a graph 

 
Figure 23: Text example 

- Images 
o The means to display images such as photos, illustrations, or diagrams are sometimes 

useful on a dashboard, but rarely according to Few (2006). 
- Drawing objects (Figure 24) 
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o It is sometimes useful to arrange and connect pieces of information in relation to one 
another in ways that simple drawing objects handle with clarity and ease. For instance, 
when displaying information about a process, it can be helpful to arrange separate 
events in the process sequentially and to indicate the path along which the process 
flows, especially when branching along multiple paths is possible. 

 
Figure 24: Drawing object 

- Organisers 
o Tables (Figure 25) 

 Tables arrange data into columns and rows. This is a familiar arrangement for 
text, but it can also be used to arrange any of the other display media that 
we've already examined. Arranging graphs, icons, and images into columns 
and rows is often useful. 

 
Figure 25: Table image 

o Spatial Maps (Figure 26) 
 Spatial maps offer a more specialized and less often needed form of 

organization. They can be used to associate data both categorical and 
quantitative with physical space. When data is tied to physical space and its 
meaning can be enhanced by making that arrangement visible, spatial maps 
are useful 

 
Figure 26: Spatial map 

o Small Multiples (Figure 27) 
 The last organizer arranges graphs in a manner that Edward Tufte calls "small 

multiples" (Tufte, 2001). This arrangement is tabular, consisting of a single row 
or column of related graphs, or multiple rows and columns of related graphs 
arranged in a matrix. Basically, combining the previous options in 1 view. 

 
Figure 27: Small multiples containing horizontally aligned bar charts 

Whether or not these visualizations are suitable for the visualization of MOM KPIs on BPMN will be 
addressed in paragraph 3.2.1. 
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3 Solution design: BPMN MOM KPI Visualization Dashboard 
This chapter focuses on the solution design that arises from literature and insights from the researcher. 
As mentioned in the introduction, the goal of this research is to provide a way to create a dashboard 
that visualizes MOM KPIs on a BPMN model. In order to facilitate this, a list of design principles is 
defined to guide the design in paragraph 3.1. These principles combined with the possible 
visualizations mentioned in paragraph 2.2, lead to a list of BPMN KPI visualizations presented in 
paragraph 3.2.3, which when combined with the ISO 22400 MOM KPIs lead to a framework that 
presents which KPI can be visualized by what preferred method in which area in BPMN. An excerpt of 
this framework is represented in Figure 28 and elaborated in paragraph 3.3. 

 
Figure 28: Excerpt from the final solution design (paragraph3.3.3) 

After the framework has been defined, some guidelines are given as to how to use the framework to 
make a dashboard visualization in paragraph 3.4. 

3.1 Design principles for the visualization of KPIs on BPMN 

In order to create a valuable design, principles are needed to guide the design in the right direction. 
These guidelines are inspired by literature. First the amount of space available for the visualizations is 
addressed, then the size constraints to these visualizations, to follow with the amount of visualizations 
and possible interactivity. 

The first principle is an intuitive one about the space that can be used to add a visualization. The goal 
of this principle is to make sure that the readability of the BPMN model is not compromised by the 
added visualizations. Therefore, none of the area’s that are used by BPMN (e.g. Markers, Flows, 
Gateways) may be covered by a visualization. The only exception is the whitespace within tasks, this 
may have non-intrusive visualizations (e.g. small icons, colouring). This, this leads to the following 
possibilities: 

Principle 1: “Only the space as defined in Figure 29 may be used for visualizations” (P1) 

 
Figure 29: Design space BPMN model (Green = desirable, Orange = less desirable, other colours = unsuitable) 
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 The next principle arises from the Gestalte principles mentioned by Few (2006). This principle states 
that “We perceive objects that are located near one another as belonging to the same group”. Thus, 
leading to the following design principle: 

Principle 2: “Visualizations should be far enough from each other, yet close to their task 
 in order to not create confusion as to which task they belong to.” (P2) 

As one can learn from guideline 1 of the seven Process Modelling Guidelines (Dumas, Rosa, Mendling, 
& Reijers, 2013): The size of a process model has undesirable effects on the understanding of process 
model. Therefore, a counter to Principle 2 is also needed: 

Principle 3: “The visualizations should not be too large,  
as such that they cause the model to become unclear” (P3) 

Furthermore, Few (2006) mentions that media should be condensed in ways that don't decrease its 
meaning, and that, even when quite small, can be easily read and understood. Leading to the next 
principle: 

Principle 4: “Use small, information dense, visualizations that have a minimalistic design” (P4) 

Also, since increasing the number of information cues can lead to less consistent decisions 
(Yigitbasioglu & Velcu, 2012) and since Few (2006) mentions that it is important to include only the 
information that is absolutely needed. The following principle is given: 

Principle 5: “Use the minimum amount of, but just enough,  
visualizations to convey a message” (P5) 

Continuing on principle 5, one could go as far as to not show any visualizations unless if there is 
something happening. This is supported by the statement of Few (2006): “No news is good news.” 

Lastly, dashboards need to summarize all relevant information on a top-level display so users can 
monitor performance at a glance. But then, if desired, users can navigate to detailed data or related 
views with a single click to explore underlying causes of problems or issues surfaced in the top-level 
display. (Eckerson, Chapter 12, 2011). Thus, leading to the final principle: 

Principle 6: “The visualization should enable drilling down into metrics  
to explore underlying causes of problems” (P6) 

Since this thesis mainly focusses on the use of BPMN visualization of KPI to quickly analyse 
performance, it does not set limitations as to how a detailed analysis of KPIs will be performed. 
Therefore, the drilldown can be made in any way needed to convey the right message. This can either 
be a traditional dashboard which will follow the standard dashboarding guidelines from Few (2006) or 
as a BPMN dashboard that follows P1-P6. 

3.2 BPMN KPI Visualization 

By applying the design principles presented in paragraph 3.1 to the visualizations of Few (2006), a 
selection of suitable KPI visualizations is made in paragraph 3.2.1. Since the visualizations of Few (2006) 
that have been selected still have various ways of being visualized, the design principles are applied 
again in paragraph 3.2.2 to create a detailed definition of the visualizations. These visualizations are 
then grouped and presented in a BPMN KPI Visualization List in paragraph 3.2.3.  
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3.2.1 BPMN KPI Visualization: Selection from Few (2006) based on design principles 

As mentioned in paragraph 2.2, there are multiple dashboard display media available. But, not all of 
them would fulfil the principles presented in paragraph 3.1 when visualizing KPIs on a BPMN model. 
Therefore, in order to create a final list of visualization media for the BPMN KPI Visualization, an 
evaluation is done for each visualization suggested by Few (2006). During this selection a distinction is 
made between: 

- Visualization media that are suitable to be placed on top of BPMN 2.0 (green) 
- Visualization media that are not suitable/covered by a better option (red) 

Table 2, presents which visualization media are suitable and why (not) based on P1-P6. 

  Suitable; Not suitable  
GRAPHS  Reason for (not) using Violates 
Bullet graphs Compact and can convey a lot of information at a glance.  
Bar graphs Too bulky. Can be represented by Bullet graph. P3 
Stacked bar graphs Too bulky. Can be represented by Bullet graph.  P3 
Line graphs Too bulky. Can be represented by Sparkline.  P3 
Sparklines Compact and can convey a lot of information at a glance.  
Boxplots Too bulky. Can be represented by Bullet graph.  P3 

Combination graphs 
Too bulky and more related to root cause analysis than to quick 
dashboarding.  

P3; P5 

Tree Maps Too bulky, only possible for specific drilldowns if designed carefully. P3 
ICONS    

Alert 
Can be added to tasks in the form of an Icon or by colouring the 
task with "traffic light" colours. 

 

Up/Down Can be added to Sparklines to give an indication of a trend.  
On/Off Can replace Alerts in indicating issues.  
TEXT    

Text 
Can be used when a value is important or a title is needed to 
differentiate between visualizations. 

 

IMAGES    

Images 
Icons and images can sometimes replace text in defining what a 
graph represents. Thus, it is a useful addition. 

 

DRAWING OBJECTS    

Drawing objects 
Too bulky, furthermore, the BPMN model is in a sense a form of a 
drawing object. 

P3 

ORGANISERS    

Tables 
Too bulky when having multiple rows, then it does not, it is simply 
text. 

P3 

Spatial maps 

If the production facility process is considered as a "map", then the 
BPMN model can be structured in a way that every work centre is 
represented at the right location. Thus, making the BPMN model a 
form of a spatial map. Otherwise, it is too bulky when used on top 
of a task. 

P3 

Small multiples 
Too bulky and more related to root cause analysis than to quick 
dashboarding. 

P3; P5 

Table 2: Applicability of visualizations from Few (2006) on a BPMN model 



Chapter 3 

21 

 

Which leads to the following seven possible visualizations on top of BPMN: 

• Graph – Bullet graph 
• Graph - Sparkline 
• Icon – Alert 
• Icon – On/Off 
• Icon – Up/Down 
• Text  
• Images  

But, as can be understood from the explanation of these visualizations by Few (2006), there is still a 
lot of flexibility possible with the visualization of each visualization media. Therefore, some design 
decisions will be made in order to give a clearly defined list of possible visualizations along with 
examples and their purpose. 

3.2.2 BPMN KPI Visualization: Detailed definition 

In this section, each of the visualizations of Few (2006) that were selected as “Suitable” in paragraph 
3.2.1 will be defined. For this definition, the explanations of Few (2006) will be followed as closely as 
possible, except when they are not specific enough or when they conflict with the principles presented 
in paragraph 3.1. Furthermore, to follow on P1, some directions will be provided as to where a 
visualization can be placed. At the end of the paragraph a table is provided with a summary of the 
selected visualization, their purpose and where they can be visualized (Table 3). 

Bullet graph 

Firstly, the Bullet graph will be addressed. A Bullet graph is defined by Few (2006) as shown in Figure 
30: 

 

Figure 30: Description of a Bullet graph by Few (2006) 

Although Few (2006) considers the text label and graph to be one visualization, we know from the list 
of visualization media that the text label is a separate visualization media as well. Therefore, 
considering P5, the text label will be excluded as a fixed part from the Bullet graph. A dashboard 
designer can then decide whether or not to use text, an icon or a legend to identify the graph. 
Furthermore, Few (2006) mentions some variations that are possible on this design, for the BPMN 
MOM KPI Visualization it is chosen to use these variation and split the “bar that encodes the 
performance measure” in a way that shows a min/max value and edit the “Symbol marker” so that it 
represents the average value of the KPI. Lastly, a bullet is added to visualize the median value. In 
consequence, leading to the visualization shown in Figure 31 below. 
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Figure 31: Interpretation of a Bullet graph for the BPMN KPI visualization 

The best usage of Bullet graphs is when one wants to see the distribution of the KPI and compare them 
to some qualitative (e.g. low/acceptable/warning) ranges. Furthermore, when there is only one 
current value and no min/average/median/max, one can simply use one bar with a consistent colour. 
Lastly, for this visualization it was chosen to follow Few (2006) and distinguish between the qualitative 
ranges with grey scales, but it is also possible to use grey scales for the min/max and use indicator 
colours (red/orange/green) for the qualitative ranges.  

The Bullet graph would be too large for being shown inside a task. Therefore, it can only occur outside 
of a task. 

Sparkline 

Next to be addressed is the Sparkline. This visualization media has many ways to be visualized 
according to Few (2006). The only constant herein is that the graph always consists of a line graph 
without axis and a value/text to give extra information: 

 

Figure 32: Basic Sparkline by Few (2006) 

Yet again, since the text visualization is already covered by another visualization, this thesis will not be 
using the text and values as a fixed part of the Sparkline visualization in order to fulfil P5. Furthermore, 
in order to have more information available (P4), the chosen option is to show a qualitative 
interpretation and reference value by using coloured bars within the Sparkline. Which leads to the 
following visualization: 

 

Figure 33: Interpretation of a Sparkline for the BPMN KPI visualization 

When no qualitative visualization or comparison value is required, they can be removed to give the 
basic Sparkline suggested by Few (2006) excluding text and values. The best usage of the Sparkline is 
to see the time series development of a KPI. Furthermore, by adding colouring, one can add alerts to 
show where targets are not achieved. 

The Sparkline would be too large for being shown inside a task. Therefore, it can only occur outside of 
a task. 

Icon – Alert 

The goal of the Alert icon is to draw attention to the dashboard. Typically, this is done by adding an 
“Alert icon” somewhere. But in the case of a BPMN model, the task itself is what one would want to 
bring attention to. Therefore, the task itself can be used as an Alert Icon, thus removing the need for 
an extra icon. And following P5, which states that the minimum amount of visualizations should be 
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used, along with Eckerson’s (2011) method of combining colour, hue and saturation to enable colour-
blind people to also identify the difference between alerts, the following three alert visualizations can 
be used: 

 

Figure 34: Interpretation of Alerts for the BPMN KPI visualization 

Giving tasks a colour can draw attention to tasks with performance problems. The best use for this is 
when one only is interested in the interpretation of the values (good/moderate/bad), but not in the 
values themselves. This is non-intrusive and can, therefore, happen inside the task. 

Icon – Up/Down 

This icon set will be used in the way that they are defined by Few (2006), as a up/down triangle which 
can be placed to indicate a trend. They can both be used as a way to indicate the general trend of 
another visualization, or as a minimalistic icon which represents an underlying KPI. 

 

Figure 35: Interpretation of the Up/Down Icon for the BPMN KPI visualization 

In the case of being a minimalistic KPI, the Up/Down icon can be placed anywhere (within both the 
Green and Orange space defined in P1). In the case of it being an indicator for another visualization, 
then it needs to be near to the relevant visualization as specified in P2. 

Icon – On/Off 

Since the use of this icon set is to identify a certain item as being different than another, the researcher 
felt that the identification could better be covered either by an Alert, or a general Image (which could 
include the images used in this icon set). Therefore, under the goal of preventing “symbol redundancy” 
as defined by Moody (2009), this icon set will not be used for the BPMN KPI visualization. 

Text 

For the BPMN KPI visualization, text will be interpreted and used in the same way as proposed by Few 
(2006). This means that two different kinds of texts are identified: 

- Text as categorical labels that identify what items are on graphs. 
o A string can be used when multiple similar visualizations are used in order to 

differentiate between visualizations. 
- Text as a measure i.e. a value. 

o For the visualizations where one wants to compare performance between processes. 
Graphs are difficult to compare when placed far apart. This is where values thrive. 
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Figure 36: Interpretation of Text for the BPMN KPI visualization 

As Text is also used to define the task, it is recommended to keep text visualizations outside of the 
tasks. 

Images 

Due to the wide range of possibilities of using images, Few (2006) does not provide a clear delimited 
way of how images can be used. For the purpose of the KPI BPMN visualization, images will only be 
used as categorical labels (i.e. icons) to identify visualizations when there are multiple similar 
visualizations. By doing so, one can replace explanatory text. Thus, leading to a more compact 
visualization. No other way was identified for the usage of images. 

 

Figure 37: Interpretation of Images for the BPMN KPI visualization 

Since images in this visualization are a categorical label, it needs to be near to the relevant visualization 
it attempts to label (P2). 

Conclusion 

In Table 3 below, an extra distinction is made between types of visualizations: visualizations that in 
and of themselves give a detailed insight into the performance (Bullet graphs, Sparklines, Textual 
measures), visualizations that only give an indication of performance (Icon – Alert, Icon – Up/Down) 
and supporting visualizations that describe the other visualizations but that do not relay any 
information about the values of those visualizations (Categorical Text and Images).  

This distinction is made because dashboards need to quickly grab one's attention and provide the 
possibility of quickly getting detailed information of the performance (Few, 2006). Therefore, the 
visualizations for the BPMN KPI visualization, will typically start with an Indicator type visualization 
followed by detailed insight visualization (which can be labelled by supporting visualizations) to then 
follow into a drilldown when more specific details are needed. Any KPI can be visualized by an 
“Indicator” (since all KPI have a quantitative valuation and are represented by a value), but not all 
“Detailed insight” visualization make sense for all KPI. This will become clearer in paragraph 3.3 where 
the suggested visualizations are linked to the ISO 22400 KPIs. 
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3.2.3 BPMN KPI Visualization List 
Group Visualization Example(s) Purpose Inside/Outside 

task 

Detailed Insight 

Graph - 
Bullet graphs 

The best usage of Bullet graphs is when one wants to see the 
distribution of the KPI and compare them to some qualitative 
range (typically Acceptable/Warning/Critical)  

Outside 

Graph - 
Sparklines 

The best usage of the Sparkline is to see the time series 
development of a KPI. Furthermore, by adding colouring, one 
can add alerts to show where targets are not achieved. 

Outside 

Text – 
Measure 
(Value): 

12345 For the visualizations where one wants to compare 
performance between processes. Graphs are difficult to 
compare when placed far apart. This is where values thrive. 

Outside 

Indicators 

Icon - Alert Giving tasks a colour can cause attention to be drawn to tasks 
with performance problems. The best usage for this is when 
one only is interested in the interpretation of the values 
(good/moderate/bad), but not in the values themselves. This is 
non-intrusive and can, therefore, happen inside the task. 

Inside 

Icon – 
Up/Down 

By adding an arrow to a trend line, one can get a hint as to what 
the general trend is. Another way of using an Up/Down Icon is 
when one is only interested in the trend of one KPI, then it can 
be visualized on a task to give an idea of the general trend. 

Inside/Outside 

Support 

Text – 
Categorical 

SomeText A string can be used when multiple similar visualizations are 
used in order to differentiate between visualizations. 

Outside 

Images Adding an icon to a Sparkline can replace explanatory text. 
Thus, leading to a more compact visualization 

Outside 

Table 3: BPMN KPI visualization elements 
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3.3 BPMN MOM KPI Visualization Framework 

In this paragraph, the BPMN KPI visualization list presented in paragraph 3.2.3 will be matched with 
the ISO 22400 MOM KPI list presented in chapter 2 in order to create the BPMN MOM KPI Visualization 
Framework which is presented in paragraph 3.3.3.  

Besides the advantages of ISO 22400 mentioned in chapter 2, the hierarchical structure of ISO lends 
itself quite well for the possibility of drilling down into KPIs, thus giving the opportunity to reduce 
clutter on the visualization. The possibility to quickly drill down into lower level KPIs is valuable when 
one wants to efficiently find the cause of a problem, thus reducing the response time to potential 
issues. 

By combining the visualizations proposed in paragraph 3.2.2 with the KPI structure of ISO 22400, a 
visualization framework can be created that indicates which visualization can be used for which KPI 
and which purpose. This framework can be seen in Table 4 below and is explained in paragraph 3.3.1. 

