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Abstract
This thesis describes the development of a quantification approach that can be used to
quantify the impact of the implementation of a business process redesign heuristic on the
performance of a workflow. The focus of the project is on the creation of the
quantification approach. Three redesign heuristics have been quantified in order to
develop and validate the quantification approach. The results of these quantifications are
also provided in this thesis.
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Summary
This summary briefly describes the problem definition, the followed research
methodology, the results, the conclusions and the recommendations of this graduation
project.

Problem definition
Business process redesign is one of the most powerful ways to boost business
performance and to improve customer satisfaction (Limam Mansar and Reijers, 2005). A
possible approach to business process redesign is redesigning the business process using
redesign heuristics (the evolutionary approach). An earlier conducted study by Reijers
(2003) identified a set of 29 different redesign heuristics. A detailed view of the impact of
these redesign heuristics on the performance of workflows is very important, in order to
determine what heuristic should be implemented to increase the performance of a
specific workflow and whether it is advisable to implement a certain heuristic in a specific
situation. Quantitative research is necessary to determine this exact impact. However, at
the moment only little is known about the exact impact of business process redesign
heuristics on the performance of a workflow.
Some papers on the quantification of redesign heuristics have been found. The main
shortcomings of these papers are that none of the authors provide guidelines for the
redesign of workflows and the lack of a general approach that can be used to quantify the
impact of redesign heuristics. Another deficiency is the limited set of performance
measures that is used to quantify the impact on the performance of a workflow.
In contrast to the above mentioned papers, Reijers and Limam Mansar (2005) give a
qualitative evaluation of the impact, based on expectations. The qualitative findings of
their study are compared with the quantified results of this simulation project.
The described problem definition resulted in the following research objective:
Research ohjective
To develop an approach that can be used to quantify the impact of a business process redesign
project, on all dimensions of the performance of a workflow.

The approach should make it possible to quantify the impact of the implementation of
redesign heuristics, in order to determine what heuristic or combination of heuristics
leads to the most favourable effect in a specific process and setting.
The sketched problem definition and the stated research objective have led to the
following main research question and sub-questions.
Research questions
Can the quanti.fication of the impact of a business process redesign project on all dimensions of
performance be standardized into one approach?

This research question has been divided into four sub-questions:
1.
What dimensions of performance are distinguished in the literature that can be used for
measuring the performance of workflows and what performance measures should be used to
quantify these dimensions?
2.
What should be measured to operationalize the performance measures?
3. What method should be used to quantify the impact of a redesign heuristic on the
performance of a workflow?
4. Is the same method suitable for the quanti.fication of other redesign heuristics as well?
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Research methodology
A project plan containing the following six steps has been developed in order to satisfy
the research objective and to answer the research question and sub-questions:
r. Conduct a literature review on performance measurement and use the results to
specify a set of operational performance measures that can be used to quantify the
impact of a business process redesign effort on all performance dimensions of a
workflow.
2. Select one redesign heuristic and develop a method and simulation models to
quantify the impact of that selected heuristic on all specified performance measures.
U se the method and the models to quantify this first heuristic.
3. Generalize the process used in step 2 in order to create an approach that can be used
for the quantification of other redesign heuristics.
4. Validate the developed approach with the quantification of other redesign heuristics
and correct the approach where necessary.
5. Apply the approach to the remaining heuristics identified by Reijers (2003) in order
to quantify the impact of the implementation of these heuristics.
6. Implement the approach in a real life redesign project that consists of one or more
redesign heuristics, in order to quantify the impact on a workflow.
Due to the limited timeframe of this graduation project, it has been decided to focus on
the first four steps of the research methodology. The last two steps can be executed in a
subsequent research project.

Results
The results of the execution of the first four steps of the research methodology are
summarized below.
Performance measurement
First, an extensive literature review has been conducted in order to find dimensions of
performance that are suitable for measuring the performance of a business process. From
the literature found it can concluded that the dimensions time, cost, quality and flexibility
of the devil's quadrangle (Brand and Van der Kolk, 1995), including the division of quality
into extemal and intemal quality, fully reflect the performance of a workflow. Additional
literature has been used to derive a set of performance measures for workflows, for all
dimensions. Monitoring these measures fully reflects the impact on all four performance
dimensions. The devil's quadrangle, including all measures is depicted in Figure r.
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Figure 1: Devil's quadrangle with all performance measures
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Operationalization of performance measures
Since not much information has been found on the operationalization of performance
measures, an own proposal for the operationalization has been created.

The measures of the time and cost dimension have been operationalized. Measuring
these measures in a simulation study gives a quantification of the impact on these
dimensions. Most measures of the flexibility dimension have also been operationalized.
Measuring these measures gives a reasonable reflection of the impact on the flexibility
dimension. Quantification of the impact on the external and internal quality dimension
with a simulation model appeared to be impossible. As an alternative, the listed
determinants of external and internal quality can be monitored, which gives an indication
of the impact on both quality dimensions. Alternative methods should be applied for the
quantification of the exact impact on the external and internal quality of a workflow. A
survey among customers can be used to obtain their perception of the external quality of
the workflow. A survey among employees is proposed to determine the impact on the
internal quality. The applicability of these proposed altemative methods in a redesign
project should also be investigated in a follow-up research project.
Quantification approach
The main deliverable of this graduation project is the developed and validated
quantification approach that can be used to quantify the impact of a redesign heuristic on
the performance of a workflow. The approach has been developed with the quantification
of the parallel heuristic. Chapter 4 of this thesis describes the setup and the results of the
quantification process. From the results of the quantification of the parallel heuristic it
can be seen in what situations it is advisable to implement the heuristic and what the
impact on the performance is.

After the development of the approach, it has been validated with the quantification of the
knock-out and the triage heuristic. The setups and results of these quantification
processes can be found in Chapter 6 and 7 of this thesis. For both heuristics it has been
investigated what the impact is in different situations. These results can be used to
determine whether implementation of one of these heuristics leads to the desired impact
on the performance of a workflow.
The quantification approach consists of a redesign heuristics quantification plan and a set
of deliverables that should be used in combination with the plan. The complete approach
can be seen in Figure 2.

User guide quantification approad1.doc

Baste model original srtuation.q:m
Explanation of the simulation model.doe
User guide adjusting the model.doe

Validation.cpn
Validation.xis

+
Resuks
NOK /
Additional

User guide Validation sheet.doe

User guide Validation model.doe
Wann-up .xls

User guide calrulation warm-up period.doc
Number of replications.xls
User guide calrulatîon nr of reps.doc

measurements

Resui:s
OK

Output analysis.xls

Convert macro .xis
User guide analysis of the output.doe
8

Condusion and

repon

Template.doe

Figure 2: Validated version of the quantification approach

- IV -

Tu/e

t&!misct,. unirnsiteit eindho-.-en

Quantification approach

From the validation of the approach, with the quantification of the knock-out and the
triage heuristic, it can be concluded that the developed approach is also suitable for the
quantification of other redesign heuristics. However, some identified weaknesses should
be considered when applying the approach.