3.3.1 Set-up of the framework for the visualization of ISO 22400 KPIs on BPMN 

To define the possible visualizations of the ISO 22400 KPIs, three points need to be addressed. The first 
relevant aspect is the consideration of what causes KPIs to have different visualizations. Then there is 
the list of possible visualizations that will be considered. Lastly, one should consider how these KPI can 
be aggregated from an expanded subprocess to a collapsed subprocess. 

Aspects of KPI that lead to different visualizations 

Firstly, as addressed in paragraph 2.1.1, all of the (K)PI of ISO 22400 have a leading (Planned/Expected) 
and lagging (Actual/Realisation) variation. In general, the following will apply for the interpretation of 
the ISO 22400 KPIs in the leading/lagging case: 

- Lagging: Planned KPI becomes the actual performance of the plans 
o For example: If planned downtime was less because a repair went faster than expected, 

this will be the value of lagging planned downtime. Nonetheless, one can still address 
the initial plans for later data analysis (to correct future approximations of planned 
downtime) 

- Leading: Actual performance is interpreted as “expected” performance 
o This expected performance can be calculated based on past experiences and by

making use of simulations. Nonetheless, not all leading variants of actual 
performances make sense to visualize. This will be addressed below. 

Since there is a difference between the interpretation of these two situations, different visualization 
possibilities will be considered for both cases. 

Secondly, many KPIs in the ISO 22400 structure are similar and consequently also have a similar 
visualization. Therefore, it was decided to group them and discuss their visualizations as a group. In 
order to facilitate this, 17 groups of KPIs have been defined. These groups will be shown in the 
structure and are separated through the use of colour, which have no further meaning besides a 
distinction of groups. An example of these are “Worker - Actual personnel attendance time (APAT)” 
and “Worker - Actual personnel work time (APWT)”, both address production time of employees and 
are therefore grouped as “Worker Production Time”. 
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Visualization options 

Considering the visualization options, there are two aspects to be considered: Where the visualizations 
of certain KPI are placed and which visualizations are recommended. 

Visualization area 

In paragraph 3.2.2, the design principle P1 was applied to various visualizations to indicate whether 
they can be visualized within or outside of a task. But, when considering the “outside” choice, there is 
still the option to visualize a KPI above, below, left or right of a task. So P1, can be refined in order to 
indicate where certain KPIs can be visualized. Inspired by IDEF 0, a well-established standard which is 
often used in manufacturing, the following reasoning for the area of a visualization can be used when 
assuming a flow from left to right (see Figure 38): 

- Area 1: Visualization Above/Below Task: All KPIs can be visualized above or below a task 
- Area 2: Visualization on the Left of a Task: KPI relating to input/highly influenced by changes 

in input, can be located near the input arrow of a task 
- Area 3: Visualization on the Right of a Task: KPI relating to output can be located near the 

output arrow of a task 
 

 
Figure 38: Possible KPI visualization areas comparative to the task 

Recommended visualizations 

As presented in paragraph 3.2.2, there are three visualization groups. All KPIs can have all “Support” 
and “Indicator” visualizations, since either indicate the different visualizations or give a qualitative 
evaluation. But there are some differences between the preferred “Detailed Insight” for certain KPI, 
this is addressed in the framework. There are three significantly different visualizations possible for 
the “Detailed Insight” KPIs: Values, Bullet graphs and Sparklines. Each of these can be used for their 
own purpose and be strengthened through the use of “Indicators” and “Support” visualizations. 

Furthermore, some KPIs might have the option to be visualized as a drilldown of a higher level KPI that 
is visualized on the BPMN model. For example, the breakdown of ISO 22400 KPIs Planned Operation 
Time (POT) into Planned Busy Time (PBT) and Planned Down Time (PDOT) would be a drilldown. 
Considering P5 and P6 (using the minimum amount of visualization and providing the possibility of 
drilldowns) it should be the aim of organisations to only visualize comprehensive KPIs and only show 
the basic KPIs and elements in drilldowns.  

In the framework, each of these visualizations (the “Detailed Insight” and Drilldown) will be numbered 
in order of preference: 1(most preferred) – 4 (least preferred), [empty] (not applicable). 
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Aggregation from expanded to collapsed subprocesses 

One of the capabilities of business process models is that they can be aggregated from an expanded 
to a collapsed process as shown in Figure 39. This capability is both a strength as well as a risk. 

 

Figure 39: Collapsing and Expanding processes 

The capability to collapse/expand processes (and consequently their KPI visualizations) brings the same 
advantage as the hierarchical structure of ISO 22400: it helps the user to quickly drill down into the 
cause of a performance issue. Yet, this capability also brings an extra level of complexity for the 
mapping of KPI to certain tasks. 

The mentioned complexity arises due to the fact that it is not always straightforward to combine the 
KPIs of an expanded subprocess into a collapsed subprocess. Some KPI are easy to aggregate (e.g. 
Actual Unit Processing Time), whereas others need many assumptions in order to be able to aggregate 
(e.g. Actual Unit Downtime). These assumptions are important, since a user would have to fully 
understand them before being able to use the expanding/collapsing method as a way to drill down 
into the KPI of a process. 

Therefore, although the aggregation complexity has no influence on the visualizations, i.e. it does not 
change which visualization is used for a certain KPI, it does influence whether or not a user would want 
to visualize a KPI and how he/she understands the drilldown. Therefore, in the framework, an idea will 
be given as to how complex the aggregation of a KPI through process expanding/collapsing is by scoring 
the aggregation issue from 1 (easy) to 5 (difficult). 

3.3.2 Resulting framework 

Combining these three aspects (whether a KPI is Leading/Lagging, visualization possibilities and 
aggregation complexity), a framework can be created that gives users an idea of which visualization is 
recommended for which KPI in which area comparative to the task and the aggregation complexity. 
This framework is shown in Table 4 of paragraph 3.3.3. 

In this framework, every row stands for a KPI, which is part of a group that have similar reasoning for 
their recommended visualizations for either the lagging or the leading case. Furthermore, an indication 
is given as to how difficult it is to aggregate the KPI from expanded to collapsed subprocess. The 
reasoning for every visualization and aggregation complexity is detailed in the Appendix 7.4. 

An example of the reasoning for the possible visualizations of “Planned machine Time” group is shown 
in paragraph 3.3.2.1. This example is then used to show how a visualization decision can arise from the 
framework in paragraph 3.3.2.2. 
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3.3.2.1 Example KPI group description: Planned machine time group 

These KPI are grouped together because they all relate to the planned amount of operation time for a 
machine. 

KPIs & Area 
Machine - Planned Operation Time (POT) Bottom; Top (Area 1) 
Machine - Planned busy time (PBT) Bottom; Top (Area 1) 
Machine - Planned down time (PDOT)  Bottom; Top (Area 1) 

Since these KPI are not directly related to input or output of a task, they can only be visualized on top 
or below a task. 
Leading visualizations 
Since these KPI are mainly times, in and of themselves, these KPI don’t say much. But when compared 
with a maximum capacity or to each other, it can give insight into how much flexibility the company 
has for planning and give an insight into the expected Overall Equipment Effectiveness (OEE) in the 
future. 
Preferably, one would visualize the higher level KPI Planned Operation Time (POT) and leave the other 
two for a drilldown. Nonetheless, all of them can be visualized with a Bullet-graph in order to give 
insight into the stability of the anticipated production and to see if one is not overutilizing resources. 
Another option could be to use a Sparkline to give insight into when the destabilization of the process 
will occur (in the near or distant future). 
  
Lagging visualizations 
Preferably, one would visualize the higher level KPI Planned Operation Time(POT) and leave the other 
two for a drilldown. Nonetheless, once the performance has already occurred, a user could be 
interested in knowing if at some point in time there was a lot more or less downtime than compared 
to other moments. The best way to do this is by using a Sparkline. 
 
Aggregation 
These performance indicators can be hard to aggregate in the same way as process to subprocess. The 
main way for this being the issue of deciding when a higher aggregation is “busy” or “down”. This can 
either be defined by only one process being down, or by no routes from start to finish being possible.  
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3.3.2.2 Example visualization: Planned machine time group – Leading Planned Operation Time 

Assuming one would want to visualize a Leading “Planned Operation Time (POT)”, the 
recommendation would be to use a Bullet graph. One can then choose to either visualize it above or 
below the task. Assuming one would decide to visualize it above would lead to the visualization shown 
in Figure 40: 

 

Figure 40: Selecting the Bullet graph for Leading POT 

Another option would be to choose for a Sparkline below the task. This would lead to the visualization 
shown in Figure 41: 

 

Figure 41: Selecting the Sparkline for Leading POT 

Lastly, if one would want to drill down into the underlying KPIs of POT, one could have an interactive 
button that makes it possible to go in another view (which can be freely designed to convey the right 
message: P6) and see a bar chart of PBT and PDOT over time, see Figure 42: 

 

Figure 42: POT drilldown example 
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3.3.3 BPMN MOM KPI Visualization Framework table: Recommended visualizations for ISO 22400 KPIs on BPMN 

    Lagging (planned becomes actual) Leading (actual becomes expected) 

  

  

  

Type Group ISO 22400 (K)PI 
Value
s 

Bullet 
graph 

Sparkli
ne 

Drilldo
wn 

Valu
es 

Bullet 
graph 

Sparkli
ne 

Drilldo
wn 

Locati
on 

Aggregat
ion Area(s) 

Element - 
Production 

Planned Machine 
Time 

Machine - Planned Operation 
Time (POT) 

  1   1 2  Task 3 Bottom; Top (1) 
Element - 
Production 

Planned Machine 
Time 

Machine - Planned busy time 
(PBT) 

  2 1  2 3 1 Task 3 Bottom; Top (1) 
Element - 
Production 

Planned Machine 
Time 

Machine - Planned down time 
(PDOT) 

  2 1  2 3 1 Task 3 Bottom; Top (1) 
Element - 
Production 

Actual Machine 
Time 

Machine - Actual unit processing 
time (AUPT) 2 3 4 1 2 3 4 1 Task 1 

Bottom; Top; 
Right (1;3) 

Element - 
Production 

Actual Machine 
Time 

Machine - Actual production time 
(APT) 2 3 4 1 2 3 4 1 Task 5 

Bottom; Top; 
Right (1;3) 

Element - 
Production 

Actual Machine 
Time 

Machine - Actual unit setup time 
(AUST) 2 3 4 1 2 3 4 1 Task 5 

Bottom; Top; Left 
(1;2) 

Element - 
Production 

Actual Machine 
Time 

Machine - Actual unit downtime 
(ADOT) 2 3 4 1 2 3 4 1 Task 5 Bottom; Top (1) 

Element - 
Production 

Actual Machine 
Time 

Machine - Actual unit idle time 
(AUIT) 2 3 4 1 2 3 4 1 Task 5 Bottom; Top (1) 

Element - 
Production 

Actual Machine 
Time 

Machine - Actual unit busy time 
(AUBT) 2 3 4 1 2 3 4 1 Task 5 Bottom; Top (1) 

Element - 
Production 

Order Production 
Time 

Order - Planned run time per item 
(PRI) 4 2 3 1    1 Task 1 

Bottom; Top; 
Right (1;3) 

Element - 
Production 

Order Production 
Time 

Order - Actual unit processing 
time (AUPT) 4 2 3 1    1 Task 1 

Bottom; Top; 
Right (1;3) 

Element - 
Production 

Order Production 
Time 

Order - Actual production time 
(APT) 4 2 3 1    1 Task 1 

Bottom; Top; 
Right (1;3) 

Element - 
Production 

Order Production 
Time 

Order - Actual unit setup time 
(AUST) 4 2 3 1    1 Task 1 

Bottom; Top; Left 
(1;2) 

Element - 
Production 

Order Production 
Time 

Order - Actual unit downtime 
(ADOT) 4 2 3 1    1 Task 1 Bottom; Top (1) 

Element - 
Production 

Order Production 
Time 

Order - Actual unit busy time 
(AUBT) 4 2 3 1    1 Task 1 Bottom; Top (1) 
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    Lagging (planned becomes actual) 
Leading (actual becomes 

expected) 

  

  

  

Type Group ISO 22400 PI 
Valu
es 

Bullet 
graph 

Sparkli
ne 

Drilldo
wn 

Valu
es 

Bullet 
graph 

Sparkli
ne 

Drilldo
wn 

Locati
on 

Aggregat
ion Area(s) 

Element - 
Production 

Order Production 
Time 

Order - Actual transportation time 
(ATT) 4 2 3 1    1 Task 1 

Bottom; Top; 
Right (1;3) 

Element - 
Production 

Order Production 
Time 

Order - Planned unit setup time 
(PUST) 4 2 3 1    1 Task 1 

Bottom; Top; 
Left (1;2) 

Element - 
Production 

Order Simulation 
Times 

Order - Actual order execution time 
(AOET) 4 3 2 1 4 2 3 1 Task 1 

Bottom; Top; 
Right (1;3) 

Element - 
Production 

Order Simulation 
Times 

Order - Planned order execution time 
(POET) 4 3 2 1 4 2 3 1 Task 1 

Bottom; Top; 
Right (1;3) 

Element - 
Production 

Order Simulation 
Times Order - Actual queueing time (AQT) 4 3 2 1 4 2 3 1 Task 1 

Bottom; Top; 
Left (1;2) 

Element - 
Production 

Worker 
Production Time 

Worker - Actual personnel 
attendance time (APAT) 3 1 2  3 1 2  Task 1 Bottom; Top (1) 

Element - 
Production 

Worker 
Production Time 

Worker - Actual personnel work time 
(APWT) 4 2 3 1 4 2 3 1 Task 1 Bottom; Top (1) 

Element - 
Production PQ breakdown Processed quantity (PQ) 3 2 1  3 2 1  Task 1 

Bottom; Top; 
Right (1;3) 

Element - 
Quantity PQ breakdown Good quantity (GQ) 4 3 2 1 4 3 2 1 Task 1 

Bottom; Top; 
Right (1;3) 

Element - 
Quantity PQ breakdown Scrap quantity (SQ) 4 3 2 1 4 3 2 1 Task 1 

Bottom; Top; 
Right (1;3) 

Element - 
Quantity PQ breakdown Planned scrap quantity (PSQ) 4 3 2 1 4 3 2 1 Task 1 

Bottom; Top; 
Right (1;3) 

Element - 
Quantity PQ breakdown Rework quantity (RQ) 4 3 2 1 4 3 2 1 Task 3 

Bottom; Top; 
Right (1;3) 

Element - 
Quantity PQ breakdown 

Produced quantity in the first 
operation process (PQF) 4 3 2 1 4 3 2 1 Task 1 

Bottom; Top; 
Right (1;3) 

Element - 
Maintenance 

Maintenance 
Times Time to failure (TTF) 1 3 2      Task 5 Bottom; Top (1) 

Element - 
Maintenance 

Maintenance 
Times 

Operating time between failures 
(OTBF) 1 3 2      Task 5 Bottom; Top (1) 
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    Lagging (planned becomes actual) Leading (actual becomes expected) 

  

  

  

Type Group ISO 22400 PI 
Valu
es 

Bullet 
graph 

Sparkli
ne 

Drilldo
wn 

Valu
es 

Bullet 
graph 

Sparkli
ne 

Drilldo
wn 

Locati
on 

Aggregati
on Area(s) 

Element - 
Maintenance 

Maintenance 
Times Time to repair (TTR) 1 3 1      Task 5 Bottom; Top (1) 

Element - 
Maintenance 

Maintenance 
Times Failure event (FE) 1 3 2      Task 5 Bottom; Top (1) 

Element - 
Maintenance 

Maintenance 
Times 

Corrective maintenance 
time (CMT) 1 3 2      Task 5 Bottom; Top (1) 

Element - 
Maintenance 

Maintenance 
Times 

Preventive maintenance 
time (PMT) 1 3 2      Task 5 Bottom; Top (1) 

Basic KPI - 
Productivity 

Machine 
utilisation Availability (A) 2 1 3 4  2 1 3 Task 5 Bottom; Top (1) 

Basic KPI - 
Productivity 

Machine 
utilisation Allocation efficiency (AE) 2 1 3   2 1  Task 5 Bottom; Top (1) 

Basic KPI - 
Productivity 

Machine 
utilisation Technical efficiency (TE) 2 1 3   2 1  Task 5 Bottom; Top (1) 

Basic KPI - 
Productivity 

Machine 
utilisation Utilization efficiency (UE) 2 1 3   2 1  Task 3 Bottom; Top (1) 

Basic KPI - 
Productivity 

Machine 
utilisation Setup ratio (SeR) 2 1 3   2 1  Task 3 Bottom; Top (1) 

Basic KPI - 
Productivity 

Machine 
utilisation Allocation ratio (AR) 2 1 3   2 1  Task 3 Bottom; Top (1) 

Basic KPI - 
Productivity 

Machine 
utilisation 

Production process ratio 
(PR) 2 1 3   2 1  Task 3 Bottom; Top (1) 

Basic KPI - 
Productivity 

Worker efficiency 
(WE) Worker efficiency (WE) 3 1 2      Task 1 Bottom; Top (1) 

Basic KPI - 
Productivity Effectiveness (E) Effectiveness (E) 3 1 2 4     Task 5 Bottom; Top (1) 
Basic KPI - 
Productivity 

Throughput rate 
(TR) Throughput rate (TR) 3 1 2  1 2 3  Task 1 

Bottom; Top; Right 
(1;3) 

Basic KPI - 
Productivity 

Work in process 
(WIP) Work in process (WIP) 1 2 3  1 2 3  Task 1 Bottom; Top (1) 
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Lagging (planned becomes 

actual) 
Leading (actual becomes 

expected) 

  

  

  

Type Group ISO 22400 PI 
Valu
es 

Bullet 
graph 

Sparkl
ine 

Drilld
own 

Valu
es 

Bullet 
graph 

Sparkl
ine 

Drilld
own 

Locat
ion 

Aggrega
tion Area(s) 

Basic KPI - 
Productivity 

Idle time 
breakdown Blocking time (BLT) 1  3 1 2  3 1 Task 5 Bottom; Top (1) 

Basic KPI - 
Productivity 

Idle time 
breakdown Starving time (STT) 1  3 1 2  3 1 Task 5 Bottom; Top (1) 

Basic KPI - 
Productivity Buffer capacity (B) Buffer capacity (B) 1    1    Task 3 Left (2) 
Basic KPI - 
Quality Quality Actual to planned scrap ratio (SQR) 1 3 2      Task 1 

Bottom; Top; 
Right (1;3) 

Basic KPI - 
Quality Quality Scrap ratio (SR) 1 3 2      Task 1 

Bottom; Top; 
Right (1;3) 

Basic KPI - 
Quality Quality Rework ratio (RR) 1 3 2      Task 2 

Bottom; Top; 
Right (1;3) 

Basic KPI - 
Quality Quality Fall off ratio (FR) 1 3 2      Task 1 

Bottom; Top; 
Right (1;3) 

Basic KPI - 
Quality Quality First time quality (FTQ) 1 3 2      Task 1 

Bottom; Top; 
Right (1;3) 

Basic KPI - 
Quality Quality Quality buy rate (QBR) 1 3 2      Task 1 

Bottom; Top; 
Right (1;3) 

Basic KPI - 
Maintenance 

Long term time to 
fail/repair 

Mean time to failure (MTTF) or Mean time 
between failure (MTBF) 1 2       Task 5 Bottom; Top (1) 

Basic KPI - 
Maintenance 

Long term time to 
fail/repair Mean time to repair (MTTR) 1 2       Task 5 Bottom; Top (1) 

Basic KPI - 
Maintenance 

Long term time to 
fail/repair 

Mean operating time between failures 
(MOTBF) 1 2       Task 5 Bottom; Top (1) 

Basic KPI - 
Maintenance 

Long term time to 
fail/repair Mean delay time (MDET) 1 2       Task 5 

Bottom; Top; 
Left (1;2) 

Basic KPI - 
Maintenance 

Long term time to 
fail/repair Mean setup time (MSET) 1 2       Task 5 

Bottom; Top; 
Left (1;2) 

Basic KPI - 
Maintenance 

Long term time to 
fail/repair Corrective maintenance ratio (CMR) 1 2       Task 5 

Bottom; Top; 
Left (1;2) 
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    Lagging (planned becomes actual) Leading (actual becomes expected) 

  

  

  

Type Group ISO 22400 PI 
Valu
es 

Bullet 
graph 

Sparkli
ne 

Drilldo
wn 

Valu
es 

Bullet 
graph 

Sparkli
ne 

Drilldo
wn 

Locatio
n 

Aggregati
on Area(s) 

Comprehensive 
KPI 

Comprehensive 
KPI 

Overall Equipment Effectiveness 
(OEE) 1 3 2  1 3 2  Task 5 

Bottom; Top 
(1) 

Comprehensive 
KPI 

Comprehensive 
KPI 

Net equipment effectiveness 
(NEE) 1 3 2  1 3 2  Task 5 

Bottom; Top 
(1) 

Comprehensive 
KPI 

Line Throughput 
Rate Line Throughput Rate Can only be visualized for the complete process as a value/Sparkline/bullet-graph 

 

Table 4: ISO 22400 visualization framework 
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3.4 BPMN MOM KPI Dashboard Design Procedure 

In this section, the principles provided in paragraph 3.1 will be expanded with a recommended method 
of defining the tasks in the BPMN model and guidelines based on design decisions from the researcher 
in order to provide a recommended way of creating a visualization with the provided BPMN MOM KPI 
visualization framework, this procedure is presented in 3.4.3. 

This section contains the following subsections: 

1. Recommendation for the structuring of the BPMN model to make the collapsing and expansion 
of sub-processes easy to follow 

2. A few intuitive guidelines to keep the visualizations understandable. 
3. Design procedure for the development of the dashboard 
4. An theoretical example visualization based on ISO 22400 

3.4.1 Recommended BPMN model definition 

As mentioned in paragraph 2.1, MOM focuses on the Level 3 activities defined by the functional 
hierarchy model of the IEC 62264 (ISA-95, 2010). Besides functional hierarchy model, the IEC 62264 
also defines an equipment hierarchy which can be used as inspiration for how to collapse and expand 
sub-processes. This hierarchy model is explained below after which its relation to process 
decomposition will be presented. 

 

Figure 43: IEC 62264 Equipment Hierarchy Model 

The equipment hierarchy, shown in  

Figure 43 above shows how an enterprise can be decomposed from enterprise level to specific 
equipment that is planned and monitored by the various functions.  

In this model, the highest level is the enterprise, which represents the whole company. This enterprise 
has various sites, which are distinguished by a physical, geographical, or logical grouping determined 
by the enterprise. These sites may contain areas, production lines, process cells, and production units. 
The Level 3 (MOM) functions typically do not plan on this level. 

A site can then be decomposed in various areas within the site. An area is a physical, geographical, or 
logical grouping determined by the site, which may contain work centres such as process cells, 
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production units, production lines, and storage zones. Most Level 3 functions occur within the area. 
The main production capability and geographical location within a site usually identify areas. 

An area can then be further decomposed into work centres, which are elements of the equipment 
hierarchy under an area. The term work centres may be used when the specific type of the equipment 
element is not significant for the purpose of the discussion. Work centres have well-defined 
manufacturing capabilities which are used for the Level 3 functions. Sometimes, work centres are also 
broken down into work units. 

A work unit is any element of the equipment hierarchy under a work centre. Work units are the lowest 
form of elements in an equipment hierarchy that are typically scheduled by Level 3 functions. An 
example of a work unit is a specific work cell or machine within a production line. 

This hierarchy can be implemented nicely in BPMN visualizations by making use of collapsed and 
expanded sub processes. As mentioned in paragraph 3.3, this creates the possibility of finding out 
which Area/Line/Work Centre/Work Unit causes performance issues.  

To make it easier for both users and a program to understand which processes can be decomposed in 
which sub-processes (thereby changing levels), it is suggested to follow a naming convention for the 
tasks which are similar to IDEF-0 (Funke & Bachert, 1985). IDEF-0 stands for Integrated Computer Aided 
Manufacturing (ICAM) Definition Part 0. This is a well-established standard which is often used in 
manufacturing and is used for developing function models as part of the system definition or 
architecture. It is a graphic analysis technique using a top-down, modular, structured, hierarchical 
approach to achieve system planning functions. This structure is shown in Figure 44 and is very similar 
to the collapse and expansion of BPMN subprocesses. 

 

Figure 44: IDEF-0 hierarchical network 

Following the same naming logic for a BPMN task model as for IDEF-0 combined with the equipment 
hierarchy model, would lead to the following suggested structure for the creating of the BPMN 
modelling structure for KPI matching: 

1. 0 – [process name]  The highest level, which represents the site 
2. A0 - [process name]  factory decomposed in processes representing areas 
3. A## - [process name]  processes towards sub-processes/Production Lines  
4. A### - [process name]  Often the lowest level: is the Work Centres. 
5. A#### - [process name]  If needed there can be an extra level which defines the Work Units. 

Furthermore, sometimes it can make little sense to visualize 0 or A0 as those would consist of only one 
block with many visualization. Nonetheless, the KPIs for that level could be interesting to keep track 
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of. Therefore, it is recommended to use a “side display” to represent the KPI for 0 or A0 in their 
decompositions. 

An example of this structure is shown in Figure 45 below. 

 

Figure 45: Example BPMN modelling structure for KPI matching 

This would be the recommended way of naming/structuring the model for the BPMN MOM KPI 
visualization. 

3.4.2 Visualization guidelines 

In order to guide the creation of a BPMN MOM KPI visualization. The six Principles from paragraph 3.1 
are expanded with design guidelines. 

During paragraph 3.3 P1 was refined to 3 areas where KPI’s can be visualized (Figure 46) 

 
Figure 46: Possible KPI visualization areas comparative to the task 

Any KPI can be visualized in Area 1. Area 2 should only have visualizations of KPI that are somehow 
influencing input and Area 3 should only have visualizations of KPI that are influencing output. Leading 
to Guideline 1: 

G1: Put “Detailed insight” KPI visualizations in their logical place as 
mentioned in Figure 46. For example, input indicators should be near the 
incoming arrow, whereas output indicators should be placed near the 
outgoing arrow. 

When considering P5 and P6 in combination with the hierarchical structure of ISO 22400, it is 
recommended to not visualize anything unless there is an issue with a performance indicator. 
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Furthermore, when a KPI is visualized, let it be the highest relevant KPI and use drilldown to go into 
details if necessary. Leading to Guideline 2: 

G2: Minimize the amount of visualizations and preferably focus on the 
highest relevant performance indicator level (use decompositions to drill 
down into the root cause of issues). 

And Guideline 3: 

G3: Only visualize KPI if there is a performance issue, otherwise hide them 
until this issue arises or some interactivity is used to show the KPIs. 

Furthermore, sometimes a user might want to visualize KPI for the whole process. Instead of creating 
unnecessary interaction by visualizing them on a fully collapsed process (i.e. one process representing 
the whole manufacturing process), it is recommended to add a side-display with a few “full-process” 
KPI. Furthermore, the side display could also show an indication of the timespan being shown. Leading 
to Guideline 4: 

G4: The main display should have a side-display that can show “full-process” 
KPIs and the current timespan being analysed 

There are no specific guidelines concerning how to design the side-display. 

Lastly, there are two more guidelines that were created in order to ensure that all users can have an 
easy understanding of the model. Guideline 5 relates to consistent use of visualizations on each 
process in the model in order to prevent users to mix up similar looking graphs, this includes drill downs 
into equipment hierarchies: 

G5: Let every process in the model visualize the same KPIs in the same way 

Guideline 6 relates to the understanding of the visualizations. To make sure that everyone knows what 
the visualizations represent, it is recommended to use a legend with icons or text labels to explain 
which construct is placed where. This can also be done by using mouse-overs instead of a separate 
legend. 

G6: Use extra visualizations/interactions to provide the users with guidance 
as to what a visualization is. 
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3.4.3 BPMN MOM KPI Dashboard Design Procedure 

In order to guide users in the creating of a dashboard Vilarinho (2017) proposes a design procedure 
presented in (Vilarinho, Lopes, & Sousa, 2017). This procedure is applicable to any dashboard. In this 
paragraph, the procedure will be adapted to indicate how to use it to make a BPMN MOM KPI 
visualization. The adapted procedure is shown in Table 5 and explained below the table. 

# Stage Goal 
1 Diagnosis of the production 

area of the company 
Know and understand the current state and identify priorities 
to consider in the process of improving processes and 
equipment. 

2 Requirements for the 
dashboard 

Understand the needs of the organization to ensure that 
those are met in the final result. 

3 Defining a template for the 
dashboard 

Convert the requirements into technical solutions. 
Prepare information system to data collection and 
information generation. 
• Step 1: Defining the visualization structure with 

requirements in mind 
• Step 2: Defining the main and side display visualizations 
• Step 3: Defining drilldowns and extra interactions 

4 Assuring the existence of 
necessary resources 

Develop and improve the information records and adequacy 
of the information system. 
Identify key factors for its operation and management. 

5 Implementation, evaluation 
and improvement of the 
dashboard and associated 
actions 

Implement the dashboard and support resources to make the 
dashboard operational. 
Analyse dashboard effectiveness and make possible 
improvements. 

Table 5: Adapted main dashboard stages as defined Vilarinho et. al (2017) (original is expanded in Appendix 7.5) 

In Table 5, The BPMN MOM KPI framework and guidelines support dashboard design during the 
“Defining of a template for the dashboard” stage defined by Vilarinho (2017). In this stage, Vilarinho 
does not provide specific steps as to how to define the template for the dashboard. Therefore, this 
stage has been adapted by adding step-by-step bulletpoints to guide the design of the template. In this 
step-by-step approach, it is assumed that the first two stages defined by Vilarinho (2017) have been 
completed. 

Adaptation of Stage 3:  

In the procedure of Vilarinho (2017), no detailed guidelines are given as to how to create the first 
visualisation for the template for a dashboard. Therefore, this procedure is created to provide a way 
to convert the requirements into a dashboard by using the BPMN MOM KPI framework. 

Step 1: Defining the visualization structure with requirements in mind 

Once the processes, performance indicators and requirements have been defined, the first step is 
checking if the performance indicators can be matched to ISO 22400. If the KPI cannot be matched to 
ISO, the following steps can still be performed, but it will lead to more effort in step 2. After matching 
the KPI, one should define whether the user wants to see a performance indicator for every individual 
process/work centre or on a complete process level based on the requirements. Furthermore, in this 
step, one should define which KPI are show as “Detailed Insight”, “Indicator” or both. Lastly, one should 
define which drilldown the KPI go into. 

 

adapted 
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Step 2: Defining the main and side display visualizations  

The second step is to define the visualizations. It is recommended to first define the “Detailed Insight” 
visualization, since these provide the most information about the KPI. Furthermore, the decisions 
concerning Support visualizations will arise from choices made about the “Detailed Insight” 
visualizations. For these, in case the performance indicators can be matched to ISO 22400, one can 
follow the reasoning of the ISO KPI visualization framework to get an idea of the preferred “Detailed 
Insight” visualizations. If the KPI cannot be matched to ISO 22400, one has to define their own 
visualization suggestions out of the list provided in Table 4 (BPMN KPI Visualization List).  

After having defined the “Detailed Insight” visualizations, one can define the “Indicator” and “Support” 
visualizations based on the requirements. This also includes possible interactivity which causes some 
visualizations to only be visible when certain conditions are met. 

At the end of this step, the main display on production line level can be visualized along with its side 
display for full process KPI visualizations. 

Step 3: Defining drilldowns and extra interactions 

The last step is the visualization of the drilldowns. Following P6, the user is free to design those to their 
specific needs. Nonetheless, for the drilldown into production lines to Work Centre/Cell level, it is 
recommended to follow G5 and let the processes of the expanded sub processes have the same 
visualizations as their parent. 

 

This procedure is executed for a theoretical case in paragraph 3.4.4.  
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3.4.4 Example: Past/Current performance visualization 

In this example, a situation is sketched where a company measures all ISO 22400 KPIs on all levels. Of 
these, only a few need to be visualized to fulfil the wishes of the operations manager. Because, all the 
operations manager wants to know is: which process is currently functioning well and which is not. In 
order to do this, the manager has the following requirements: 

1. I want to be able to directly see which process is functioning well and is not based on OEE. 
(ER1) 

2. In order to know whether we are constantly achieving our throughput rate, I want a timeline 
output for every process. (ER2) 

3. I want to be able to drill down into collapsed processes to see which of its subprocesses causes 
the bad performance. (ER3) 

4. Once I notice a process is not performing well, I directly want to see how this performance is 
caused by Availability, Effectiveness and Quality. Furthermore, I directly want to be able to get 
insight in its distribution of min, max, median and mean. (ER4) 

5. Once I know which of these is not performing well, I want to be able to break the 
Availability/Effectiveness/Quality KPI down in a bar graph that shows why this KPI is not 
performing well. (ER5) 

6. On the highest level, I want to be able to see the timeline of the OEE and throughput rate result 
for the whole process I’m looking at. Besides the timeline, I want to be able to directly see the 
average for the whole timeline. (ER6) 

Furthermore, the process that was identified in the Diagnosis stage of Vilarinho was a simple 
manufacturing process with fictional production lines. 

 

Figure 47: Fictional manufacturing process 

Where process A13 can be expanded into 

 

Figure 48: Fictional manufacturing process expansion of A13 

We can now start defining the visualizations for every process/KPI combination.  
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Step 1: Defining the visualization structure with requirements in mind 

When reading the requirements, one can deduce that the KPI the operations manager is interested in 
is the lagging variants of: 

- OEE: As an “Indicator” on individual processes (ER1), and as a “Detailed Insight” for the whole 
process which will be shown at the highest level in the sidebar (ER6). 

o Availability: as a “Detailed Insight” on individual processes (ER4) 
 Drill down into: Planned Busy vs Actual Production Time (ER5) 

o Quality: as a “Detailed Insight” on individual processes (ER4) 
 Drill down into: A breakdown of Production Quantity (ER5) 

o Effectiveness: as a “Detailed Insight” on individual processes (ER4) 
 Drill down into: PRI*PQ vs APT (ER5) 

- Throughput: both as “Detailed Insight” on individual processes as well as a “Detailed Insight” 
for the whole process which will be shown at the highest level in the sidebar. (ER6) 

Since these are all ISO 22400 KPI, there is no need for a separate matching of KPI with ISO 22400. 

Step 2: Defining the main and side display visualizations 

First, we will define how each “Detailed Insight” is visualized based on the requirements and the ISO 
22400 KPI visualization framework. 

Detailed Insight Visualizations 

OEE 

The OEE is only visualized as a “Detailed Insight” for the whole process. When reading the 
requirements, two visualizations can be identified: 

- Timeline + Average: According to the framework, the OEE can be visualized as a “Detailed 
Insight” with a “Value”, “Sparkline” or “Bullet graph” in that order of preference. Since the 
requirements mention the need for a timeline and a specific average value. The right 
visualizations are the “Value” and “Sparkline”. 

 

Throughput Rate 

The Throughput Rate is visualized as a “Detailed Insight” for the whole process and for Individual 
processes. For the whole process, requirements indicate two visualizations: 

- Timeline + Average: According to the framework, the Throughput Rate can be visualized as a 
“Detailed Insight” with a “Bullet graph”, “Sparkline” or “Value” in that order of preference. 
Since the requirements mention the need for a timeline and a specific average value. The right 
visualizations are the “Value” and “Sparkline”. 

 

For the individual processes only one a timeline output is requested. Therefore, the correct 
visualization is only a “Sparkline”: 
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Availability/Effectiveness/Quality 

The Availability/Effectiveness/Quality are all visualized as “Detailed Insight” for the individual 
processes. Furthermore, they all have the same requirement: 

- Min/Max/Mean/Median distribution: In the framework, Availability/Effectiveness/Quality all 
have the same possible visualizations, but in different orders of preferences. The possible 
visualizations are “Bullet graph”, “Sparkline” or “Value”. In the requirement a specific request 
is made for insight into the distributions. For all the KPI, this argument matches the 
visualization by a “Bullet graph”.  

 

Indicators/Support visualizations and Interaction 

Next is the definition of the “Indicators” and “Support” visualizations, including potential interactions. 
These are only based on the requirements and insights of the designer as no specific guidelines are set 
for them besides the recommended visualizations. 

OEE 

The OEE is only visualized as an “Indicator” on the individual process level. Since there are no other 
OEE visualizations and OEE can be decomposed into Availability/Effectiveness/Quality. The chosen 
visualization here is an “Icon - Alert” where the underlying KPI (Availability/ Effectiveness/Quality) are 
only visualized when the underlying KPI is in a “Warning” or “Critical” state or if a user clicks a task (in 
order to satisfy P5). Furthermore, a mouse-over on a task could indicate what the OEE is as a text 
notification. 

Concerning the Visualization of OEE as a whole process visualization. An addition of a “Text – 
Categorical” visualization is recommended to distinguish the visualization from other visualizations in 
the sidebar. 

Throughput Rate 

For the visualization of Throughput Rate near an individual process, an “Image” is recommended as 
“Support” visualization. The choice for this is because there are multiple images which can indicate 

throughput clearly and it would save space (following P5). The chosen image for this is: . 

For the visualization of Throughput Rate as a whole process visualization. An addition of a “Text – 
Categorical” visualization is recommended to distinguish the visualization from other visualizations in 
the sidebar. 