Conclusions
The conclusions of this project, based on the above described results are summarized
below.
The above described results answer the earlier stated research questions. The
quantification of the impact of a business process redesign project bas been standardized
into one approach. The developed approach, which considers all dimensions of
performance of a workflow, can be used for the quantification of redesign heuristics.
The results of the application of the approach to one heuristic indicate in what situations
and under what settings, what impact on the performance is to be expected. With the
application of the approach to all heuristics, identified by Reijers (2003), a good view is
formed on what heuristic should be implemented to improve one or more dimensions of
performance of a specific workflow. However, the approach can only quantify the impact
on three of the four performance dimensions. Altemative methods should be used to
measure the impact on the quality dimension.
As stated before, Reijers and Limam Mansar (2005) give a qualitative evaluation of the
impact of the redesign heuristics on the performance of a workflow. Quantification of the
parallel (used to developed the quantification approach), knock-out and triage heuristic
(both used to validate the approach) in this research project resulted in some unexpected,
counterintuitive outcomes that are different from the results of Reijers and Limam
Mansar (2005). Apparently, the expected impact is not always equal to the exact,
quantified impact, as the results of the quantification of the three before mentioned
heuristics in this research project emphasize.
The qualitative results of Reijers and Limam Mansar (2005) are based on expectations
and rules of thumb. The predicted impacts are mostly averages, which are based on one
measure supplemented with some possible extreme impacts. The impacts in this study
are the result of measuring a complete set of measures for all dimensions, using a
simulation model. More measures have been used per dimension, and a more precise
impact bas been provided. The impacts of the heuristics have also been quantified in
models with different settings, in order to obtain a good view of the impact of
implementation in different situations.
From the comparison of the study of Van der Aalst (2000) and this study it can be
concluded that most of the findings and heuristics of Van der Aalst are supported by the
results of this research project. However, the results of this study also identify situations
in which some of the heuristics do not hold true or in which the conditions for the
application of the heuristic are different. In addition , the impact on more aspects of
performance bas been found in this study. All this can be seen as an extension to the
study of Van der Aalst (2000).
The importance of obtaining exact impacts is stressed by the results from this study,
because some of the quantified results are different from the results of other studies. The
determination of the exact impact of the remaining heuristics should be executed in a
future research project, to obtain a complete view on the impacts of all redesign
heuristics. This is important in order to make the correct choice when selecting a
redesign heuristic for the improvement of a specific performance dimension.
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Recommendations
Recommendations are made, based on the development and validation of the
quantification approach. The recommendations on the application and use of the
developed quantification approach as well as the recommendations and directions for
future research are summarized below.
Recommendations on the quantification approach
The developed quantification approach appears to be a complete approach that can be
used for the quantification of the impact of a business process redesign effort. It is
therefore recommended to use the approach when implementation of a certain business
process redesign heuristic is proposed, in order to determine the expected impact of the
implementation on the performance of the workflow. The approach can also be used to
determine what heuristic leads to the most favourable performance enhancement in a
certain process or setting.

When applying the approach it is recommended to use the complete approach and to use
it as intended. Every step of the redesign heuristics quantification plan should be
executed and all deliverables should be used. Tuis ensures a complete, correct and
consistent quantification process. Step 5 of the redesign heuristics quantification plan is
the most important step. In this step the variations are chosen, the model variants are
specified and the setup parameters of the simulation models are calculated. It is
recommended to spend enough time on this step, because a wrongly chosen setup results
in unusable data. Literature should be used to obtain a detailed insight in the heuristic, in
order to choose a correct and complete set of variations. It is recommended to use the
following variations and to supplement these with the variations resulting from the
literature review on the heuristic: variation in arrival rate, variation in resource classes
and allocation and variation in service times. It is also very important to execute step 6
and 7 of the redesign heuristics quantification plan iteratively, to ensure a set of correct
data. Step 6 of the redesign heuristics quantification plan, containing the creation of the
simulation models and the actual simulation of the models is the most time consuming
step of the project.
Recommendations for future research
The last two steps of the research methodology still need to be executed in order to
complete the entire project. In future research, the developed approach should be applied
to the remaining redesign heuristics. Tuis completes step 5 of the research methodology.
In step 6, the developed approach should be applied toa real life redesign project in order
to test the applicability of the approach on real life data. During step 6 of the research
methodology, the results of step 5 should be used to determine what redesign heuristic
gives the most favourable results and should therefore be implemented. Tuis way, not all
heuristics have to be implemented to test their impact on the performance. In step 6 of
the research methodology it should also be assessed what the impact of implementation
of a combination of two or more heuristics is on the performance of a workflow.

One of the weaknesses of the approach is that it cannot quantify the impact of a business
process redesign effort on the external and internal quality of a workflow. Other methods
that can be used to quantify the impact on these dimensions should be found. The use of
surveys among customers of the process is proposed as an alternative method for the
quantification of the impact on the external quality dimension. The quality of the output
and the process, perceived by different customers can be measured and analyzed. The
same method is proposed for the quantification of the impact on the internal quality
dimension. For this purpose, a survey among employees can be used. Whether these
methods are suitable for the quantification of the impact on both quality dimensions
should also be investigated in a subsequent research project.
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Definition of terms
Generalist

A resource that can execute more than one task, which is
therefore flexible in the allocation to tasks

Knock-out (KO) heuristic

A set of redesign rules that can be used to redesign knockout processes

Knock-out processes

A process that consists of knock-out tasks

Knock-out task

A tasks that checks a case in order to decide whether the
case should be accepted or rejected

Model of original situation

A simulation model that represents the original situation,
before the implementation of the redesign heuristic

Model variant

A variant of a model containing a combination of the
selected variations (e.g. a model with a high arrival rate,
low service times and two resource classes)

Parallel heuristic

A set of redesign rules that proposes a parallel execution

of tasks that are executed sequentially in the original
situation
Redesign heuristic

A set of rules that is used to redesign an existing business

process
Redesigned model

A simulation model of the situation after implementation
of the redesign heuristic

Resource class

A group of resources with equal skills that are all capable
of executing the same tasks and case types

Resource setup

The specification of the resource classes in a model variant
(e.g. resource setup ABC-OEF bas two resource classes, in
which all resources are capable of executing three different
tasks)

Specialist

A resource with specific knowledge or special skills that
can execute only one task