Availability/Effectiveness/Quality 

Since Availability/Effectiveness/Quality have the same visualization and are all at the same place near 
individual tasks. It is recommended to distinguish them by using an “Image” as “Support” visualization. 
The choice for this is similar to the choice for Throughput Rate. The chosen visualizations are: 

- : Availability 
- : Effectiveness 
- : Quality 

The resulting main display is visualized in Figure 49 below. 
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Figure 49: Example dashboard Part/Current performance visualization: (left) main display and (right) side display 
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Step 3: Defining drilldowns and extra interactions 

As mentioned in Step 1, there are three KPI drilldowns. Furthermore, in the diagnosis phase a drilldown 
from Collapsed to Expanded sub process was identified. Therefore, there are four process drilldown 
interactions that need to be considered: 

Drilldowns 

Availability drill down into: Planned Busy vs Actual Production Time 

Availability is the ratio between Actual Production Time (APT) over Planned Busy Time (PBT). Where 
APT is an underlying element of PBT. The difference between these two is caused by other (non-value 
adding) elements. In order to visualize this difference to find a potential cause, a stacked bar chart is 
used to visualize PBT as the sum of its parts. Furthermore, Availability is added as a line graph to 
support the user in choosing where to focus his/her attention. 

 

Figure 50: Availability Drilldown 

Quality drill down into: Production Quantity broken down 

The “Production Quantity” consists of three parts that are used to calculate the “Quality”. These are 
Good Quantity (GQ), Scrapped Quantity (SQ) and Rework Quantity (RQ). Concerning these three parts, 
the ratio of the sum of GQ and RQ over the sum of GQ, SQ and RQ is interesting (i.e. the formula for 
Quality). Therefore, a 100% stacked bar chart is chosen to visualize this KPI. 

 

Figure 51: Quality Drilldown 
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Effectiveness: drill down into: PRI*PQ vs APT 

For effectiveness, the goal is to have PRI(Planned Runtime Per Item)*PQ (Processed Quantity) be as 
close to APT(Actual Production Time) as possible, since that would mean that the factory is producing 
as effective as initially planned. This could be represented with a line chart, where the interesting part 
is when PRI*PQ is farthest away from APT. 

 

Figure 52: Effectiveness Drilldown 

Sub process drilldown (ER3) 

When going into a sub process, the sidebar is removed as all the information it contains can already 
be seen in the higher-level model. For the rest all the visualizations and interactions that the higher-
level model contains are in this visualization. This is shown in Figure 53.  

 

Figure 53: Drill down into A1 
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Extra visualizations/interactions 

Legend 

In this case, a legend is used to indicate what the various images mean. This could also have been done 
by using mouse-overs on the images. But, since the images and their corresponding graphs are used 
for the drilldown interaction. The mouse-over has another purpose. The legend is designed as followed: 

 

Figure 54: Example visualization legend 

Mouse-over 

In the example visualization, it was decided to indicate the drilldowns by using mouse-overs. This way 
users can know that they can drill down into a certain KPI to get more detailed insights: 

 

Figure 55: Example visualization mouse-over 

Lastly, all drilldowns contain a “Back button” that make it possible to go to the view one came from 
along with a title that indicates what is being visualized. 

This finally leads to the final displays shown below: 

 

Figure 56: Example subset of final displays (left: Main display; right: Availability drilldown)  
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4  Case study implementation and evaluation 
In order to test the applicability and usefulness of the design, a prototype visualization was created for 
Thomas Regout International, a high-tech manufacturing company that participates in the HORSE 
project with the Eindhoven University of Technology. 

4.1 Case study implementation 
4.1.1 Case study company: TRI 

The Regout Group employs over 300 employees and offers a wide range of competencies such as 
customer-specific engineering, after sales service next to trade and a high level of quality and 
innovation. The strategy of The Regout Group is aimed at supporting the individual companies with all 
its core competencies within the group as well as having a strong focus on local management. 

The Regout Group consists of 5 individual companies: 

• Thomas Regout B.V. 
• Thomas Regout International B.V. 
• Regout Balance Systems B.V. 
• Melamo Stainless Modules 
• Drillmasters 

The individual company that is used as a case study for the project is Thomas Regout International B.V. 
(TRI), a production company for high-quality ball bearing slides and linear guides. 

TRI has been working together with the Eindhoven University of Technology in the context of the 
HORSE Project (http://www.horse-project.eu/Pilot-Experiment-3. From this relationship, the idea 
arose to help TRI in more ways by investigating the possibility of doing graduation projects. 

4.1.2 Case study: Business need 

After a few interviews with the planning department of TRI, the need to have a more detailed view of 
the expected performance of the production process in the future was identified. 

Currently, TRI is estimating the impact of upcoming orders by using bar charts that show how many 
(over)hours of work is expected for the total production. This bar chart is shown in Figure 57 below. 

An example of the graph is shown in Figure 57 below. This graph shows for each coming week how the 
human/machine hours are expected to be utilized, which gives planning and operations management 
an idea of how much capacity remains for upcoming orders and/or unexpected breakdowns. The 
planning department of TRI has identified that it would be useful to have a more detailed overview 
which would show the performance indicators for every resource and work centre. 

The specific questions that the planner mentioned that still required answers were: 

- How is the workload distributed over various resources (‘Operators’, ‘Stellers’, ‘Productie 
Medewerkers’)? 

- Which work centres / resources might cause problems in the future and why? 
- Are there machines with a much higher utilisation than the other machines? 
- What is the expected throughput time of the orders? 
- Are there machines that have too many change-overs (thus causing loss in productivity)?  
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Figure 57: Resource planning TRI 

Based on these questions, a list of requirements for an improved visualization was created together 
with the planner. For the usability and to ensure that the visualization can also achieve the same goals 
as the original visualization, there are some extra requirements that have been created. These extra 
requirements are: 

- The total amount of FTE needed should be visible for the whole process (already possible) 
- An estimate should be provided of when a new client order can be expected to be delivered 

(already possible) 
- It should be possible to edit the time frame that is being analysed (already possible – usability) 
- If there are no issues at a process, no Performance Indicators need to be visualized (usability) 
- If there is an issue, it should be possible to find out which weeks/days cause the issue (already 

possible – usability) 

The case requirements (combining the ones arising from the questions with the extra requirements) 
are shown in Table 6 below: 

# Case Requirement (CR) 
CR1 It should be possible to see at a glance which process might cause a problem in the coming 

weeks in terms of People/Machine Utilisation 
CR1.1 ⤷ In case a potential bottleneck is identified, it should be possible to dive into the details 

of the utilisation to identify which exact resource might cause problems at which 
moment 

CR2 For every process, it should be possible to see at a glance whether the utilisation is evenly 
distributed over the coming weeks 

CR3 For every process, it should be possible to see at a glance how the ratio of production vs 
changeover time develops over time and if this might cause problems in the near future 

CR3.1 ⤷ If there is an issue, it should be possible to find out which weeks/days cause the issue 
CR4 If there are no issues at a process, no Performance Indicator need to be visualized 
CR5 The total FTE used for the whole process should be visualized as a development over time 

along with the sum of the FTE over the analysed period  
CR6 It should be possible to see at a glance what the expected throughput time of an order is 

for the complete production process and how this fluctuates over time 
CR7 An estimate should be provided of when a new client order can be expected to be delivered 
CR8 It should be possible to edit the time frame that is being analysed 

Table 6: Case Requirements (CR) TRI 
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From this list of requirements, the following list of KPIs can be distilled: 

- Machine/Human Utilisation per process  (CR1) 
- Production/Changeover Time ratio   (CR3) 
- Full process FTE used     (CR5) 
- Full process Throughput Time    (CR6) 
- Expected Delivery time of a new client order  (CR7) 

Since the visualization is made to visualize the expected future performance of the company, it can be 
said that all the performance indicators mentioned above are “Leading” performance indicators. 

Furthermore, the precise part of the complete manufacturing process at TRI to be visualized is the so 
called “Pijler 1” and “Pijler 2”, i.e. the production process excluding assembly. This process focuses on 
making the individual parts of the sliders that will be assembled after this process. The simplified 
process consists of different production areas with all their own goals (identified in this visualization 
as A1#) which can be decomposed work centres with one machine (identified in this visualization as 
A1##). The process (Figure 58) and one conceptual expansion of a production area to work centre 
(Figure 59) are visualized below. 

 

Figure 58: TRI Production Areas 

 

Figure 59: TRI example expansion of Production area to Work Centres 

4.1.3 Case study: Prototype 

With the KPIs, Requirements and Process now defined (Stage 1 & 2 of Vilarinho (2017)), it is possible 
to go into the adapted Stage 3 of the Dashboard Design Procedure and create a template for the 
dashboard. In this paragraph, the thesis will explain how every step was executed to come to a final 
prototype dashboard for TRI that will be evaluated in paragraph 4.2. 

 

 

Step 1: Defining the visualization structure with requirements in mind 
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The first step is defining which KPIs were important and available for that process. TRI works with 
another structure than the ISO 22400, but their KPIs are very similar to the ISO 22400 KPIs and can, 
therefore, be related to them. The resulting Performance Indicators and their equivalent ISO indicators 
are shown in Table 7 below. 

The main differences between the TRI Performance Indicators (TRI PIs) and ISO 22400, is that the TRI 
PI are permutations of some ISO 22400 KPI. Some of these require explanation, which is provided 
below: 

Machine Resource Utilisation 

The expected utilisation of the machines is equivalent to the Expected Actual Unit Busy Time (AUBT) 
divided by the Planned Operation Time (POT).  

Human Resource Utilisation 

The Human Resource Utilisation is equivalent to Expected Actual Personnel Attendance Time (APAT) / 
Planned Operation Time (POT). Since the maximum hours that people could work is the POT, and the 
expected actual time they are working (including losses due to coffee breaks etc.) is the Expected APAT.  

Production / Changeover Time Ratio 

The ratio does not exist in ISO 22400, but the components needed to calculate the metric do exist as 
Expected Actual Production Time (from a machine perspective) and Expected Actual Unit Set-up Time. 
Dividing those with one another leads to the TRI PI. 

Expected Delivery Time of a new client order 

This is a specific performance indicator that TRI uses to communicate to sales how much time they can 
promise to a client for the expected delivery of an order. In order to calculate this, TRI estimates when 
there is enough available operation time to fulfil an average order and adds the Expected Order 
Execution Time of a new order to that.  

From the requirements and linking of TRI Performance Indicators to ISO 22400, the following 
visualization results can be extracted: 

TRI PI Leading ISO 22400 Equivalent Visualization 
Location 

Visualization Type CR 

Machine Resource 
Utilisation 

Expected Actual Unit Busy Time 
(AUBT) / Planned Operation Time 
(POT) 

Work 
Centre/Individual 
Process  

Detailed Insight (not 
visualized if there is no 
issue) 

1;2;4 

Human Resource 
Utilisation 

Expected Actual Personnel 
Attendance Time (APAT) / Planned 
Operation Time (POT) 

Work 
Centre/Individual 
Process  

Detailed Insight (not 
visualized if there is no 
issue) 

1;2;4 

Production / 
Changeover Time 
Ratio 

Planned Production Time (APT) / 
Planned Unit Setup Time (AUST) 

Work 
Centre/Individual 
Process  

Detailed Insight (not 
visualized if there is no 
issue) 

3;4 

Number of FTE spent Planned Personnel Attendance Time 
(APAT) 

Complete Process Detailed Insight 5 

Full Process 
Throughput Time 

Expected Order Execution time of a 
new order (POET) 

Complete Process Detailed Insight 6 

Expected Delivery 
time of a new client 
order 

Expected Order Execution time of a 
new order (POET) + time until 
enough capacity is available 

Complete Process Detailed Insight 7 

Table 7: Performance Indicators to visualize for TRI 

Furthermore, there are a few drilldowns that need to be made: 



Chapter 4 

53 

 

- Machine utilisation drills down into the utilisation per underlying machine (which is possible 
at the production line level, but is not needed at the work centre level, since there is only one 
machine per work centre) (CR1.1) 

- Human utilisation drills down into the utilisation per human resource (CR1.1) 
- The production/changeover time ratio drills down into a breakdown of these times (CR3.1) 

Step 2: Defining the main and side display visualizations 

As with the example visualization, the “Detailed Insight” visualizations will be the first that will be 
addressed.  

Detailed Insight visualizations 

Machine/Human Resource Utilisation 

Both the Machine as well as the Human Resource Utilisation are visualized as “Detailed Insight” for the 
individual processes and they are mentioned within the same requirement, therefore, they will also 
have the same visualization. Combining CR1 and CR2 shows that the chosen visualization should 
indicate the distribution of the KPI for the coming weeks: 

- At a glance distribution: These KPI do not exist in the ISO 22400 framework. But the KPI they 
relate to mention the possibility of being seen as utilisation and wanting to see if the workload 
is evenly distributed and stable. In the framework that leads to a “Bullet graph” visualization. 

  

Production / Changeover Time Ratio 

The production/changeover time ratio is visualized as a “Detailed Insight” for the individual processes. 
Following CR 3, the visualization can be identified as: 

- Over time development: This KPI does not have a direct relationship with ISO 22400 and there 
is no similar argumentation used in the framework. Nonetheless, overtime development 
typically indicates the need of a “Sparkline” visualization. 

 

Number of FTE spent 

The number of FTE spent is visualized as a “Detailed Insight” for the whole process and will therefore 
be visualized in the side display. Following CR 5, the visualization can be identified as: 

- Development over time + Sum: This KPI relates to the APAT KPI of ISO 22400. In the framework 
it is possible to visualize this as a “Bullet graph”, “Sparkline” and “Value”. With the 
argumentation of development over time and a focus on the sum, a combination of “Sparkline” 
+ “Value” will be used. 

 

Full Process Throughput Time 

The full process throughput time is visualized as a “Detailed Insight” for the whole process and will 
therefore be visualized in the side display. Following CR 6, the visualization can be identified as: 

- Fluctuation over time + Expected (Average): This KPI relates to the POET KPI of ISO 22400. In 
the framework it is possible to visualize this as a “Bullet graph”, “Sparkline” and “Value”. With 
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the argumentation of wanting to know the fluctuation over time and a focus on the exact 
expected performance, a combination of “Sparkline” + “Value” will be used. 

 

Expected Delivery time of a new client order 

The expected delivery time of a new client order is visualized as a “Detailed Insight” for the whole 
process and will therefore be visualized in the side display. Following CR 7, the visualization can be 
identified as: 

- Estimate: This KPI is similar to the POET KPI of ISO 22400, furthermore, the requirements 
indicate only an interest in the value of this estimate as there is no possible distribution/change 
over time. Therefore the “Value” visualization from the framework will be used. 

 

Indicators/Support visualizations and Interaction 

Next is the definition of the “Indicators” and “Support” visualizations, including potential interactions. 
These are only based on the requirements and insights of the designer as no specific guidelines are set 
for them besides the recommended visualizations. 

Machine/Human Resource Utilisation & Production / Changeover Time Ratio 

Since CR 4 indicates that no individual process KPI should be visualized in case there is no problem. An 
interaction needs to be added where the KPI are only shown if one of them is in a warning or critical 
stage. Furthermore, in order to support the user in knowing how bad the issue is an “Icon - Alert” 
visualization is used as an “Indicator”. This “Icon - Alert” is related to all three KPI and if any of the 
underlying KPI is in a “Warning” or “Critical” state, then so will the alert be. 

Furthermore, to differentiate between the different visualizations, “Text - Categorical” and “Images” 
are used to indicate which KPI is visualized where. The resulting “Support” visualizations are: 

- “HR” – Human Resource Utilisation 
- “Machine” – Machine Utilisation 

- “ ” – Production/Changeover Time Ratio 

Lastly, CR 8 mentions the need to be able to edit the dates of the period that needs to be visualized. 
For this visualization it was chosen to use a combination of “Text - Value” and “Text - Categorical” with 
editing capabilities: 

 

The resulting main display is visualized in Figure 60 below.
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Figure 60: Case study (left) main display and (right) side display
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Step 3: Defining drilldowns and extra interactions 

In Step 1, three drilldowns were identified from the case requirements. Furthermore, looking at the 
process models, TRI has the option to drill down from Production Line level to Work Centre level. Thus, 
creating one more kind of drilldown. Therefore, there are four process drilldown interactions that need 
to be considered: 

Drilldowns 

Human utilisation drills down into the utilisation per human resource 

As mentioned in CR 1.1, the goal of this drilldown is to identify which exact resource might cause 
problems at which moment. In order to visualize this, a stacked bar chart is used. This chart shows for 
each day what the total FTE is compared to the max available and breaks those FTE down per resource. 

 

Figure 61: HR Utilisation Drilldown 

The production/changeover time ratio drills down into a breakdown of these times 

As mentioned in CR 3.1, the goal of this drill down is to find out which weeks/days cause the issue with 
the production/changeover time ratio. Therefore, the drilldown is visualized as a 100% stacked bar 
chart. 

 

Figure 62: Production/Changeover Time Drilldown 
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Machine utilisation drills down into the utilisation per underlying machine 

Due to the Production Line to Work Centre/Work Cell construct of the model, this drilldown is already 
in part covered by the next interaction “Production Line to Work Centres drilldown”. Nonetheless, this 
would not give a week by week breakdown. Therefore, a separate visualization is still made which is 
similar to the HR Utilisation Drilldown. 

 

Figure 63: Machine Utilisation Drilldown 

 Production Line to Work Centres drilldown 

Similar to the example in paragraph 3.4.4, when going into a sub process, the sidebar is removed as all 
the information it contains can already be seen in the higher-level model. For the rest all the 
visualizations and interactions that the higher-level model contains are in this visualization. This is 
shown in Figure 64. 

 

Figure 64: Production Line to Work centre drilldown 
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Extra visualizations/interactions 

Mouse-over 

For the Case study, it was decided to combine the legend and indication of the drilldown within a 
mouse-over. The mouse-over both gives a short description of what a visualization is, along with what 
interactions are involved with it. 

  

Figure 65: Case study visualization mouse-over 

Lastly, all drilldowns contain a “Back button” that make it possible to go to the view one came from 
along with a title that indicates what is being visualized: 

 

Figure 66: Back button and title 

This finally leads to the final displays shown below: 
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Figure 67: Case study subset of final displays (left: Main display; right: Work centre drilldown) 
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4.2 Case study evaluation 
In order to evaluate the design, the prototype of the case study was evaluated in a semi-structured 
interview. This interview consisted of three parts: 

1. An introduction and walkthrough of the prototype 
2. A survey based on the Technology Acceptance Model (Davis et al., 1989) and the Method 

Evaluation Model (Moody, 2003). Which gives insight into the Perceived Ease of Use, 
Usefulness and the Intent to Use of a model. These components are described as followed: 

- Perceived Ease of Use (PEOU): the extent to which someone believes that using the 
tool is effortless 

- Perceived Usefulness (PU): the extent to which someone believes that using the tool 
improves job performance 

- Intention to Use (ITU): the extent to which someone intends to use the tool 
3. An open question part that goes into the answers given during the questionnaire and which 

aspects of the prototype the participants like or would improve. 

There were five participants for the interviews. All of them were familiar with BPMN: 

Icon Participant 
⩙ Director of Operations at TRI (BPMN expert, Project Owner) 
O Master Supply Chain Planner at TRI (Main Stakeholder) 
△ Business Intelligence Expert at TRI (Supports the Main Stakeholder with visualizations) 

⦿ 
Supply Chain Manager at TRI (Hired after the case completion, and therefore his opinion 
was not contaminated by being involved in the design procedure) 

⧒ 
External Supply Chain Planning Business Consultant from an external planning software 
provider (as an external check) 

Table 8: Case study survey participants 

The survey questions and the results of the survey are presented in Table 9 below. Below that table, 
the results are discussed by synthesising the insights provided by the participates during the third part 
of the interview. 

In this table, the first column indicates whether a question falls under the PEOU/PU/ITU category, the 
second column contains the questions, the third column indicates whether a question has a positive 
(+) or negative (-) connotation and the last column is the score that was given by the participants 
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   +/- Disagree – Agree 

PEOU 
1: I found the procedure for applying the BPMN KPI visualization complex and 
difficult to follow - ⩙O ⧒△⦿     

  4: Overall, I found the BPMN KPI visualization difficult to use - ⩙⦿ ⧒O  △   

  6: I found the BPMN KPI visualization easy to learn +    ⧒O △⦿ ⩙ 

  
9: I found it difficult to apply the BPMN KPI visualization to perform my planning 
activities - ⦿  ⧒⩙△O    

  11: I found the rules of the BPMN KPI visualization clear and easy to understand +     ⧒△O ⩙⦿ 

  
14: I am not confident that I am now competent to apply this BPMN KPI 
visualization in practice - ⩙△O

⦿ 
  ⧒   

PU 
2: I believe that this BPMN KPI visualization would reduce the effort required to 
understand where performance is lacking in the process and how to improve this +    △ ⧒ ⩙O⦿ 

  

3: Lots of information on the root cause of process performance issues, 
represented using this the BPMN KPI visualization, would be more difficult for 
users to understand 

- ⧒ △⦿ ⩙O    

  
5: This BPMN KPI visualization would make it easier for users to understand 
where there are issues in the process +     ⧒△ ⩙O⦿ 

  7: Overall, I found the BPMN KPI visualization to be useful +     ⧒△O ⩙⦿ 

  
8: Using this BPMN KPI visualization would make it more difficult to assess 
process performance - ⩙O⦿ ⧒△     

  
12: Overall, I think this BPMN KPI visualization does not provide an effective 
solution to the problem of understanding the cause of performance issues - ⩙ △⦿ ⧒O    

  
13: Using this BPMN KPI visualization would make it easier to communicate 
manufacturing performance indicators +    O ⧒△ ⩙⦿ 

  
15: Overall, I think this visualization is an improvement to the other ways of 
communicating manufacturing performance indicators +   O  ⧒△ ⩙⦿ 

ITU 
10: I would definitely not use this BPMN KPI visualization to visualize 
manufacturing performance indicators - ⧒⩙△O

⦿ 
     

  
16: I intend to use this BPMN KPI visualization in preference to the current 
method I have to visualize manufacturing performance indicators in the future +     △O ⧒⩙⦿ 

Table 9: Case study survey results
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4.2.1 Conclusions drawn from the case study evaluation interview 

In general, the results of the survey are very positive. But sometimes the participants gave some more 
cautious answers as to how useful and easy to use the model is. The reasons for these answers will be 
addressed per subject (PEOU, PU, ITU) below. 

PEOU 

Considering the Perceived Ease of Use, the results were very positive. The main reasons for the 
cautious answers concerning ease of use were related to the fact that the participants find the model 
easy to understand themselves, but were not sure whether this would hold for people who are less 
experienced with BPMN and analysing data. Furthermore, most visualizations were considered easy 
to learn, but the Bullet graph did require extra effort according to the Master Planner. What the 
Director of Operations liked, was that he now has a way to quickly view the performance status at 
various levels of details in the company. But, to enable a good visualization, it is necessary to make 
sure the models and underlying data stays up to date, which would lead to extra efforts for the 
Business Intelligence Expert. Lastly, the Master Planner mentioned that this visualization would lead 
to more work (therefore less easy), but would definitely lead to better results since issues that are now 
resolved during production would be addressed sooner. 

PU 

The main reasons for the lower ratings on Perceived Usefulness were related to the BPMN KPI 
visualization being slightly more complex than the current visualization, but not complex enough for a 
thorough root cause analysis. Although, this was also what was appreciated, as the BPMN KPI 
visualization quickly gives insight into where there might be issues, which can then be analysed by 
following traditional root-cause analysis methods. The main point of the Master Planner was, that 
when compared with the current visualization and its purpose, the new visualization was a bit more 
complex and more work, but when considering the new needs and extra capabilities, the new 
visualization outperforms the old visualization. 

ITU 

The ratings on Intent To Use were very positive. The main reason for some lower scores were related 
to the fact that the current design is only a prototype and some extra work would need to be done 
before it can fully replace the current solution. 

Conclusion 

General conclusion 

Concluding, the main positive feedback concerning the BPMN KPI visualizations were that it gives great 
way to have an overview of the performance in relation to the process and it is easy to get a general 
idea of where performance issues might lie. Furthermore, the operations manager liked the possibility 
of going from a higher to a lower level of detail in a way that you not only know where a bottleneck 
might occur, but also what it’s cause might be. Which is a good start for root-cause analysis and visual 
management. Some improvements could exist in the simplification of the Bullet graphs or in using 
mouse-overs to indicate what the values within the Bullet graph/Sparkline are and what they mean. 
Furthermore, the participants indicated an interest in the mapping of the process model on top of a 
blueprint of the physical production line in order to create a map that matches the understanding of 
employees as to where a production line or work centre is. Lastly, an interest was shown for the 
possibility to compare two datasets with the click of one button. 
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4.2.2 Requirement fulfilment 

This section will show to which extent the requirements set in the research design (paragraph 1.1.1) 
were fulfilled. 

Requirement 1: The design must visualize the most suitable MOM KPI 

In paragraph 2.1 (List of Manufacturing Operations Management Key Performance Indicators), the list 
of MOM KPI that are recommended for this thesis is defined. This list was then used in paragraph 3.3 
(BPMN MOM KPI Visualization Framework) in order to present how this list can be used to select the 
right visualizations and finally paragraph 3.4 (BPMN MOM KPI Dashboard Design Procedure) presents 
how to visualize these KPI. As such, the requirement has been fulfilled. 

Requirement 2: The design must visualize KPI on a BPMN process model 

In paragraph 3.1 (Design principles for the visualization of KPIs on BPMN), a list of principles is 
presented which defines constraints to possible visualizations of KPI on BPMN. This list is then used in 
paragraph 3.2 (BPMN KPI Visualization) to create a list of possible KPI visualizations on BPMN, which is 
used in paragraph 3.4 (BPMN MOM KPI Dashboard Design Procedure) to indicate how to visualize the 
KPI on a BPMN model. As such, the requirement has been fulfilled. 

Requirement 3: The design must utilise current KPI visualization practice to leverage familiarity users 
have with current visualizations 

In paragraph 2.2 (List of Performance Indicator Visualizations), the list of current KPI visualizations is 
presented. This list is used to define the list of visualizations that is used in the design in paragraph 3.2 
(BPMN KPI Visualization). Furthermore, the Case Study evaluation (paragraph 4.2.1), shows that users 
indeed found the visualizations understandable. Although one of them required more effort to 
understand, this requirement has mostly been fulfilled. 

Requirement 4: The design must give users a better understanding of how KPI relate to the process 

In the case study evaluation (paragraph 4.2.1), the users mention that the design indeed leads to a 
visualization that gives great way to have an overview of the performance in relation to the process. 
Thus, this requirement is considered fulfilled. 

Requirement 5: The design must enable drilling down into process details to display underlying 
performance metrics, in order to identify possible causes of performance issues. 

In paragraph 3.4 (BPMN MOM KPI Dashboard Design Procedure), there is a clear indication of how to 
create the dashboard in a way that enables drilling down. This capability is recognised during the case 
study evaluation (paragraph 4.2.1), where the participants indicate that they liked the possibility of 
going from a higher to a lower level of detail in a way that you not only know where a bottleneck might 
occur, but also what it’s cause might be. As such, this requirement is considered fulfilled. 

Requirement 6: The design must be adaptable to specific needs of a user 

The design procedure presented in paragraph 3.4, is clearly geared towards this goal. Furthermore, 
the application on both a theoretical (paragraph 3.4.4) as well as a practical (paragraph 4.1) case study, 
shows that this requirement has been fulfilled.
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5 Conclusion 
In the introduction, both an academic as well as a business need for a visualization of Manufacturing 
Operations Management Key Performance Indicators (MOM KPIs) in the form of a BPMN overlay was 
introduced. This need is fulfilled by this thesis through a list of possible visualizations of KPIs on BPMN, 
a framework for visualizing MOM KPIs (specifically ISO 22400) and a design procedure for creating a 
visualization. The design procedure was finally evaluated by applying it to a case study and asking 
experts to give feedback on the result. 

5.1 Overview of the results 

The goal of this thesis was to visualization MOM KPI on a BPMN model along with providing a 
framework to guide the design of a dashboard with these visualizations. The thesis achieves this goal 
by providing three main deliverables which will be addressed below. 

5.1.1 BPMN KPI Visualization List 

By selecting and adapting the possible visualizations presented by Few (2006) based on design 
principles, this thesis provides a list of possible visualizations that can be used for the purpose of 
visualizing key performance indicators on BPMN. These visualizations are divided in three groups: 
Detailed Insight, Indicators and Supporting visualizations. Each of the visualizations has a specific 
purpose and way of being used. 

5.1.2 BPMN MOM KPI Visualization Framework 

By combining the possible BPMN Performance Indicator visualizations together with the use and 
definitions of the ISO 22400 KPIs, a framework was created that indicates how and where to visualize 
ISO 22400 KPIs on a BPMN model. This framework can be used when one is unsure about how to 
visualize certain KPIs. Furthermore, the framework indicates where there might be challenges when 
the aggregation of KPIs needs to be used from a sub process to a higher-level process. 

5.1.3 BPMN MOM KPI Dashboard Design Procedure 

Using the previous two deliverables along with design guidelines, the “Defining a template for the 
dashboard” stage of the dashboard design procedure of Vilarinho (2017) is made more explicit. This is 
done by providing a step-by-step procedure of how to create a dashboard visualization with BPMN 
MOM KPI Visualization Framework.  

This adapted procedure is applied on a theoretical and business case study. Furthermore, the business 
case study is evaluated and finally the requirements of the design are evaluated based on the results 
of the case study and the design process. The feedback of the case study was that the visualization 
improved the overview of KPIs in relation to the process when compared to their traditional methods 
of using various graphs. 

5.2 Theoretical contributions 

This paper adds knowledge to the academic field by providing an evaluation of the visualizations 
provided by Few (2006) when applied to dashboarding with BPMN as an underlying model. But, more 
importantly, it expands the application possibilities of BPMN by providing a framework to create 
performance indicator visualizations.  

Furthermore, the more detailed evaluation of ISO 22400 and the identification of its use for drilling 
down into issues is a valuable insight as it strengthens the analysing capabilities of the design.  
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Lastly, the paper adds more specific steps to the template defining stage of Vilarinho (2017) in order 
to be able to create a BPMN MOM KPI visualization. By doing so, more support is given as to how to 
complete the template defining stage provided by Vilarinho (2017). 

5.3 Practical implications 

As mentioned in the introduction, manufacturing companies must monitor their processes and 
respond to them quickly in order to maintain their competitive advantage (J. G. Kang & Han, 2008). 
The provided visualization framework of key performance indicators through ISO 22400 combined with 
BPMN, help with the monitoring and response to processes in a MOM setting. 

By following the adapted dashboard design procedure presented in paragraph 3.4, a manager can 
create his/her own dashboard template to monitor MOM KPIs. By doing so, an intuitive dashboard can 
be created that enables a quick understanding of the performance of the manufacturing process and 
an intuitive way to drill down into possible issues. 

During the procedure, there are various ways a manager can use the procedure. Firstly, one can use it 
as an inspiration to define the operational management KPIs according to the ISO 22400 standard or 
to benchmark their own KPIs against a general industry standard. Furthermore, it can also serve as an 
inspiration to name the tasks of a process as proposed according to the IDEF-0 norms to facilitate 
process to subprocess understanding. Finally, depending on the requirements that were defined, one 
can select the right KPI and directly deduce what the possible visualizations are.  

By using the results of this thesis, a manager will therefore have a hands-on approach to create a 
dashboard for the monitoring of MOM KPIs on a BPMN process model. 

5.4 Limitations 

Even though the research has led to interesting insights, there are some limitations that need to be 
addressed. The visualization framework is focussed on ISO 22400, there is only one case study at one 
company and the rules for aggregation of KPIs according to process levels remain abastract. 

First and foremost is that the model only provides visualizations for ISO 22400. Although this 
measurement system is a recognised standard, it is possible that a company has their own system 
which would require making one’s own framework. In order to do so, one could still use the design 
procedure defined in paragraph 3.4 to create a visualization which is tailored according to their needs. 
But this would require more work. 

Also, the framework was only tested during one case study at one company, which does not guarantee 
it would work for every manufacturing company. Furthermore, since some of the evaluators were 
involved during the design of the prototype, there might be an effect on the evaluation. To improve 
its validity, more elaborate testing with multiple case study companies in different fields would be 
valuable. 

Lastly, the issues relating to the aggregation of KPIs from an expanded to collapsed subprocess was 
not resolved in this thesis. To truly get the most out of the aggregation capabilities of BPMN, this needs 
to be resolved. The main challenges herein do not lie with the visualisation, but with the method of 
communicating to users how KPI are aggregated create good insights. For example, when a KPI is 
aggregated from a sub process to a process, how does a user know which way it has been aggregated 
and how to interpret it. 
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5.5 Future work 

Given the previously mentioned limitations, there are some interesting possibilities for future work. 
The most obvious being the application of the visualization framework and guidelines to more case 
studies in various fields and with various models. This would both strengthen the validity of the model 
as well as give insights into the effect of various KPI structures on the resulting visualizations. 

During the case studies, it would be interesting to investigate how a user could interact with the system 
by creating a fully functional prototype. This way, the effect of the visualization choices can be 
evaluated in a running situation, which enables a better evaluation by users. 

Lastly, the issue concerning aggregation of KPIs from an expanded to a collapsed sub process would 
also be very interesting to investigate. This is not only relevant for visualizations on top of BPMN, but 
generally when considering KPIs of processes.  
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7 Appendix: 
7.1 Literature review on MOM KPIs 
7.1.1 Research Methodology 
7.1.1.1 Research question 

The research question for this literature review was: “Which key performance indicators are used to 
measure the performance for manufacturing operations management?” 

7.1.1.2 Search strategy 
7.1.1.2.1 Scope 

The scope of this literature study is limited to: 

- Articles which are within the reach of the Eindhoven University of Technology 
7.1.1.2.2 Search engines used 

- ABI Complete (also known as Proquest) 
- SCOPUS 
- Web of Science 
- Snowball (Google) 

7.1.1.2.3 Search terms 
The search terms used for the literature search were: ((“Manufacturing Operations Management”) 
AND ("Key Performance Indicators")) 
7.1.2 Summary of the results 

In Table 10 in paragraph 7.1.2 below, the results of the literature search are shown. The table shows 
the article details and which Manufacturing Operations Management KPI structure they use. When 
looking at the results, it is clear that in the literature review, there was only two resulting structures: 
“ISO 22400” and “MESA’s 28 KPIs – Metrics that matter” that were found. 

In order to guide further discussion, MESA’s 28 KPIs are presented in paragraph 7.1.4, and the ISO 
22400 KPIs are presented in paragraph 7.3. 

When comparing “MESA’s 28 KPIs – Metrics that matter” with “ISO 22400”, it becomes clear that ISO 
22400 is more focused on Manufacturing Operations Management than MESA’s 28 KPIs. This can be 
seen by some of the manufacturing operation management metrics that MESA’s 28 KPI has (EBITDA, 
Rate of New Products Introduction). Furthermore, ISO 22400’s KPIs are more represented both in a 
practical as well as an academic setting(N. Kang et al., 2016). Lastly, the MESA, supported in the 
development of the ISO 22400 KPI after having created its own KPI list (Brundage, Bernstein, Morris, 
& Horst, 2017; N. Kang, Zhao, Li, & Horst, 2016; Zhu et al., 2017), which might suggest that the ISO 
22400 KPI list contains the relevant aspects of the MESA 28 KPIs. These insights led to the decision to 
select ISO 22400 as the KPI structure for the rest of the thesis. 