Triage heuristic

A set of redesign rules that proposes the division of one
general task into two or more altemative tasks
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1

lntroduction

Business processes are becoming more and more important in today's business world.
Van der Aalst (2000) even calls the business processes the crown jewels of the
organization. The increasing number of business processes inside organizations and the
growing complexity of these processes caused an increase in the importance of business
process management (BPM). "BPM includes methods, techniques, and tools to support
the design enactment, management, and analysis of operational business processes" (Van
der Aalst et al., 2003). "One of the most powerful ways to boost business performance
and customer satisfaction" is business process redesign (BPR) (Limam Mansar and
Reijers, 2005). "BPR combines a radical restructuring of a business process with a widescale application of information technology" (Hammer and Champy, r993) and can be
defined as the fundamental reconsideration of business processes. According to Netjes et
al. (2005b), two different approaches to business process redesign can be distinguished:
• The evolutionary approach
• The revolutionary approach
The first approach suggests the adaptation of an existing workflow. The existing workflow
is taken as a starting point for the redesign and the improvements are based on best
practices. The second approach suggests a complete new altemative for the existing
workflow. The process is designed from scratch (Netjes et al., 2005b).
Tuis research project regards redesigning business processes with the evolutionary
approach based on the application of general best practices or heuristic rules. A redesign
heuristic consists of: "some kind of construction or pattem that can be distinguished in
the existing workflow, an altemative to be incorporated for the redesign and a contextsensitive justification for this altemative" (Netjes et al., 2005b). An example of a redesign
heuristic is the parallel heuristic. Tuis heuristic considers whether tasks that were
organized sequentially in the original situation may be executed in parallel in the
redesigned situation, in order to cut down the lead time of a case. Reijers (2003)
conducted an extensive literature review and collected all encountered redesign heuristics
for process improvement in workflows (an overview of all encountered redesign
heuristics is depicted in Appendix B) and gave a qualitative analysis of the impact of the
implementation of these redesign heuristics. Tuis qualitative analysis is an estimation of
the impact of a redesign heuristic. As Van der Aalst (2000) states, concrete quantitative
guidelines for the design of processes are lacking. Tuis quantitative analysis is needed in
order to determine in what situation it is advisable to implement what heuristic and to
predict in what business processes and settings, what impact on the performance can be
expected.
According to Van Hee and Reijers (2000), two quantitative techniques can be used:
• Analytica! techniques
• Simulation techniques
"Simulation is an approximation technique, where analytica! techniques deliver exact
numbers" (Van Hee and Reijers, 2000). However, the advantage of simulation
techniques over analytica! techniques is the ability to analyze complex business processes
with dynamic aspects, such as variability in arrival process and in service times and
interdependencies between resources (Greasly, 2003). Due to the highly variable activity
times, the interdependencies between the resources (Tumay, r996) and the complexity of
the processes under investigation, analytical techniques are not suitable in this project. In
contrast, simulation techniques are very suitable in this study. Therefore it has been
decided to use a simulation study to quantify the impact of a business process redesign
effort. The application of simulation techniques in business processes is called business
process simulation (BPS) . Greasly (2003) defines BPS as a technique that allows the
current behaviour of a system to be analyzed and understood and helps to predict the
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performance of that system under different scenarios determined by the decision maker.
Cho et al. (1998) state that: BPS can be used not only to analyze an "as-is" model of the
existing process, but also assess the potential value and feasibility of "to-be" models.
The focus in this research project is on the quantification of the impact of the
implementation of redesign heuristics on the performance of workflows. "A workflow
comprises cases , resources and triggers that relate toa particular process" (Van der Aalst
and Van Hee, 2002). A popular interpretation of a workflow is to see the workflow as an
administrative process, i.e. as a business process that delivers services or informational
products (Reijers, 2003, based on Van der Aalst and Berens, 2001). Longo and Motta
(2005) describe a business process as "a service chain, by which a network of
organizations processes a service request, made by a customer, and delivers a product or
service to the customer". Examples of administrative processes are: the handling of a
request for a loan at a bank, the process of hooking a holiday at a travel agency and the
handling of a request for new employees at a recruitment agency. In the remainder of
this report, these types of processes will be called workflows.

1. 1

Problem situation

At the moment, only little is known about the exact impact of redesign heuristics on the
performance of a workflow. Quantitative research is necessary to determine the impact of
one or more redesign heuristics on the performance of a workflow. According to Cooper
and Schindler (2006), "quantitative research attempts precise measurement of
something". The "something" in this research is the impact of redesign heuristics on the
performance of a workflow. Information on the separate redesign heuristics can be found
in Reijers (2003).
Although not much is known about the impact of redesign heuristics on the performance
of a workflow, some papers have been found on measuring the impact of a business
process redesign effort with a simulation study. Reijers and Goverde (1998) quantify the
impact of implementation of the extra resources heuristic (XRES) and the specialistgeneralist heuristic (SPEC) on one specific case (a bar) . The impact is measured using an
ExSpect simulation model. The used performance measures are time (lead time, service
time and queue time) and resource utilization. Netjes et al. (2005a) present a CPN Tools
simulation model to quantify the impact of the specialist-generalist heuristic (SPEC) and
the impact of the application of the flexible assignment heuristic (FLEX). Again, time
(lead time) and resource utilization are measured. Van der Aalst (2000) uses an ExSpect
simulation model to quantify the impact of the knockout heuristic (KO). As in the former
two papers, time and resource utilization are considered in the performance
measurement. Zapf and Heinzl (2000) quantify the impact of the task composition
heuristic (COMPOS), the triage heuristic (TRI) and the case types heuristic (TYP) on one
specific call centre case. In this research, more performance measures have been used
than in the other studies. In contrast to the papers mentioned above, Reijers (2003) and
Reijers and Limam Mansar (2005) give a qualitative evaluation of the impact of redesign
heuristics on a workflow.
The main shortcoming of the above mentioned literature is that none of the authors give
a guideline for the redesign of workflows; what specific redesign heuristic must be
applied in what situation, process or setting? Another deficiency of these papers is that
none of them give a genera} approach that can be used to quantify the impact of redesign
heuristics. Another shortcoming is that all described quantitative studies use a limited set
of performance measures to determine the impact of a redesign heuristic on
performance, and that not every aspect of performance is considered. A fourth
shortcoming of the papers is that none of them, with the exception of the paper of Netjes
et al. (2005a), quantify the impact of the implementation of more than one heuristic at
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the same time. Netjes et al. (2005a) describe to a certain extent the implementation of the
flexible assignment heuristic together with the specialist-generalist heuristic.

1.2

Research objective

Tbe above sketched problem situation has led to the following research objective:
To develop an approach that can be used to quantify the impact of a business process redesign
project, on all dimensions of the peiformance of a workflow.

Ibis approach should make it possible to quantify the impact of the implementation of
redesign heuristics, in order to determine what heuristic or combination of heuristics
leads to the most favourable effect in a specific process and setting.