 

 

 



Chapter 7 

70 

 

7.1.3 Results 
Title Author Year Source MOM KPI structure 
Key performance indicators for manufacturing operations management 
in the process industry 

Zhu, Li; Johnsson, Charlotta; Mejvik, Jacob; Varisco, 
Martina; Schiraldi, Massimiliano 2018 

SCOPUS; Web of 
Science; IEEE ISO 22400 

A Hierarchical structure of key performance indicators for operation 
management and continuous improvement in production systems Kang, Ningxuan; Zhao, Cong; Li, Jingshan; Horst, John A. 2016 SCOPUS ISO 22400 

Analysis of Key Operation Performance Data in Manufacturing Systems Kang, Ningxuan; Zhao, Cong; Li, Jingshan; Horst, John A 2015 SCOPUS ISO 22400 
Integrated quality management for industry 4.0 | 
[Produktionsintegrierte qualitätssicherung für die industrie 4.0] Glück, M., Wolf, J. 2014 SCOPUS Full article out of reach 
Model Driven Key Performance Indicators Concepts for Manufacturing 
Execution Systems Schulz, Thomas; Chelaru, Andrei 2013 SCOPUS ISO 22400 

Synthesis of Manufacturing and Facility Data for Sustainability Analysis 
John Michaloski, Goudong Shao, Frank Riddick, Swee 
Leong, Jonatan Berglund, Jorge Arinez, Stephan Biller 2012 SCOPUS Full article out of reach 

MES, MOM, EIM and MIS - Do you need them all? Greeff, G. 2011 SCOPUS Full article out of reach 

Implementing design for six sigma to supply chain design 
Amer, Y., Luong, L., Lee, S.-H., (...), Ashraf, M.A., 
Qureshi, Z. 2007 

SCOPUS; Web of 
Science; IEEE No "Key Performance Indicators" 

An approach for implementing key performance indicators of a discrete 
manufacturing simulator based on the ISO 22400 standard 

Muhammad, Usman; Ferrer, Borja Ramis; Mohammed, 
Wael M; Lastra, Jose L Martinez 2018 IEEE ISO 22400 

Achieving Competitive Advantage Through Collaborative Manufacturing 
Operations Management Gil, Ruben 2004 ABI Complete No defined structure 

Engineering and IT Insight: MES vs. ERP for manufacturing Brandl, Dennis 2011 ABI Complete No defined structure 
Development of an integrated performance measurement framework 
for lean organizations Sangwa, Narpat Ram; Sangwan, Kuldip Singh 2018 ABI Complete New structure, but not for MOM 
A framework for implementing cost and quality practices within 
manufacturing Tiwari, Ashutosh; Turner, Chris; Sackett, Peter 2007 ABI Complete No defined structure 

How to get an automation project approved Hoske, Mark T. 2015 ABI Complete No defined structure 

Production Energy Optimization Profile Totherow, Kevin. 2012 ABI Complete No defined structure 
Performance Measurement of Technology-Production Base of the 
Firms: Ascertaining Their Strategic Competitive Advantage Sioutis, Panayiotis; Anagnostopoulos, Konstantinos 2016 ABI Complete New structure, but not for MOM 
Frost & Sullivan Recognizes Dassault Systemes' Apriso Mobility Solution 
for Discrete Industries Espinoza, Mireya 2014 ABI Complete No defined structure 
2016 Global Frost & Sullivan Award for Customer Value Excellence 
presented to Siemens PLM Software for its Path-breaking Omneo 
Product Performance Intelligence Solution Carella, Chiara 2016 ABI Complete No defined structure 

Improvements to plant automation software Gould, Lawrence 2009 ABI Complete No defined structure 
Technological advancements changing the traditional application of 
operations management Kumar, Ankur, MS; Gandhi, S Jimmy, PhD 2017 ABI Complete No defined structure 
Part kitting process for material flow efficiency in engine pre-assembly 
operations Wiltshire, A R; McLean, A A 2016 ABI Complete No defined structure 
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Assessing the role of pre-project planning sessions in developing a 
successful project strategy Hoeger, James A 2013 ABI Complete No defined structure 

MES Closes Information Gap Katzel, Jeanine 2008 ABI Complete No defined structure 

The Preemptive Strike Zone Labs, Wayne 2009 ABI Complete No defined structure 
Service business development in small and medium capital goods 
manufacturing companies Gebauer, Heiko; Paiola, Marco; Edvardsson, Bo 2010 ABI Complete No defined structure 

CMMS: Get your maintenance on track Labs, Wayne 2016 ABI Complete No defined structure 
Manufacturing Intelligence Using the Right Tools to Make the Right 
Decisions man Labs, Wayne 2014 ABI Complete 

Refers to LNS Research’s Davidson (see 
Snowball result below) 

Manufacturing strategy and performance A study of the UK engineering 
industry Sweeney, Michael T.; Szwejczewski, Marek 1996 ABI Complete No defined structure 
Software defined networking firewall for industry 4.0 manufacturing 
systems 

Tsuchiya, Akihiro; Fraile, Francisco; Koshijima, Ichiro; 
Ortiz, Angel; Poler, Raul 2018 ABI Complete 

No defined structure, but does refer to 
MESA 

Prioritizing Quality of Product and Service Dimensions With Respect to 
a Product-Service System in the Public Transport Sector Sharma, Mohita Gangwar; Kumar, Gopal 2016 ABI Complete No defined structure 
Industrial services - the solution provider's stairway to heaven or 
highway to hell? Kohtamäki, Marko; Helo, Petri 2015 ABI Complete 

No defined MOM structure (only for supply 
chain performance management) 

The strategic management of manufacturing networks 
Szwejczewski, Marek; Sweeney, Michael T; Cousens, 
Alan 2016 ABI Complete 

No defined structure, only a random subset 
of KPI 

From business process management to customer process management 
Trkman, Peter; Mertens, Willem; Viaene, Stijn; Gemmel, 
Paul 2015 ABI Complete No defined structure 

Operations strategy for the effective delivery of integrated industrial 
product-service offerings: Two exploratory defence industry case 
studies Datta, Partha Priya; Roy, Rajkumar 2011 ABI Complete 

New structure, but not for MOM (but for 
Performance-based contract operations 
strategy) 

Technology business incubators and industrial development: resource-
based view 

Nisakorn Somsuk; Jarunee Wonglimpiyarat; Tritos 
Laosirihongthong 2012 ABI Complete No defined structure 

An In-Depth Review and Classification of Supplier Quality Management 
Approaches: Following Trends in Academic, Industrial and Military 
Literature 

Amanipour, Hamed; Jamshidvand, Aboozar; Tabatabaei, 
Mohammad 2015 ABI Complete No defined structure 

Building bridges: boundary spanners in servitized supply chains Mehmet Chakkol 2018 ABI Complete No defined structure 

Configuration of supply chain integration and delivery performance: 
Unitary structure model and fuzzy approach Samaranayake, Premaratne; Laosirihongthong, Tritos 2016 ABI Complete 

New structure, but not for MOM (but for 
supply chain integration and delivery 
performance) 

Manufacturing Metrics that really matter (MESA) Davidson, Mark 2013 

Google (Snowball from 
LNS Research Davidson + 
KPI) MESA’s 28 KPIs – Metrics that matter 

Table 10: Results of MOM KPI literature review 
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7.1.4 MESA 28 KPIs 

The MESA (Manufacturing Enterprise Solutions Association) is an organization that has sponsored research to help the manufacturing marketplace identify 
the most important metrics, and help decision-makers understand metrics improvements and their relationships to metrics programs and the use of software 
solutions. 

In 2013, they performed a survey to identify the metrics that were identified as being the most utilized by discrete, process, and hybrid/batch manufacturers. 
The 28 metrics that came out from that survey are shown in the table below. These KPIs focus on more than only the manufacturing process, the various 
groups that are addressed are KPI for: Improving Customer Experience & Responsiveness, Improving Quality, Improving Efficiency, Reducing Inventory, 
Ensuring Compliance, Reducing Maintenance, Increasing Flexibility & Innovation, Reducing Costs & Increasing Profitability. Each of these groups has a subset 
of KPIs, which do not necessarily influence each other. 

Group KPI Explanation 
Improving 
Customer 

Experience 
& 

Responsive
ness 

On-Time Delivery to Commit This metric is the percentage of time that manufacturing delivers a completed product on the schedule that was committed to customers. 

Manufacturing Cycle Time 
Measures the speed or time it takes for manufacturing to produce a given product from the time the order is released to production, to finished 
goods. 

Time to Make Changeovers Measures the speed or time it takes to switch a manufacturing line or plant from making one product over to making a different product. 

Improving 
Quality 

First Pass Yield 
Indicates a percentage of products that are manufactured correctly and to specifications the first time through the manufacturing process 
without scrap or rework. 

Customer Rejects/Return 
Material 
Authorizations/Returns 

A measure of how many times customers reject products or request returns of products based on receipt of a bad or out of specification 
product. 

Supplier’s Quality Incoming A measure of the percentage of good quality materials coming into the manufacturing process from a given supplier. 

Improving 
Efficiency 

Production 
Output/Throughput Measures how much product is being produced on a machine, line, unit, or plant over a specified period of time. 

Capacity Utilization Indicates how much of the total manufacturing output capacity is being utilized at a given point in time. 
Overall Equipment 
Effectiveness (OEE) 

This multi-dimensional metric is a multiplier of Availability x Performance x Quality, and it can be used to indicate the overall effectiveness of a 
piece of production equipment, or an entire production line. 

Schedule or Production 
Attainment A measure of what percentage of time a target level of production is attained within a specified schedule of time. 

Reducing 
Inventory WIP Inventory/Turnover 

A commonly used ratio calculation to measure the efficient use of inventory materials. It is calculated by dividing the cost of goods sold by the 
average inventory used to produce those goods. 

Reportable Health and 
Safety Incidents 

A measure of the number of health and safety incidents that were either actual incidents or near misses that were recorded as occurring over a 
period of time. 
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Ensuring 
Complianc

e 

Reportable Environmental 
Incidents A measure of the number of health and safety incidents that were recorded as occurring over a period of time. 
Number of Non-Compliance 
Events / Year 

A measure of the number of times a plant or facility operated outside the guidelines of normal regulatory compliance rules over a one-year 
period. These non-compliances need to be fully documented as to the specific non-compliance time, reasons, and resolutions. 

Reducing 
Maintenan

ce 

Percentage Planned vs. 
Emergency Maintenance 
Work Orders This ratio metric is an indicator of how often scheduled maintenance takes place, versus more disruptive/un-planned maintenance. 
Downtime in Proportion to 
Operating Time This ratio of downtime to operating time is a direct indicator of asset availability for production. 

Increasing 
Flexibility 

& 
Innovation 

Rate of New Product 
Introduction 

Indicates how rapidly new products can be introduced to the marketplace and typically includes a combination of design, development and 
manufacturing ramp up times. 

Engineering Change Order 
Cycle Time 

A measure of how rapidly design changes or modifications to existing products can be implemented all the way through documentation 
processes and volume production. 

Reducing 
Costs & 

Increasing 
Profitabilit

y 

Total Manufacturing Cost 
per Unit Excluding Materials This is a measure of all potentially controllable manufacturing costs that go into the production of a given manufactured unit, item or volume. 
Manufacturing Cost as a 
Percentage of Revenue A ratio of total manufacturing costs to the overall revenues produced by a manufacturing plant or business unit. 

Net Operating Profit 
Measures the financial profitability for all investors/shareholders/debt holders, either before or after taxes, for a manufacturing plant or 
business unit. 

Productivity in Revenue per 
Employee This is a measure of how much revenue is generated by a plant, business unit or company, divided by the number of employees. 
Average Unit Contribution 
Margin 

This metric is calculated as a ratio of the profit margin that is generated by a manufacturing plant or business unit, divided into a given unit or 
volume of production. 

Return on Assets/Return on 
Net Assets 

A measure of financial performance calculated by dividing the net income from a manufacturing plant or business unit by the value of fixed 
assets and working capital deployed. 

Energy Cost per Unit A measure of the cost of energy (electricity, steam, oil, gas, etc.) required to produce a specific unit or volume of production. 

Cash-to-Cash Cycle Time 
This metric is the duration between the purchase of a manufacturing plant or business unit’s inventory, and the collection of payments/accounts 
receivable for the sale of products that utilize that inventory – typically measured in days. 

EBITDA 

This metric acronym stands for Earnings Before Interest, Taxes, Depreciation, and Amortization. It is a calculation of business unit or company’s 
earnings, prior to having any interest payments, tax, depreciation, and amortization subtracted for any final accounting of income and expenses. 
EBITDA is typically used as top-level indication of the current operational profitability of a business. 

Customer Fill Rate/On-Time 
delivery/Perfect Order 
Percentage 

This metric is the percentage of times that customers receive the entirety of their ordered manufactured goods, to the correct specifications, 
and delivered at the expected time. 
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7.2 Literature review on the visualization of KPI for BPM 
7.2.1 Research Methodology 
7.2.1.1 Research question 

The research question is defined as: “How can the presentation of BPMN models be extended with 
operational performance metrics to improve management decision-making in the manufacturing 
domain?” 

Which can be broken down in the following research question: 

1. How can operational performance metrics/Process Performance Indicators(PPI’s)/Key 
Performance Indicators(KPI’s) be monitored and visualized for Business Process 
Management/Business Activity Monitoring/Business Process Monitoring/Decision Support 
systems? 

7.2.1.2 Search strategy 
7.2.1.2.1 Scope 

The scope of this literature study is limited to: 

- The article has been published within the last 15 years  
o The reason for this choice, is that one of the fields most related to process monitoring: 

business activity monitoring, was firstly defined in 20024. Furthermore, it is expected 
that any important literature prior to this date, will arise during the snowballing phase. 

- Articles mainly focus on the visualization/communicating of performance in a visual manner. 
- We focus on performance indicators the following domains 

o Manufacturing industry 
o Business Process Management 

- The articles are in English 
- Preferably, articles should mention real-time performance visualization 

Furthermore, if literature is simply a case study that doesn’t explain how the visualization was made, 
or if the content of an article is found in another, more encompassing article, then the article of less 
value will not be kept. 

7.2.1.2.2 Search engines used 
- ABI Complete (also known as Proquest) 
- SCOPUS 
- Web of Science 
- Google Scholar 
- Snowballing 

o Locating, tracking and chasing down references in footnotes and bibliographies of 
already found articles and other research documents. 

 
7.2.1.2.3 Creating the search terms 

Firstly, the most common variations for the words in the research questions were selected as search 
terms. Furthermore, Decision Support Systems often come in the form of a Dashboards(Maddah, 2013). 
Therefore, dashboard and other similar tools/terms were used in the search. Lastly, some research 

                                                           
4 https://www.gartner.com/doc/354283/business-activity-monitoring-calm-storm 
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only mentioned the graphical notation that they would recommend for visualizing performance, 
therefore, this term was also included in the complete search. 

 

7.2.1.2.4 Search terms per sub-question 
1. (“BPM” OR “Business Process Management” OR “BAM” OR “Business Activity Monitor*” OR 

“Business Process Monitor*” OR “Decision Support System”) AND (“Visual*” OR “Monitor*” 
OR “Report*” OR “Dashboard” OR “Cockpit” OR “Interface” OR “Graphical Notation”) AND 
(“KPI” OR “Key Performance Indicator” OR “PPI” OR “Process Performance Indicator” OR 
“Operational Performance” OR “Performance Metric” OR “Performance Indicator”)   

7.2.2 Summary of the relevant literature 

All of the final 22 articles were read, analysed and summarised. These summaries can be found in. 
During the review, a subdivision of three topics arose: 

- Visualization of performance indicator calculation within a process model 
o This topic concerns articles that argue about how to show the method in which 

performance indicators are calculated within Business Process Models modelling 
languages, whilst other propose their own method. 

- Dashboard user interface design 
o This topic concerns articles that explain how dashboards should be created and how 

the relevant performance metrics for those dashboards should be visualized. 
- Visualizing performance indicators in modelling languages  

o This topic concerns articles that developed a method of visualizing performance 
indicator within a process modelling language. Some articles use already existing 
modelling languages, whilst other propose their own method. 

Where the three fields overlap, sets the field of knowledge that is necessary for the creation of a BPMN 
extension for business process monitoring. Therefore, in the conclusion section, we will first analyse 
the individual fields and extract elaborate on their influence on the field of study that we are 
investigating.  
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7.2.3 Results 

Search Engine Search Terms excluded Result Crit 1. Crit 2. 

ABI Complete (“BPM” OR “Business Process Management” OR “BAM” OR “Business Activity Monitor*” OR “Business Process Monitor*” OR “Decision Support 
System”) AND (“Visual*” OR “Monitor*” OR “Report*” OR “Dashboard” OR “Cockpit” OR “Interface” OR “Graphical Notation”) AND (“KPI” OR 
“Key Performance Indicator” OR “PPI” OR “Process Performance Indicator” OR “Operational Performance” OR “Performance Metric” OR 
“Performance Indicator”)   

NOT (Reports AND 
Wire Feeds AND 
Magazines AND 
Newspapers AND 
Blogs, Podcasts, & 
Websites) 

1,746 7 1 

SCOPUS ( "BPM"  OR  "Business Process Management"  OR  "BAM"  OR  "Business Activity Monitor*"  OR  "Business Process Monitor*"  OR  "Decision Support System" )  AND  
( "Visual*"  OR  "Monitor*"  OR  "Report*"  OR  "Dashboard"  OR  "Cockpit"  OR  "Interface"  OR  "Graphical Notation" )  AND  ( "KPI"  OR  "Key Performance Indicator"  
OR  "PPI"  OR  "Process Performance Indicator"  OR  "Operational Performance"  OR  "Performance Metric"  OR  "Performance Indicator" )  AND  ( LIMIT-TO ( PUBYEAR ,  
2018 )  OR  LIMIT-TO ( PUBYEAR ,  2017 )  OR  LIMIT-TO ( PUBYEAR ,  2016 )  OR  LIMIT-TO ( PUBYEAR ,  2015 )  OR  LIMIT-TO ( PUBYEAR ,  2014 )  OR  LIMIT-TO ( PUBYEAR ,  
2013 )  OR  LIMIT-TO ( PUBYEAR ,  2012 )  OR  LIMIT-TO ( PUBYEAR ,  2011 )  OR  LIMIT-TO ( PUBYEAR ,  2010 )  OR  LIMIT-TO ( PUBYEAR ,  2009 )  OR  LIMIT-TO ( PUBYEAR ,  
2008 )  OR  LIMIT-TO ( PUBYEAR ,  2007 )  OR  LIMIT-TO ( PUBYEAR ,  2006 )  OR  LIMIT-TO ( PUBYEAR ,  2005 )  OR  LIMIT-TO ( PUBYEAR ,  2004 )  OR  LIMIT-TO ( PUBYEAR ,  
2003 )  OR  LIMIT-TO ( PUBYEAR ,  2002 ) )  AND  ( LIMIT-TO ( LANGUAGE ,  "English" ) )  AND  ( EXCLUDE ( SUBJAREA ,  "AGRI" )  OR  EXCLUDE ( SUBJAREA ,  "BIOC" )  OR  
EXCLUDE ( SUBJAREA ,  "CHEM" )  OR  EXCLUDE ( SUBJAREA ,  "DENT" )  OR  EXCLUDE ( SUBJAREA ,  "EART" )  OR  EXCLUDE ( SUBJAREA ,  "MEDI" )  OR  EXCLUDE ( SUBJAREA ,  
"PSYC" )  OR  EXCLUDE ( SUBJAREA ,  "PHYS" )  OR  EXCLUDE ( SUBJAREA ,  "NURS" )  OR  EXCLUDE ( SUBJAREA ,  "PHAR" )  OR  EXCLUDE ( SUBJAREA ,  "NEUR" )  OR  
EXCLUDE ( SUBJAREA ,  "IMMU" )  OR  EXCLUDE ( SUBJAREA ,  "VETE" ) ) 

<-- 

3,140 24 13 

Web of 
Science 

TS=((“BPM” OR “Business Process Management” OR “BAM” OR “Business Activity Monitor*” OR “Business Process Monitor*” OR “Decision 
Support System”) AND (“Visual*” OR “Monitor*” OR “Report*” OR “Dashboard” OR “Cockpit” OR “Interface” OR “Graphical Notation”) AND 
(“KPI” OR “Key Performance Indicator” OR “PPI” OR “Process Performance Indicator” OR “Operational Performance” OR “Performance Metric” 
OR “Performance Indicator”)) 

 

41 6 0 

Snowball   x 11 5 

Initial 
Searches 
(Master 
Thesis's) 

  3 3 3 

Total   4,927 48 22 
• Selection criteria 1: Title, abstract. Articles removed due to: irrelevance to topic. Articles added that were referred to and relevant. 
• Selection criteria 2: Full content analysis. Articles removed due to: irrelevance to topic and redundancy (other articles cover the same points) 
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7.2.4 Short list 

Group Name Author (date) 

Visualization of 
performance 

indicator 
calculation within 
a process model 

Extending BPMN for business activity monitoring (Friedenstab et al., 2011) 
VISUAL PPINOT: A Graphical Notation for Process Performance Indicators (del-Río-Ortega et al., 2017) 
Business Process Monitoring with S-BPM (Fischer, 2013) 

Leveraging model-driven monitoring for event-driven business process control 
(Koetter, Kochanowski and Kintz, 
2014b) 

Dashboard user 
interface design 

Information Dashboard Design: The Effective Visual Communication of Data (Few, 2006) 
Exploration Views: Understanding Dashboard Creation and Customization for Visualization Novices (Elias and Bezerianos, 2011) 
Business activity monitoring system design framework integrated with process-based performance 
measurement model (Han et al., 2010) 
A Semantic Dashboard Description Language for a Process-oriented Dashboard Design Methodology (Kintz, 2012) 

Energy and process data processing and visualization for optimising wastewater treatment plants 
(Thürlimann, Dürrenmatt and Villez, 
2015) 

Dashboards for supporting organizational development (Maheshwari and Janssen, 2014) 
Proposals for the integration of interactive dashboards in business process monitoring to support resources 
allocation decisions (Linden, 2014) 
Decision-Making Support in Engineering Design Based on Collaborative Dashboards (Fradi et al., 2017) 
Creating an interactive graph-based visualization of performance indicators for decision support (Hesse and Vasyutynskyy, 2013) 

Exploring customer specific KPI selection strategies for an adaptive time critical user interface (Keck and Ross, 2014) 

Visualizing 
performance 
indicators in 

modelling 
languages 

Modelling and Monitoring Variability in Hospital Using CMMN (Herzberg, Kirchner and Weske, 2015) 
Strategic business modeling: Representation and reasoning (Horkoff et al., 2014) 
Goal-Oriented Business Process Monitoring (Chen, 2007) 
Process Mining: Fuzzy Clustering and Performance Visualization (SPD & YAWL) (Dongen and Adriansyah, 2009) 

Towards Improved Decision-Making through the Integration of Financial Information in BPMN Models (Engelen, 2015) 
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7.2.5 Visualization sources of literature review 

Article Author 
Makes 
visualizations? 

Explicit 
visualizations Few (2006;2007) Eckerson (2007) Parmenter (2010) Resulting visualization based on 

Information Dashboard Design: 
The Effective Visual 
Communication of Data 

Few (2006) 

Yes Yes 
1 1   

 Few (2006) 
Exploration Views: 
Understanding Dashboard 
Creation and Customization for 
Visualization Novices 

(Elias and 
Bezerianos, 
2011) 

Yes No 

1     

None found 
Business activity monitoring 
system design framework 
integrated with process-based 
performance measurement 
model 

(Han et al., 2010) 

Yes No 

  1   

Eckerson (2007) 
A Semantic Dashboard 
Description Language for a 
Process-oriented Dashboard 
Design Methodology 

(Kintz, 2012) 

Yes No 

1 1   

Few (2005) 
Energy and process data 
processing and visualization for 
optimising wastewater 
treatment plants 

(Thürlimann, 
Dürrenmatt and 
Villez, 2015) 

Yes Yes 

      European energy label for 
household appliances – which only 
applie to energy label visualizations. 

Dashboards for supporting 
organizational development 

(Maheshwari 
and Janssen, 
2014) No No 

1 1   
None found 

Proposals for the integration of 
interactive dashboards in 
business process monitoring to 
support resources allocation 
decisions 

(Linden, 2014) 

Yes No 

      

None found 
Decision-Making Support in 
Engineering Design Based on 
Collaborative Dashboards 

(Fradi et al., 
2017) 

Yes No 
      

None found 
Creating an interactive graph-
based visualization of 
performance indicators for 
decision support 

(Hesse and 
Vasyutynskyy, 
2013) 

Yes No 

1     

None found 
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Exploring customer specific KPI 
selection strategies for an 
adaptive time critical user 
interface 

(Keck and Ross, 
2014) 

Yes No 

      

None found 
Modelling and Monitoring 
Variability in Hospital Using 
CMMN 

(Herzberg, 
Kirchner and 
Weske, 2015) Yes No 

      
None found 

Strategic business modeling: 
Representation and reasoning 

(Horkoff et al., 
2014) Yes Yes     1 Parmenter (2010) 

Goal-Oriented Business Process 
Monitoring 

(Chen, 2007) 
Yes No       None found 

Process Mining: Fuzzy Clustering 
and Performance Visualization 

(Dongen and 
Adriansyah, 
2009) Yes Yes 

      
None found 

Towards Improved Decision-
Making through the Integration 
of Financial Information in 
BPMN Models 

(Engelen, 2015) 

Yes Yes 

      

Expert evaluation 
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7.3 ISO 22400 KPIs expansion by (N. Kang et al., 2016) 

Also covers (Ahmad & Dhafr, 2002) 

 

7.3.1 Supporting Elements 
7.3.1.1 Time 

 

Planned Operation Time (POT): The scheduled time during which a machine can be utilized.  
Planned busy time (PBT): The planned time during which a machine is busy. 
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Planned down time (PDOT): The planned time during which a machine is unable to produce, which 
may include scheduled breaks, meetings, maintenance, etc. 

𝑃𝑃𝑃𝑃𝑃𝑃 =  𝑃𝑃𝑃𝑃𝑃𝑃 +  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 
Planned run time per item (PRI): The planned time to produce one piece or part. 
Planned unit setup time (PUST): The planned time for a machine to setup for an order. 
Planned order execution time (POET): The scheduled time for executing an order. 
Processed part quantity (PQ): Amount of parts in an order. 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  𝑃𝑃𝑃𝑃𝑃𝑃 ·  𝑃𝑃𝑃𝑃 + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 
 
Actual unit processing time (AUPT): The time necessary for production and setup on a machine for an 
order. 
Actual production time (APT): The actual time in which the machine is producing for an order, which 
only includes the value-adding functions. 
Actual unit setup time (AUST): The time used for the preparation, i.e. setup, of an order on a machine. 

𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐴𝐴𝑃𝑃𝑃𝑃 + 𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃 
Actual unit downtime (ADOT): The actual time in which the production process is delayed due to 
malfunction-caused interruptions, minor stoppages, and other unplanned events. 
Actual unit idle time (AUIT): The actual time when the machine is not executing order production even 
if it is available. This can also be referred to as actual unit delay time (ADET). 
Actual unit busy time (AUBT): The actual time that a machine is used for the execution of a production 
order. 

𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃 =  𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃 
𝑃𝑃𝑃𝑃𝑃𝑃 =  𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃 

Actual order execution time (AOET): The time from the start of an order to its completion on a machine. 
Actual transportation time (ATT): The actual time for transporting parts on or between machines, such 
as loading and unloading time. 
Actual queueing time (AQT): The actual time during which the material is waiting to go through a 
manufacturing process, i.e. queueing time in a buffer. Sometimes, such queueing time is also referred 
to as residence time in buffer. 

𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐴𝐴𝑃𝑃𝑃𝑃 + 𝐴𝐴𝑃𝑃𝑃𝑃 + 𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃 
Actual personnel attendance time (APAT): The actual time that a worker is available to work on 
production orders. 
Actual personnel work time (APWT): The time that a worker needs to execute a production order. 
 
7.3.1.2 Quantity 

 
 
Good quantity (GQ): The produced quantity that meets quality requirements in the first time of an 
operation process. 
Scrap quantity (SQ): The produced quantity that does not meet quality requirements and has to be 
scrapped or recycled. 
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Planned scrap quantity (PSQ): The amount of process-related scrap that is expected when 
manufacturing the product. 
Rework quantity (RQ): The quantity that fails to meet the quality requirements, but these 
requirements can be met by reprocessing. 
Processed quantity (PQ): The quantity that a work unit has processed (which may include the reworked 
ones and scraped ones). 
Produced quantity in the first operation process (PQF): The quantity that a machine has produced in 
the first time of an operation process. 

𝑃𝑃𝑃𝑃𝑃𝑃 =  𝐺𝐺𝑃𝑃 + 𝑃𝑃𝑃𝑃 + 𝑃𝑃𝑃𝑃 
𝑃𝑃𝑃𝑃 =  𝑃𝑃𝑃𝑃𝑃𝑃 + 𝑃𝑃𝑃𝑃 

if the parts are reworked N times, then a simplified formula for PQ is: 
𝑃𝑃𝑃𝑃 =  𝐺𝐺𝑃𝑃 +  𝑃𝑃𝑃𝑃 + (𝑁𝑁 + 1)  ·  𝑃𝑃𝑃𝑃 

 
7.3.1.3 Maintenance 
Time to failure (TTF): The actual time during which a machine is able to produce, starting from the 
completion of the repair and ending at a new failure. Such element is also referred to as Time between 
failure (TBF). 
Operating time between failures (OTBF): The actual unit production time between two consecutive 
failures of a machine. 

𝑃𝑃𝑃𝑃𝑃𝑃 =  𝑃𝑃𝑃𝑃𝑃𝑃 =  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃 
Time to repair (TTR): The actual time during which a machine is unavailable due to a failure, i.e. under 
repair. 
Failure event (FE): The count over a specified time interval of the terminations of the ability for a 
machine to perform a required operation 
Corrective maintenance time (CMT): The part of maintenance time during which corrective 
maintenance is per- formed on a machine. 
Preventive maintenance time (PMT): The part of maintenance time during which preventive 
maintenance is per- formed on a machine. 
 
In addition to the above elements, energy related elements could illustrate the information related with energy costs. Since such elements are largely unexplored, 

they are skipped in this paper, but certainly will be an important part in future research. 

 
7.3.2 Basic KPI 
7.3.2.1 Production KPI 
7.3.2.1.1 Work Unit Level 

Availability (A): The percentage of actual time a machine is available, i.e. the APT among the PBT for 
a machine. It represents the portion of time used for processing compared to the total time that 
includes AUST, delay time and down time. 

𝐴𝐴 =
𝐴𝐴𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃𝑃𝑃

·  100% 

Allocation efficiency (AE): The actual usage and availability of the planned capacity of a machine, which 
is measured by the ratio of AUBT to planned unit busy time (PBT). The complementary part is the 
percentage of actual unit downtime. 

𝐴𝐴𝑃𝑃 =
𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃𝑃𝑃

·  100% 
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Technical efficiency (TE): The efficiency of production vs. malfunction-caused interruptions. It 
represents the relationship between APT and the sum of APT and ADOT that includes times of 
malfunction-caused interruptions. 

Worker efficiency (WE): The efficiency of a worker’s attendance in production, measured by the 
relationship between the actual personnel’s work time (APWT) related to production orders and the 
actual personnel’s attendance time (APAT). 

𝑊𝑊𝑃𝑃 =
𝐴𝐴𝑃𝑃𝑊𝑊𝑃𝑃
𝐴𝐴𝑃𝑃𝐴𝐴𝑃𝑃

·  100% 

 
Utilization efficiency (UE): The productivity of a machine, measured by the ratio between the APT and 
the AUBT. If the actual unit delay time and setup time are high, the UE will be low. 

𝑃𝑃𝑃𝑃 =
𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃
𝐴𝐴𝑃𝑃𝑃𝑃

·  100% 

Effectiveness (E): How effective a machine can be during the production time, measured by the ratio 
of planned target cycle time (represented as planned runtime per item (PRI)) to actual cycle time 
(expressed as APT divided by produced quantity (PQ)). 

𝑃𝑃 =
𝑃𝑃𝑃𝑃𝑃𝑃
𝐴𝐴𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃

∗ 100% =
𝑃𝑃𝑃𝑃𝑃𝑃 ·  𝑃𝑃𝑃𝑃
𝐴𝐴𝑃𝑃𝑃𝑃

·  100% 

 
 
Setup ratio (SeR): The relative loss of value adding opportunity for a machine due to setup, measured 
by the ratio of AUST to AUPT. The complementary proportion is the APT 

𝑃𝑃𝑆𝑆𝑃𝑃 =
𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃
𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃

∗ 100% 

7.3.2.1.2 Production line/All Machines level 
Allocation ratio (AR): The percentage of actual busy time of all machines (AUBT) among the AOET of a 
production order. The complementary proportion describes the ratio of actual queuing and 
transportation time. 

𝐴𝐴𝑃𝑃 =
𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃
𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃

∗ 100% 

Production process ratio (PR): The efficiency of production when considering the actual unit setup 
time, delay time, transportation time, and queuing time. It is the ratio between the APT over all work 
units and work centres involved in a production order and the whole throughput time of a production 
order which is the AOET. 

𝑃𝑃𝑃𝑃 =
𝐴𝐴𝑃𝑃𝑃𝑃
𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃

∗ 100% 
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Throughput rate (TR): The process performance indicator in terms of produced good part quantity of 
an order (GQ+RQ assuming that the reworked parts are in good quality) and the actual execution time 
(AOET), measured by the ratio of PQ and AOET. Since PQ is a quantity related metric, throughput rate 
also belongs to the quantity category as well. 

𝑃𝑃𝑃𝑃 =
𝐺𝐺𝑃𝑃 + 𝑃𝑃𝑃𝑃
𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃

∗ 100% 

7.3.2.1.3 Interaction between machines 
Blockage ratio (BL): The idle time portion of an equipment due to events that the parts cannot go 
downstream, which indicates the influence of production interruption from the downstream. 
Starvation ratio (ST): The idle time portion of an equipment due to events that the parts cannot arrive 
from upstream, which indicates the influence of production interruption from the upstream. 
Work in process (WIP): The average of total number of work in the system at one time. Sometimes it 
also refers to buffer occupancy when machines do not hold parts. 
 
Expand the supporting element with: 
Blocking time (BLT): The idle time of an equipment during events that parts cannot go downstream. 
Starving time (STT): The idle time of an equipment during events that parts cannot arrive from 
upstream. 
Buffer capacity (B): The capacity of the buffer, i.e. the maximal number of parts a buffer can 
accommodate 

𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑃𝑃𝐵𝐵𝑃𝑃 + 𝑃𝑃𝑃𝑃𝑃𝑃 

𝑃𝑃𝐵𝐵 =
𝑃𝑃𝐵𝐵𝑃𝑃
𝑃𝑃𝑃𝑃𝑃𝑃

∗ 100% 

𝑃𝑃𝑃𝑃 =
𝑃𝑃𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃𝑃𝑃

∗ 100% 

7.3.2.2 Quality KPI 
 
Actual to planned scrap ratio (SQR): The relationship of the actual SQ and the PSQ, indicating how 
much scrap is produced compared with the expected value. 

𝑃𝑃𝑃𝑃𝑃𝑃 =
𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃𝑃𝑃

 

Scrap ratio (SR): The relationship between the SQ and PQ. 

𝑃𝑃𝑃𝑃 =
𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃

 

Rework ratio (RR): The percentage of RQ among PQ. 

𝑃𝑃𝑃𝑃 =
𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃

 

Fall off ratio (FR): The fall off quantity for a specific production operation in relation to the produced 
quantity in the first operation, measured by the ratio between the fall off quantity (calculated as 
produced quantity on the first production order sequence minus the GQ on the current production 
order sequence) and the produced quantity in the first operation. 

𝑃𝑃𝑃𝑃 = 1 −
𝑃𝑃𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃

 

First time quality (FTQ): The percentage of good quality parts going through the manufacturing 
process in the first time. 

𝑃𝑃𝑃𝑃𝑃𝑃 =
𝐺𝐺𝑃𝑃
𝑃𝑃𝑃𝑃𝑃𝑃

 

Quality buy rate (QBR): The overall percentage of good quality parts after reworks. 

𝑃𝑃𝑃𝑃𝑃𝑃 =
𝐺𝐺𝑃𝑃 + 𝑃𝑃𝑃𝑃

𝑃𝑃𝑃𝑃
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𝑃𝑃𝑃𝑃 = 1 −𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑃𝑃𝑃𝑃 = 1 − 𝑃𝑃𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃

    𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐺𝐺𝑃𝑃
𝑃𝑃𝑃𝑃𝑃𝑃

= 𝐺𝐺𝑃𝑃
𝑃𝑃𝑃𝑃∗(1−𝑃𝑃𝐹𝐹) 

 

7.3.2.3 Maintenance KPI 
Mean time to failure (MTTF) or Mean time between failure (MTBF): The average TTF or TBF over a 
long time period. 
Mean time to repair (MTTR): The average TTR over a long time period. 
Mean operating time between failures (MOTBF): The average OTBF over a long time period. 
Mean delay time (MDET): The average ADET over a long time period. 
Mean setup time (MSET): The average AUST over a long time period. 

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑃𝑃𝑃𝑃 ∗ 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃 
𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑃𝑃𝑃𝑃 ∗ 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃 

𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃 + 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃 
Corrective maintenance ratio (CMR): The magnitude of corrective tasks with all maintenance activities 
performed in a work unit, calculated as the ratio of total corrective maintenance time (CMT) to the 
sum of CMT and preventive maintenance time (PMT). 

𝐶𝐶𝑀𝑀𝑃𝑃 =
𝐶𝐶𝑀𝑀𝑃𝑃
𝑃𝑃𝑀𝑀𝑃𝑃

∗ 100% 

7.3.3 Comprehensive KPI 
OEE: The product of a machine’s availability, effectiveness, and quality ratio (i.e. QBR). It is an indicator 
for the efficiency of machines, work centres, and areas with multiple machines or an entire work centre. 

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐴𝐴 ∗ 𝑃𝑃 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃 
Net equipment effectiveness (NEE): Similar to OEE but it includes the setup time by changing the 
availability KPI to the ratio of AUPT and PBT. 

𝑁𝑁𝑃𝑃𝑃𝑃 =
𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃𝑃𝑃

∗ 𝑃𝑃 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃 

Line throughput rate (LTR): The throughput rate of the whole production line, which is dependent on 
all the operations, buffers, their positions and interactions. In the case of finite buffer capacities, the 
calculation of LTR is a complex procedure (see (Li & Meerkov, 2009) for more details). 
 