1.3

Research questions

Tbe sketched problem situation and the stated research objective have led to the following
main research question:
Can the quantification of the impact of a business process redesign project on all dimensions of
peiformance be standardized into one approach?
Ibis research question has been divided into four sub-questions:
1.
What dimensions of peiformance are distinguished in the literature that can be used for
measuring the peiformance of workflows and what peiformance measures should be used to
quantify these dimensions?
2.
What should be measured to operationalize the peiformance measures?
3. What method should be used to quantify the impact of a redesign heuristic on the
peiformance of a workflow?
4- Is the same method suitable for the quantification of other redesign heuristics as well?

1.4

Research methodology

A project plan containing the following six steps has been developed in order to satisfy
the research objective and to answer the research question and the sub-questions:
r. Conduct a literature review on performance measurement and use the results to
specify a set of operational performance measures that can be used to quantify the
impact of a business process redesign effort on all performance dimensions of a
workflow.
2. Select one redesign heuristic and develop a method and simulation models to
quantify the impact of that selected heuristic on all specified performance measures.
Use the method and the models to quantify this first heuristic.
3. Generalize the process used in step 2 in order to create an approach that can be used
for the quantification of other redesign heuristics.
4. Validate the developed approach with the quantification of other redesign heuristics
and correct the approach where necessary.
5. Apply the approach to the remaining heuristics identified by Reijers (2003) in order
to quantify the impact of the implementation of these heuristics.
6. Implement the approach in a real life redesign project that consists of one or more
redesign heuristics, in order to quantify the impact on a workflow.
Tbe steps and research methodology of this project are graphically depicted in Figure 3.
First in step r, the dimensions of performance of a workflow are specified. Next in step 2,
a simulation model and an initial method are developed with which the impact of the first
redesign heuristic on all the specified dimensions of performance is quantified. Toen in
step 3, the method and models are generalized into one quantification approach. The
validation of the approach is performed in step 4, with the quantification of two
heuristics.
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Finally, in step 5 the remaining heuristics are quantified and in step 6 the developed,
validated approach is applied to a redesign project.
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Figure 3: Graphical overview of the steps in this research project

1.5

Delineation

Due to the limited timeframe of this graduation project, it bas been decided to focus on
the first four steps of the research methodology of Section r-4- Furthermore it bas been
decided to use two heuristics to validate the approach. Necessary corrections or additions
to the approach must be applied during the validation process. The last two steps can be
executed in a subsequent research project.

1.6

Deliverables

The execution of the four planned steps of this research project result in a number of
deliverables. The first and most important deliverable of this project is the validated
quantification approach that can be used for the quantification of the impact of the
implementation of redesign heuristics. The development of this approach is the main
objective of this research project. A number of files and models are created as part of the
approach.
During the creation and validation of the approach, three different redesign heuristics are
investigated thoroughly and their impact is quantified. This resulted in three separate,
complete reports that describe the process, setup, output analysis and results of the
quantification of these heuristics. These reports can be found in Loosschilder and JansenVullers (2006b), Loosschilder and Jansen-Vullers (2006c) and Loosschilder and JansenVullers (2006d).
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1.7

Organization of the report

The remainder of this report is organized as follows. The next chapter, after this
introductory chapter, presents the results of the literature review on performance
dimensions and measures of step r. Next, Chapter 3 discusses the developed
quantification approach. Chapter 4 deals with the setup and the results of the
quantification of the parallel heuristic. Chapter 5 explains the validation of the
quantification approach. Next, Chapter 6 and 7 give the results of the validation of the
approach with the knock-out and triage heuristic. Finally, Chapter 8 provides the
conclusions, the reflection and the recommendations. The report also contains an
appendices section. First Appendix A shows the investigated performance measurement
systems. Toen appendix B outlines all redesign heuristics, identified by Reijers (2003).
Next Appendix C - F show the main pages of the different CPN Tools simulation models.
Finally, Appendix G - N show the user guides and explanations that are part of the
approach.
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Performance measurement

The research objective of this project is to develop an approach that can be used to
quantify the impact of a redesign project on all dimensions of performance of a workflow.
Before the development of the approach, it must be specified what the performance
dimensions of a workflow are, what measures reflect these dimensions and how these
measures can be measured. These first concerns are stated in sub-questions 1 and 2 of
Section 1-3- In the first phase of the project, a literature review on performance
measurement has been conducted. The results of this review have been used to specify a
set of operational performance measures that can be used to quantify the impact of a
business process redesign effort on all dimensions of performance of a workflow. First,
the concept of performance is defined in Section 2.r. The dimensions of performance
have been investigated and are described in Section 2.2. Next, every dimension of
performance is looked at separately and performance measures have been specified for
every dimension, based on the findings in literature. The results are presented in Section
2.3 - 2.6. Finally, the results of the operationalization of the performance measures are
given in Section 2.7. A summarizing paper on performance measurement in workflows
can be found in Jansen-Vullers et al. (2007) . The report of the literature review, which
provides amore extensive overview on performance measurement in workflows, can be
found in Loosschilder (2006a).

2. 1

Performance

A comparison between the performance of the workflow before and after the redesign
effort should be made, in order to quantify the impact of the implementation of a specific
redesign heuristic on the performance of a workflow. However, before the performance
can be measured, the concept "performance of a workflow" should be clear; how it is
defined, what the dimensions of performance are and what the performance measures
are.
The performance that should be measured in order to quantify the impact of a redesign
heuristic is the performance of a business process. Other types of performance can also
be distinguished, like performance of the individual employee or performance of an
entire organization. For the purpose of this study, performance is defined as the
performance of the business process that is being redesigned.
Furthermore, it must be examined what dimensions of performance should be discemed
to measure the entire concept of performance of a business process. The next section
discusses the dimensions of performance.

2.2

Dimensions of performance

In the last twenty years a variety of performance measurement systems have been
developed. Many frameworks have been proposed and described in literature. Existing
performance measurement systems and literature on performance measurement in
general have been assessed to find out what dimensions of performance they discem that
are suitable for measuring the performance of a business process. The investigated
performance measurements systems, which are referred to the most, are:
• The performance pyramid (Cross and Lynch , 1988/1989)
• The performance measurement matrix (Keegan et al., 1989)
• The results/determinants matrix (Brignall et al., 1991)
• The balanced scorecard (Kaplan and Norton, 1992)
• The devil's quadrangle (Brand and Van der Kolk, 1995)
• The performance prism (Adams and Neely, 2002)
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Also additional literature on performance measurement has been investigated. A
graphical overview of the investigated performance measurement systems can be found
in Appendix A.
The different performance measurement systems all adopt a different view on what
dimensions of performance to measure. The dimensions of performance of these
systems and studies have been investigated to find out whether the dimensions of one of
the systems or a combination of the dimensions of several systems can be used to cover
the entire concept of performance of the business process.
The performance pyramid
The basis of the SMART (Strategie Measurement and Reporting Technique) approach is
the performance pyramid (Cross and Lynch, r988/r989), which shows four dimensions
of performance at the departrnent level:
• Quality
• Delivery
• Process time
• Cost
Quality, process time and cost can be considered performance dimensions of business
processes. Quality refers to the quality of the process and the output, process time is the
duration of the process and cost is the cost of the process. Delivery is a measure that is
concerned with the on time delivery of the output. In the business processes that are
investigated in this study (administrative processes), delivery and process time overlap,
since the output is delivered directly after completion of the process.
The performance measurement matrix
The performance measurement matrix of Keegan et al. (r989) does not discriminate
between specific dimensions, but categorizes the used performance measures, into the
following categories:
• Extemal noncost measures
• Intemal noncost measures
• Extemal cost measures
• Intemal cost measures
The three suitable dimensions of the performance pyramid (quality, process time and
cost) can be mapped onto three of the four categories of the performance measurement
matrix. Quality can be seen as an extemal noncost measure (quality of the output) and as
an intemal noncost measure (quality of the process). Process time is also an extemal and
internal noncost measure. Cost of a business process is an internal cost measure. The
category "extemal cost measures" is not suitable as a category for the purpose of this
study, because it focuses on the cost from a customer perspective. The cost dimension of
a business process can be seen as the cost of producing output. It is irrelevant for a
customer to knowhow high the production costs are, as long as the price and the quality
are satisfactory (Brand and Van der Kolk, r995).
Results/determinants matrix
The dimensions of the results/determinants matrix (Brignall et al. , r99r) are:
• Competitiveness
• Financial performance
• Quality of service
• Flexibility
• Resource utilization
• Innovation
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Quality of service and flexibility are suitable business process performance dimensions.
Resource utilization is more a measure of the cost or time dimension than a performance
dimension itself. Competitiveness, financial performance and innovation are dimensions
of organizational performance and not of performance of a business process.
The balanced scorecard
The balanced scorecard (Ka plan and Norton, 1992) gives a balanced presentation of both
financial and operational measures and assesses an organization from four important
perspectives:
• Customer perspective
• Intemal business perspective
• Innovation and learning perspective
• Financial perspective
As defined earlier in Section 2.1, the measured performance in this study focuses on the
business process. This can be seen as measuring performance from an "intemal business
perspective". Tuis is the only used perspective. In this study, performance is not
measured from the other three perspectives. No dimensions of performance can be
deduced from the balanced scorecard, because the balanced scorecard does not reflect
different dimension of performance, which has been identified by Kennerley and Neely
(2000) as a shortcoming of this performance measurement system.
The devil's quadrangle
Brand and Van der Kolk (1995) distinguish the following dimensions in their devil's
quadrangle:
• Time
• Cost
• Quality
• Flexibility
The quality dimension distinguishes two sub-dimensions: internal quality and extemal
quality. Time and cost have already been identified as suitable performance dimensions
for this study. The division of the earlier identified quality dimension into internal and
external quality is also suitable for the performance measurement in this study. Extemal
quality is the quality of the process and the output and internal quality is the quality of
work. Although external quality is experienced by the customer and internal quality by the
workforce, both can still be considered dimensions of business process performance.
Also flexibility is a dimension of performance of a business process. Tuis makes all
dimensions of the devil's quadrangle suitable for this study. The focus of this system is
on depicting the trade-offs and effects of a redesign effort, which makes the entire system
suitable to comply with the objectives of this project.
The performance prism
The performance prism (Adams and Neely, 2002) does not distinguish different
dimensions of performance. It indicates what areas an organization should focus on:
• The stakeholders
• The strategies
• The process
• The capabilities
In this study, the focus 1s on the (business) process. The other three areas are not
considered in this study.

Montoya-Torres (2006), Neely et al. (1995) and De Toni and Tonchia (2001) discern the
same dimensions for performance measurement as Brand and Van der Kolk (1995).
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Leong et al (1990) discem quality, delivery performance, cost, flexibility and
innovativeness. As stated before, innovativeness is a dimension of organizational
performance. Delivery performance overlaps with the time dimension.
It can be concluded that the dimensions of the devil's quadrangle (Brand and Van der
Kolk, 1995) can be used to measure the performance of a workflow. The dimensions

cover the concept of performance and the other performance measurement systems do
not provide additional relevant dimensions for this research project.
The devil's quadrangle can be seen in Figure 4.
Ouality

This makes the dimensions of performance
that will be used in this research project:
• Time
• Cost
• Quality
o Extemal quality
o Intemal quality
• Flexibili ty
The following four sections provide the
performance measures for the four dimensions
of performance.

Time

Flexibility

Figure 4: Devil's quadrangle (Brand
and Van der Kolk (1995)

2.3

Time measures tor workflows

The first performance dimension is the dimension "time". Time has been described as
both a source of competitive advantage and the fundamental measure of performance
(Neely et al., 1995). It is therefore very important to have a good notion about how to
measure time in a performance measurement.
Literature of Brand and Van der Kolk (1995), Neely et al. (1995), De Toni and Tonchia
(2001), Reijers (2003) and Longo and Motta (2005) has been used to develop a set of
performance measures for the time dimension, specifically for workflows:
•
•

•

Lead time: the time it takes to handle an entire case
Throughput time: the time between the moment a task is completed and the moment
the next task is completed. This is composed of:
o Service time: the time that resources spend on actually handling the case
o Queue time: the time a case spends waiting in a queue
o Wait time: all other delays for a case, e.g. the time a case has to wait in a
parallel branch for completion of all other branches, in order to be able to
synchronize.
o Move time: the time it takes to move a case between tasks
Setup time: the time it takes to setup a task fora case, e.g. the time to get acquainted
with the case
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Cost measures tor workflows

A lot of commonly used performance targets are of a financial nature. It is therefore
important to have a good and consistent set of cost performance measures. The cost
dimension is closely related to the other three dimensions. For example, long lead times
can result in a more costly process, low quality can lead to expensive rework and low
flexibility can also result in a more costly process execution. The focus of this project is on
the direct costs of running the process. lbis section is devoted to the second performance
dimension "cost" and deduces a set of cost performance measures based on the findings
in literature. The work of Leong et al. (r990), Brand and Van der Kolk (r995), Neely et al.
(r995), De Toni and Tonchia (2oor) and Longo and Motta (2005) has been used to
genera te the set of cost performance measures for workflows.
Although most of the information found is about cost measurement in production
processes, it is still possible to derive a useful set of performance measures for workflows.
The set of cost performance measures for workflows is:
• Running costs: costs for executing the workflow
o Labour costs: costs of the workforce
o Machinery costs: an investment in machinery when automating apart of the
workflow
o Training costs: costs for training employees
• Inventory costs: costs ofkeeping records and products (e.g. file cabinets)
• Transport costs: costs for moving (intermedia te) products and sharing information
• Administrative costs: costs for keeping the entire workflow intact
• Resource utilization: the ratio of in use time and available time of resources
All these cost measures can be divided into two types of measures: constant or fixed costs
and variable costs. Lekanne (r988) defines constant costs as costs that are independent of
production volume. Variable costs depend on production volume. Labour costs can be
seen as constant costs when the size of the workforce is constant. When the size of the
workforce varies with the level of the output, e.g. when part-time employees are
employed, the labour costs can be seen as variable costs. Machinery costs and training
costs are investments and are not related to the volume of output. These costs are
constant (or fixed) costs. Inventory costs, transport costs and administrative costs all
depend on the volume of output and are therefore variable costs. The resource utilization
also depends on the volume of output and is also a variable cost measure.