 
*The article finishes with a detailed explanation of the relationship between all KPI. This is to elaborate 
to copy here, but is covered by the following image: 
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7.4 ISO 22400 - Visualization table KPI considerations 
7.4.1 Supporting Elements 
7.4.1.1 Plan machine time group 
These KPI are grouped together because they all relate to the planned amount of operation time for a 
machine. 
KPIs & Area 

Machine - Planned Operation Time (POT) Bottom; Top 
Machine - Planned busy time (PBT) Bottom; Top 
Machine - Planned down time (PDOT)  Bottom; Top 

Leading visualizations 

Since these KPI are mainly times, in and of themselves, these KPI don’t say much. But when compared 
with a maximum capacity or to each other. It can give insight into how much flexibility the company 
has for planning and give an insight into the expected Overall Equipment Effectiveness OEE in the 
future. 

Preferably, one would visualize the higher level KPI Planned Operation Time(POT) and leave the other 
2 for a drilldown. Nonetheless, all of them can be visualized with a Bullet-graph in order to give insight 
into the stability of the anticipated production and to see if one is not overutilizing resources. Another 
option could be to use a Sparkline to give insight into when the destabilization of the process will occur 
(in the near or distant future). 

Lagging visualizations 

Once the performance has already occurred, the only interesting thing could be to see if at some point 
in time there was a lot more or less downtime than compared to other moments. The best way to do 
this is by using a Sparkline. 

Aggregation 

These performance indicators can be hard to aggregate in the same way as process to sub process. 
The main way for this being the issue of deciding when a higher aggregation is “busy” or “down”. This 
can either be defined by only one process being down, or by no routes from start to finish being 
possible.  

7.4.1.2 Actual machine time 
These KPI are grouped together because they all relate to the actual amount of operation time for a 
machine. 
KPIs & Area 

Machine - Actual unit processing time (AUPT) Bottom; Top; Right 
Machine - Actual production time (APT) Bottom; Top; Right 
Machine - Actual unit setup time (AUST) Bottom; Top; Left 
Machine - Actual unit downtime (ADOT) Bottom; Top 
Machine - Actual unit idle time (AUIT) Bottom; Top 
Machine - Actual unit busy time (AUBT) Bottom; Top 

Leading visualizations 

In term of leading, all of these KPI make more sense to result from a drilldown from a too high POT. 
Nonetheless, the next best visualization would support comparing the values of the KPI in this group 
together with each other in order to see which process might’ve too much lost time. It could also be 
interesting to see whether the results are stable over time, thus making a bullet-graph or a Sparkline 
valuable. 
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Lagging visualizations 

In this KPI group, the visualizations for the lagging case have the same considerations as the leading 
case. 

Aggregation 

Of this KPI group, only AUPT is easy to aggregate to a higher process levels. Any other KPI would involve 
downtime or setup time. Which leads into difficulties deciding when a higher level is in setup or down.  

7.4.1.3 Order Production Time 
These KPI are grouped together because they all relate to the production/transportation time of an 
order (i.e. time that the order is busy). Furthermore, these times are fixed numbers when performing 
a simulation. 
KPIs & Area 

Order - Planned run time per item (PRI) Bottom; Top; Right 
Order - Actual unit processing time (AUPT) Bottom; Top; Right 
Order - Actual production time (APT) Bottom; Top; Right 
Order - Actual unit setup time (AUST) Bottom; Top; left 
Order - Actual unit downtime (ADOT) Bottom; Top 
Order - Actual unit busy time (AUBT) Bottom; Top 
Order - Actual transportation time (ATT) Bottom; Top; Right 
Order - Planned unit setup time (PUST) Bottom; Top; left 

Leading visualizations 

It makes little sense to visualize these KPI in the case of leading performance. The reason for this being 
that any simulation or expected input would return exactly that input. Nonetheless, it can be 
interesting as a part of a drilldown graph when looking at other KPI that are relevant in the leading 
case. 

Lagging visualizations 

As lagging indicators, these KPI are very interesting as a drilldown to investigate where effectiveness 
issues might be arising from. Furthermore, it can help in seeing for every process what the distribution 
is of these performance indicators for the underlying orders by using a bullet-graph. Or to visualize a 
over-time pattern of production time increasing over the day by using a Sparkline. Along with a value 
to compare the average performance of the processes. 

Aggregation 

All of these KPI are easy to aggregate. Because unlike with machines, one can just add the 
setup/downtime of all the orders to get the higher level setup/downtimes. 

7.4.1.4 Order Simulation Times 
These KPI are grouped together because they are values that could be interesting when performing a 
simulation. 
KPIs & Area 

Order - Actual order execution time (AOET) Bottom; Top; Right 
Order - Planned order execution time (POET) Bottom; Top; Right 
Order - Actual queueing time (AQT) Bottom; Top; Left 

Leading visualizations 

These KPI can give a very good insight into the expected performance of a future production schedule. 
Typically, one would select the highest level KPI POET/AOET in and then drill down into the lower KPI. 
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But visualizing the queuing times can also give a very good insight into expected problems in the 
processes. These can then be resolved by looking at the production schedule. 

Lagging visualizations 

In this KPI group, the visualizations for the lagging case have the same considerations as the leading 
case. 

Aggregation 

All of these KPI are easy to aggregate. Because unlike with machines, one can just add the queuing 
time of all the orders to get the higher-level queuing times. 

7.4.1.5 Worker production times 
These KPI are grouped together because they relate to the time that personnel is working. 
KPIs & Area 

Worker - Actual personnel attendance time 
(APAT) 

Bottom; Top 

Worker - Actual personnel work time (APWT) Bottom; Top 
Leading visualizations 

These KPI only makes sense when it is compared to a maximum capacity, thus converting it to a 
“utilisations”. In that sense, one would mainly be interested in how close on is to max capacity and 
whether the workload is evenly distributed. Thus, a bullet-graph is recommended. Nonetheless, it’s 
also possible that one would like to see when there is a low/high load, then a Sparkline fairs better. Or, 
in case one wants to see the exact value for communication or cost discussions, this can also be used. 

Lagging visualizations 

In this KPI group, the visualizations for the lagging case have the same considerations as the leading 
case. 

Aggregation 

The aggregation of this KPI to a higher process level brings no problem. This is a simple addition of the 
underlying processes where the performance was achieved. 

7.4.1.6 PQ Breakdown 
These KPI are grouped together because they all relate to the amount that is produced. 
KPIs & Area 

Processed quantity (PQ) Bottom; Top; Right 
Good quantity (GQ) Bottom; Top; Right 
Scrap quantity (SQ) Bottom; Top; Right 
Planned scrap quantity (PSQ) Bottom; Top; Right 
Rework quantity (RQ) Bottom; Top; Right 
Produced quantity in the first operation process 
(PQF) 

Bottom; Top; Right 

Leading visualizations 

When looking at this KPI group in the future, the most interesting information would be to know when 
more or less is being produced. Therefore, sparklines are the recommended visualization. Other 
interesting views are the values (to compare processes with one another) and bullet-graphs (to check 
the distribution). 
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Lagging visualizations 

In this KPI group, the visualizations for the lagging case have the same considerations as the leading 
case. 

Aggregation 

For PQ, the aggregation is simply counting the products that get out of the process. Where some 
complexity might come is when considering rework quantities. Since it’s up for discussion whether 
reworks within the aggregated process should be visualized as well. 

7.4.1.7 Maintenance Times 
These KPI are grouped together because they all relate to maintenance times. 
KPIs & Area 

Time to failure (TTF) Bottom; Top 
Operating time between failures (OTBF) Bottom; Top 
Time to repair (TTR) Bottom; Top 
Failure event (FE) Bottom; Top 
Corrective maintenance time (CMT) Bottom; Top 
Preventive maintenance time (PMT) Bottom; Top 

Leading visualizations 

It makes little sense to visualize these KPI in the case of leading performance. The reason for this being 
that any simulation or expected input would return exactly that input. Nonetheless, it can be 
interesting as a part of a drilldown graph when looking at other KPI that are relevant in the leading 
case. 

Lagging visualizations 

As lagging KPIs, this group can be very interesting to analyse in order to identify causes for low 
Utilisation Efficiency. 

Aggregation 

These performance indicators can be hard to aggregate in the same way as process to sub process. 
The main way for this being the issue of deciding when a higher aggregation is “down”. This can either 
be defined by only one process being down, or by no routes from start to finish being possible.  

7.4.2 Basic KPI 
7.4.2.1 Machine utilisation 
These KPI are grouped together because they all closely relate to machine utilisation. 
KPIs & Area 

Availability (A) Bottom; Top 
Allocation efficiency (AE) Bottom; Top 
Technical efficiency (TE) Bottom; Top 
Utilization efficiency (UE) Bottom; Top 
Setup ratio (SeR) Bottom; Top 
Allocation ratio (AR) Bottom; Top 
Production process ratio (PR) Bottom; Top 

Leading visualizations 

In the case of leading KPIs, it is most interesting to know “when” these KPI will not fulfil their target. 
Therefore, a Sparkline visualization is recommended. Another option is that people are simply 
interested in the distribution being stable, then a bullet-graph could be used. 
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Lagging visualizations 

When the performance has already been achieved, one would mainly be interested in the distribution 
of the KPIs and how the processes perform when compared to one another by using values. In the case 
that one wants to see if there is a progression to the worsening of the KPI, a Sparkline can also be 
valuable.  

Aggregation 

These KPI are difficult to aggregate from sub process to process due to issues relating to downtime 
and setup time addressed in prior KPIs. 

7.4.2.2 Worker Efficiency 
KPIs & Area 

Worker efficiency (WE) Bottom; Top 
Leading visualizations 

Worker efficiency makes little sense as a leading KPI. It might be a input for the calculation of the 
required APWT, but that’s all. 

Lagging visualizations 

As a lagging KPI, it could be very interesting to investigate the distribution of the WE of the processes. 
Furthermore, it can be interesting to compare its development over time with a Sparkline or to 
compare the values of different processes. 

Aggregation 

This KPI is the ratio between APAT and APWT, therefore it is as easy to aggregate as those previously 
mentioned KPI. 

7.4.2.3 Effectiveness 
KPIs & Area 

Effectiveness (E) Bottom; Top 
Leading visualizations 

Since this KPI requires the actual production time of each unit, it cannot be calculated as a leading KPI. 
If one would, it should simply return 1, as expected would equal the simulated value. 

Lagging visualizations 

As one of the higher level KPIs, this KPI is very valuable to investigate the performance of the company. 
A bullet-graph can help this goal by showing whether the distribution is good over time. A Sparkline 
can also be used to see how the KPI develops over time and a value can be used to compare processes. 

Aggregation 

Since this KPI tries to reconcile the machine perspective with the order perspective, it makes it difficult 
for sub process to process aggregation. The main issue here would be, which machine production times 
should be taken into account, only the ones the order passed, or also the ones it could’ve passed. 

7.4.2.4 Throughput rate 
KPIs & Area 

Throughput rate (TR) Bottom; Top; Right 
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Leading visualizations 

For the throughput rate, it is interesting to check whether the throughput over all the processes that 
follow one another is equal. The main reason for this being that an imbalance could cause machine 
blocking and starving. Other interesting visualizations could be bullet-graphs and Sparklines to check 
for stability. 

Lagging visualizations 

As a lagging KPI, it’s mainly interesting to see if the distribution of the TR is stable by checking the 
bullet-graph. Otherwise it can be interesting to check the Sparkline to see the overtime distribution or 
compare average performance of processes with values. 

Aggregation 

This KPI is simple to aggregate from sub process to process since all one needs to do is check the 
“process output per time unit” 

7.4.2.5 Work in process (WIP) 
KPIs & Area 

Work in process (WIP) Bottom; Top 
Leading visualizations 

With WIP, the value is very important since it is constraint by the capcity of the process. Therefore, a 
bullet-graph can also be valuable. It could show the distribution of WIP compared to the max capcity. 
Lastly, a sparkline could be interesting to look at in order to check for stability. 

Lagging visualizations 

In this KPI group, the visualizations for the lagging case have the same considerations as the leading 
case. 

Aggregation 

This KPI is easy to aggregate from process to sub process since all one needs to do is sum up the WIP 
of all sub processes. 

7.4.2.6 Idle time breakdown 
These KPI are grouped together because they are a breakdown of “machine idle/delay time” 
KPIs & Area 

Blocking time (BLT) Bottom; Top 
Starving time (STT) Bottom; Top 

Leading visualizations 

Besides as a drilldown from AUIT, it could be interesting to check these KPI as a value to see how much 
time is being lost and where the most blocking/starving time is. It could also be interesting to check 
when/how often this idle time happens with a Sparkline. 

Lagging visualizations 

In this KPI group, the visualizations for the lagging case have the same considerations as the leading 
case. 

Aggregation 

Similar to downtime, it is hard to say when a higher aggregation level process is “idle”, therefore these 
are difficult KPIs to aggregate from sub process to process. 
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7.4.2.7 Buffer Capacity 
KPIs & Area 

Buffer capacity (B) Left 
Leading visualizations 

This is a fixed value which represents buffer capacity, therefore a value is the only possible visualization. 

Lagging visualizations 

In this KPI group, the visualizations for the lagging case have the same considerations as the leading 
case. 

Aggregation 

The buffer capacity for a group of aggregated sub processes is simply the buffer before this set of sub 
processes begins. This is easy if the buffer occurs before the orders are assigned to various machines, 
but becomes difficult if there are various ways to get into the process. 

7.4.2.8 Quality 
These KPI are grouped together because they all relate to quality. 
KPIs & Area 

Actual to planned scrap ratio (SQR) Bottom; Top; Right 
Scrap ratio (SR) Bottom; Top; Right 
Rework ratio (RR) Bottom; Top; Right 
Fall off ratio (FR) Bottom; Top; Right 
First time quality (FTQ) Bottom; Top; Right 
Quality buy rate (QBR) Bottom; Top; Right 

Leading visualizations 

These KPI make little sense to visualize for the future. Any simulation should return the expected value. 
Thus, making it useless to visualize. 

Lagging visualizations 

As lagging indicators, these KPI can be very interesting, since the comparisons can be made between 
amount produced and the amount that was well produced. Since these are mainly ratios, the value 
means a lot and is therefore a good visualization. Other options are the Sparkline to see how they 
develop over time or the Bullet graph to check for a good distribution. 

Aggregation 

For the scrap and good production, it is easy to aggregate it from a sub process to a higher level process. 
But the “rework” ratio brings some level of complexity, since a rework after only one process is not the 
same as a complete rework after 5 processes. 

7.4.2.9 Long term time to fail/repair 
These KPI are grouped together because they all relate to the long term average time to failure/repair. 
KPIs & Area 

Mean time to failure (MTTF) or Mean time 
between failure (MTBF) Bottom; Top 
Mean time to repair (MTTR) Bottom; Top 
Mean operating time between failures (MOTBF) Bottom; Top 
Mean delay time (MDET) Bottom; Top; left 
Mean setup time (MSET) Bottom; Top; left 
Corrective maintenance ratio (CMR) Bottom; Top; left 
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Leading visualizations 

Since these KPI are defined as an average of long term past performance, they make little sense as 
leading KPI. 

Lagging visualizations 

Since these KPI are defined as an average of long term past performance, the value is important and 
therefore the only recommended visualization. Nonetheless, one could consider changing the 
definition a bit and look at the underlying value by using a bullet-graph. 

Aggregation 

As previously mentioned, KPIs related to downtime/setup/repairs are difficult to aggregate from sub 
process to process level. 

7.4.3 Comprehensive KPI 
7.4.3.1 Comprehensive KPI 
These KPI are grouped together because they are the only two comprehensive KPI that can be 
visualized on task level. 
KPIs & Area 

Overall Equipment Effectiveness (OEE) Bottom; Top 
Net equipment effectiveness (NEE) Bottom; Top 

Leading visualizations 

These KPI cannot be calculated as leading KPI since the require actual data to be calculated. 
Nonetheless, a simulation can be executed, which will at least give an indication of the expected 
performance. These visualizations will be similar to the lagging case. 

Lagging visualizations 

Since the values of OEE and NEE both have a meaning, this is a good visualization to start with to be 
able to compare processes. For the short-term, one could be interested in the over-time development 
of these KPI, making a Sparkline interesting. When a longer-term analysis is performed, a bullet-graph 
to check the distribution would be more suitable. 

Aggregation 

Since these KPI involve a lot of lower level KPI, it is rather difficult to say how one would aggregate the 
from sub process to process. 

7.4.3.2 Line Throughput Rate 

There is no set visualization for the Line Throughput Rate (LTR). The main reason for this being that 
this is a KPI that involves the whole process and therefore cannot be visualized for individual sub 
processes. At best it could be visualized as a value/Sparkline/bullet-graph on the side of the whole 
process view. 
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7.5 Original Vilarinho dashboard design procedure expanded 
Stage Goal Actions 

Diagnosis of the production 
area of the company 

Know and understand the current state 
and identify priorities to take into 
account in the process of improving 
processes and equipment. 

Follow the main diagnosis stages: preparation (information gathering, border definition, 
stakeholders’ selection and interview preparation), execution (semi-structured interviews, 
participative observation, collection and analysis of data of the company, meetings with 
employees), results analysis and synthesis (report). Perform the diagnosis, interacting with 
employees, in order to: Identify productive processes and equipment; Gather records, 
documents and information system; Check information points in Production sections; Identify 
continuous improvement activities; Collect employee opinions on a future dashboard. 

Requirements for the 
dashboard 

Understand the needs of the 
organization to ensure that those are 
met in the final result. 

Identify the requirements considering: purpose, user characteristics, functional and visual 
characteristics, contents and decision-making. 
It should be intended that the dashboard be designed proactively, avoiding gaps between the 
stakeholders’ expectations in the final version. 
To define its characteristics, information collected in the literature as well as the knowledge, 
suggestions obtained in the diagnostic phase and the experience of the project team should be 
considered. 

Defining a template for the 
dashboard 

Convert the requirements into technical 
solutions. 
Prepare information system to data 
collection and information generation. 
Actions 

Initially, a first prototype should be used to enable suggestions and adjustments in order to 
meet the priorities of the company 
As a starting point, is suggested the selection of metrics associated to equipment effectiveness 
(OEE) to present in the dashboard. 
Prepare the information system to integrate and make available the necessary information for 
the dashboard. 

Assuring the existence of 
necessary resources 

Develop and improve the information 
records and adequacy of the 
information system. 
Identify key factors for its operation and 
management. 

Identify improvement actions related to the existing records associated with Production and 
information system where the data are inserted and processed. 
Definition of key factors for the dashboard operationalization and management, such as: 
responsible, update periods, activities to be performed, required inputs and desired outputs. 
Test 

Implementation, evaluation 
and improvement of the 
dashboard and associated 
actions 

Implement the dashboard and support 
resources to make the dashboard 
operational. 
Analyze dashboard effectiveness and 
make possible improvements. 

Test the function for the generation of information to be presented on the dashboard. 
Evaluate the information relevance, the activities defined for dashboard management and the 
activities to be carried out with the support of the dashboard (e.g. five minute meetings). 
Identify and implement improvement actions. 
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