2.5

Quality measures tor workflows

The third dimension of performance is "quality". The quality of a workflow can be judged
from at least two angles: from the customer's side and from the worker's side (Reijers,
2003). The customer of the process is the person or organization that initiates the
workflow and will receive the output at the end. The quality from the customer's point of
view is called extemal quality and the quality of working life from the worker's point of
view is called internal quality. Brand and Van der Kolk (r995) also differentiate between
external and internal quality. Section 2.5.r defines a set of performance measures for
external quality from a customer perspective. Section 2.5.2 specifies a set of performance
measures for intemal quality from an operator's point of view.

2.5.1 External quality measures for workflows
Extemal quality can be measured as the client's satisfaction with either the product or the
process. The satisfaction with the product is the degree to which the customer feels that
the product is according to specification or feels satisfaction with the delivered product
(Reijers, 2003). With the advancement of total quality management (TQM) the emphasis
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has shifted away from "conformance to specification" and towards "customer
satisfaction" (Neely et al., 1995). Tbe satisfaction of a customer with the process concerns
how a workflow is executed (Reijers, 2003). Literature has been found on both the quality
of a product and the quality of a process. Tbe following literature has been used to derive
a set of extemal quality performance measures: Garvin et al. (1987), Leong et al. (1990),
De Toni and Tonchia (2001) and Longo and Motta (2005).
Tbe set of external quality performance measures is:
Quality of the output

•
•
•

Performance: a product's primary operating characteristics
Conformance: the degree to which a product's design and operating characteristics
meet established standards
Serviceability: the speed, courtesy, competence and ease of correcting mistakes

Quality of the process:

•
•
•

Information on application status: is information on application status provided?
Bureaucratie language simplification: cleamess in the presentation
Information availability: time required to get updated on the status

2.5.2 lnternal quality measures for workflows
Tbe second aspect of quality is intemal quality. Intemal quality can be seen as the quality
of a workflow from an operator's perspective. In this context, intemal quality of a
workflow involves the conditions of working in the workflow (Reijers, 2003) and is
evaluated from an operator's perspective. Brand and Van der Kolk (1995) also consider
intemal quality. Intemal quality aspects focus on the employee, so psychological and
social factors are very important. High intemal quality can result in high motivation, high
job satisfaction, high extemal quality and low absenteeism. Tbe first five measures are
deduced from Hackman and Oldham (1976), Pava (1984), Reijers (2003) and Mehta and
Shah (2005). Tbe two additional measures are found in Van de Looij and Benders (1995) .
Tbe set of performance measures for internal quality is:
• Skill variety: the degree to which a job requires a variety of different activities in
carrying out the work, which involves the use of a number of different skills and
talents of a person
• Task identity: the degree to which the job requires completion of a whole and
identifiable piece of work; that is, doing a job from beginning to end with a visible
outcome
• Task significance: the degree to which the job has a substantial impact on the lives or
work of other people, whether in the immediate organization or in the extemal
environment
• Autonomy: the degree to which the job provides substantial freedom, independence,
and discretion to the individual in scheduling the work and in determining the
procedures to be used in carrying it out
• Feedback: the degree to which carrying out the work activities required by the job
results in the individual obtaining direct and clear information about the
effectiveness of his or her performance
• Challenge: the degree to which a job is challenging
• Co-worker relations: the quality of the relations between an employee and his/her coworkers
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Flexibility measures tor workflows

The fourth and last dimension is "flexibility". Flexibility is the least noted criterion to
measure the effect of a redesign effort. Flexibility can be defined as "the ability to react to
changes" (Reijers, 2003) . Different types of flexibility can be distinguished. It is also
important to define what has to be considered, when looking at the flexibility of a
workflow and on what level the flexibility is measured. This section describes the
performance measures for the flexibility dimension, found in literature. Literature of
Gerwin (1987), Slack (1987), Sethi and Sethi (1990), Neely et al. (1995), De Toni and
Tonchia (2001), Reijers (2003) and Zhang et al. (2003) has been used.
All the gathered information can be used to derive a set of performance measures for
workflows. All literature found is about flexibility of manufacturing processes. Literature
on flexibility of workflows has not been found. All papers on flexibility describe
comparable components of flexibility. The only difference in most cases is the naming.
Although a large part of the measures is purely production focussed, there are still some
suitable performance measures for workflows . The discussion in the literature about the
level at which flexibility is measured as well as the discussion about the different aspects
of flexibility is also relevant for workflows.
The first issue is to choose a set of measures in order to define flexibility in workflows.
Based on the literature on flexibility measures, the following set of flexibility performance
measures for workflows has been formed:
• Mix flexibility: the ability to process different kinds of cases
• Labour flexibility: the ability to perform different tasks
• Routing flexibility: the ability to process a case using multiple routes
• Volume flexibility: the ability to handle changing volumes of input
• Process modification flexibility: the ability to modify the process
The second issue is to define the levels at which flexibility is measured. The following
levels are of interest for this review:
• The individual resource
• The individual task
• The workflow (process)
Mix flexibility is measured at all three levels. Labour flexibility concerns the flexibility of a
single resource as well as the flexibility of allocation in the entire workflow and is
therefore measured at individual resource level and at workflow level. Routing flexibility,
volume flexibility and process modification flexibility are only measured at workflow
level.
The third issue is to determine what to consider when looking at the different types of
flexibility. Most papers describe comparable aspects of flexibility. Therefore it is decided
to consider:
• Range: the range of variations that can be handled
• Time: the amount of time required to adapt to change
• Cost: the amount of money required to adapt to change
Another way of approaching flexibility is mentioned by Reijers (2003) who discerns run
time flexibility and build time flexibility: "run time flexibility concerns the possibilities to
handle changes and variations while executing a specific workflow. Build time flexibility
concerns the possibility to change the workflow structure". Tuis distinction is already
present in the set of measures. Process modification flexibility is comparable to build
time flexibility and the other measures are all run time flexibility types.
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Tuis completes the set of performance measures for the flexibility dimension:
•
Mix flexibility:
o Resource level: the ability of a resource to process different kinds of cases
o Task level: the ability of a task to process different kinds of cases
o Workflow level: the ability of a workflow to process different kinds of cases
• Labour flexibility:
o Resource level: the ability of a resource to perform different tasks
o Workflow level: the ease of resource allocation in the entire workflow
• Routing flexibility: the ability to process a case using multiple routes
• Volume flexibility: the ability to handle changing volumes of input
• Process modification flexibility: the ability to modify the process

2. 7

Operationalization of the performance measures

The second sub-research question is about the operationalization of the developed set of
performance measures. How can performance in a workflow be measured? In order to
answer this research question, literature on operationalization of performance measures
has been searched for. After an extensive literature search it can be concluded that not
much useful information has been found in the literature, which can be used to
operationalize the set of performance measures. Therefore, an own proposal for the
operationalization of the performance measures has been created. This section describes
the proposal for the operationalization of the performance measures.
Time:
The operationalization of the time performance measures can be seen in Figure 5 and
Figure 6. Figure 5 is based on figure 8.2 of Brand and Van der Kolk (1995). Figure 6 is a
Petri net translation of Figure 5.
Lead time
Throughput time
Wait
time
Service
time
Queue
time
Setup
time

time

~1------ll--,I~.il

~-C-lie_n_t

-~I~

1

T,sk,

1----

--T-as_k_2_

_:----•I

Clle•

Figure 5: Operationalization of the time performance measures (Brand and Van der Kolk, 1995)
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Figure 6: Operationalization of the time performance measures in a Petri net

As can be seen in Figure 5, the throughput time of a task is divided into 5 time measures.
The move time and the queue time form together the time before the actual start of a
task. The queue time is caused by the unavailability of resources. The setup time and
service time is the time that a resource actually spends on a task. Finally, the wait time is
the time a case has to wait. Tuis can be caused by unfinished tasks in other parallel
branches. From Figure 6 it can be seen that in the Petri net the move time is included in
the wait time.
Cost:

The second dimension of performance is the cost dimension. The operationalization of
the cost measures, shown in Table r, has been based on the earlier given definitions of
the measures.
Measure
Labour costs

Operationalization
!salary, + Î<salary/h 1 xworked hours , )
tal

Machinery
costs
Training costs

!price of automation;
"'

f

!
i=l

Inventory costs

J;I

I

(training costs , ),

j:1

(nr of cases in the system; x price per case)

Conditions
n = number of full-time employees
m = number of part-time employees

n = number of new automated tasks
n = number of employees
m = number of new tasks
t = total simulation time

l=l

Transport costs

!

(distance; x transport price per km)

n = number of cases

ia!

Administrative
costs

Loperational costs;

Resource
utilization

P, =

t = total simulation time

i=l

busy time;
available time;

Table 1: Operationalization of the cost measures

i=

1 ..

number of resources
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All cost measures have been operationalized. The labour cost of a workflow is the sum of
all salaries of the workforce. The machinery costs can be seen as the sum of all
automation costs of all tasks. The sum of all costs, needed to train employees to perform
new tasks form the training costs. The inventory costs are determined by the number of
cases in the system (the WIP level) and the price per case per time unit. The transport
costs also depend on two variables of a case: the distance that must be travelled and the
price per kilometre. The administrative costs are the sum of all operational costs. Finally,
the resource utilization is the ratio busy time, available time of a resource.
Extemal Quality:
Extemal quality appears to be a complex concept, which is difficult to operationalize.
Many different factors influence and determine the extemal quality. Whether a specific
determinant influences the external quality of a process and the degree to which it affects
the quality is highly dependent on the type of process and the domain. It is therefore not
possible to capture the measures of external quality in any formula. The same problem
carne up during the operationalization of the internal quality measures and the measure
process modification flexibility. To settle this it has been decided to list the determinants
of extemal quality. A change in one or more of the determinants is a predictor of the
impact on the extemal quality dimension. However, the degree of impact cannot be
determined with these predictors.
Determinants of extemal quality

Nr of specialists that worked on a case
Nr of automated tasks that worked on a case
Nr of control tasks on a case
Nr of standard interfaces used on a case
Number of authorized decisions of a resource
Nr of different employees that worked on a case
Nr of outsourced tasks on a case
Degree of overlap in responsibility (departments)
Nr of sub-tasks (farmer tasks) in a redesigned task

Assignment of a case manager
Nr of contact moments
Nr of parallel tasks
Nr of outsourced tasks
Presence of a special workflow for types
Nr of special case types tasks
Presence of an exceptions subflow
Team assignment
Control towards dient

Table 2 : Determinants of extemal quality

Intemal quality:
With the operationalization of the internal quality measures, the same problems as for
the external quality measures arose. It is not possible to capture the measures of intemal
quality in formulas. The internal quality of a process is highly dependent on the
employees' perceptions of the job characteristics. Also, as Hackman and Oldham (1976)
state, "differences among people do moderate how they react to the complexity and
challenge of their work". In addition, internal quality depends on a number of
determinants. The degree to which a specific determinant affects the intemal quality
depends on the type of process.

Several measurable determinants can be found. Changes in these determinants can be
seen as a predictor of intemal quality. The determinants are shown in Table 3.

Nr of authorized decisions
Nr of contact moments
Nr of executed tasks for one case er resource
Table 3: Determinants of intemal quality
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Flexibility:
The fourth dimension of performance is flexibility. All measures except process
modification flexibility have been operationalized. The operationalization of the flexibility
performance measures can be seen in Table 4.
Measure
Mix flexibilityresource i
Mix flexibilitytask i

Operationalization
nr of executable case types

Conditions

L (nr of unique executable case types);

n = the number of resources
that can be allocated to task i

Mix flexibilityworkflow

MIN {nr of executable case types;)

Labour flexibility,esource
Labour flexibilityworkflow

nr of executable tasks

/ =1

t (t,

(nr of available resources);)

i = r .. number of tasks
n = number of cases
m = number of tasks

Il

Routing flexibility
Volume flexibility

nr of taken sequences

f (available time);

n = number of employees

i=l

Table 4: Operationalization of the flexibility measures

The mix flexibility is directly related to the number of case types a resource, a task or a
workflow can handle. The labour flexibility of a resource is determined by the number of
executable tasks. The labour flexibility of a workflow is the average of the number of
available resources per task per case. For routing flexibility, the number of different
routes that have been taken is calculated. Finally, volume flexibility is determined by the
sum of available time of all resources. Process modification flexibility cannot be
operationalized, because it depends on too many factors and the degree of change cannot
be determined. Therefore, a list of determinants , which are predictors of process
modification flexibility, has also been created for this measure. The determinants can be
found in Table 5.
Determinants of process modification flexibility
Number of integrated tasks
Nr of jobs (former tasks) in a redesigned task
Number of parallel tasks
Nr of subflows
Presence of an exceptions subflow
Nr of outsourced tasks
Presence of a special workflow for types
Table 5: Determinants of process modification flexibility

The creation of the set of operational performance measures completes step r of the
research methodology of Section r+ Now the set can be implemented in a simulation
model in order to quantify the impact of the first redesign heuristic in step 2. In this next
step, an initial method and simulation model are created based on the quantification of
one selected redesign heuristic.
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Design of the quantification approach

The set of operational performance measures for workflows completes step r of the
research methodology of Section r-4- In the second step, one redesign heuristic is selected
and the impact of its implementation is quantified with a well-structured simulation
study. The quantification process of this first redesign heuristic is generalized and used
in the creation of a genera} approach that can be used to quantify other redesign
heuristics as well.
In this second step it is decided to quantify the parallel heuristic (Reijers, 2003) in order
to create the genera} approach. Tuis heuristic is selected for two reasons:
• The implementation of this heuristic is not very complex.
• Van der Aalst (2000) investigated the impact of putting knock-out tasks in parallel.
Although the parallel heuristic does not concern knock-out tasks, this study could be
used as a guideline for the setup of the simulations.
The quantification approach consists of several elements. The basis of the approach is the
redesign heuristics quantification plan, which should be followed step by step in the
simulation process. Furthermore, a set of MS Excel sheets, a document template, a set of
user guides and two CPN Tools simulation models have been designed. Together, these
tools and the redesign heuristics quantification plan form the quantification approach.
The first section describes the redesign heuristics quantification plan that has been used
in the quantification of the impact of the implementation of the parallel heuristic, which
forms the basis for the quantification approach. Toen, Section 3.2 - 3.9 each explain one
step of the redesign heuristics quantification plan. Finally, Section 3.ro gives an overview
of the tools and deliverables that complete the quantification approach. The setup and the
results of the quantification of the parallel heuristic are reported in Chapter 4.

3. 1

The redesign heuristics quantification plan

Before the start of the simulation study a redesign heuristics quantification plan is made,
based on the plan of Law and Kelton (2000) and Mehta (2000) . The following designed
plan has been used in the quantification of the impact of the parallel heuristic:
r.

2.

3.
4.
5.

6.
7.

8.

Project definition
• Establish objectives
• Determine scope and level of detail
• Choose performance measures
Define and build model of the original situation
Validate the model of the original situation
Define and build model of the redesigned situation
Design of experiments
• Choose variation
• Specify model variants
• Determine length of warm-up period
• Determine run length
• Calculate number of replications
Make the actual production runs and record results
Analyze the output of the production runs
• Determine comparisons
• Analyze the output
Draw conclusions and report the results

8

Condusion and

report

Figure 7: redesign heuristics
quantification plan
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The process of quantification of the parallel heuristic brought to light that after the
execution of step 7, not enough evidence was collected to draw strong conclusions from
in step 8. Therefore, additional measurements have been performed. Step 5 bas been
executed again in order to design the setup of the additional measurement. Next, step 6
and 7 have been executed to simulate the additional measurement and to analyze the
results. Steps 5, 6 and 7 have been executed again for every additional measurement. This
iterative execution of these steps bas been continued until enough evidence was collected.
The iterative process of the redesign heuristics quantification plan is graphically depicted
in Figure 7. The following sections each describe one step of the redesign heuristics
quantification plan.

3.2

Step 1: The project definition

The first step of the redesign heuristics quantification plan is the project definition step.
In this step the main objective and sub-objectives are established, the scope and level of
detail are determined and the performance measures are specified.
Establish objectives
The first concern is to set the objectives of the simulation study. The main objective can
be the collection of evidence to reject or support a certain statement or the actual
quantification of the impact of the implementation of a certain redesign heuristic. A set
of sub-objectives, which must be met in order to comply with the main objective, must
also be specified. Literature can be used in order to set the objectives. The work of Reijers
(2003) can be used as a literature guide.
Scope and level of detail
In this sub-step, the level of detail and the scope of the study are determined. To achieve
the established objectives, a balance must be found in the trade-offbetween the degree to
which the model represents the reality and the complexity of the resulting model. The
specification of the level of detail and the scope in an early stage of the project is
important, because different basic models with differing levels of details have been
created. Models that incorporate the ability to model overtime, part-time work and
workers, shifts etc. have been created. What model must be selected depends on the type
of redesign heuristic and the earlier stated objectives.
U sed performance measures
In this last sub-step the performance measures must be specified. The set of operational
performance measures, explained in the previous chapter, should be used in order to
determine the impact of a business process redesign effort on the performance of a
workflow.

3.3

Step 2: Define and build model of the original situation

In this second step of the redesign heuristics quantification plan, the model of the
original situation (before the redesign) should be defined and build. When defining the
model of the original situation, which will serve as a basis for the comparison with the
redesigned situation, the scope and level of detail, specified in step r, must be considered.
Law and Kelton (2000) state that, in general, simulation models can be classified along
three different dimensions:
• Statie vs. dynamic simulation models
• Deterministic vs. stochastic simulation models
• Continuous vs. discrete simulation models
The simulation models in this study can be classified as "dynamic, stochastic, discrete
simulation models".
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The models are dynamic models, because the models represent a system that evolves
over time and the flow of time is approximated by simulated time.
The models are stochastic models, because the models contain processes controlled
by random variables.
The models are discrete event simulation models, because the state variables change
instantaneous at separate points in time.

•
•

A high-level Petri net model (Van der Aalst and Van Hee, 1996) of the original situation
has been created, which can be used as a starting point for the simulations. CPN Tools is
used to create this basic model of the original situation. The model can be used directly or
changed where necessary in order to measure the impact of a certain heuristic. The basic
model consists of six identical sequentia! tasks with an exponentially distributed service
time with a mean value of 40 minutes and an equally distributed setup time with a mean
value of 2 minutes. The model is very flexible and easy to adapt. The process of the
original situation can be seen in Figure 8. The main page of the basic model in CPN
Tools can be found in Appendix C. Appendix H contains a detailed description of the
complete CPN Tools simulation model.

Figure 8: Model of the original situation

3.4

Step 3: Validation of the model of the original situation

After completion of the basic simulation model of the original situation, a validation of
the model is performed in order to check the validity of the model. From the different
methods of validation, described in Mehta (2000), it is decided to compare the simulation
results with the analytica! outcomes of mathematica! queuing models.
First, the theoretica! values of the performance measures, which are compared to the
simulated values later, are determined. The model of the original situation is a network of
queues. According to Kulkami (1999) a network of queues is called a Jackson network
when it satisfies the following assumptions:
• The network has N single-station queues
• The i-th station has s; servers
• There is an unlimited waiting room at each station
• Customers arrive at station i from outside the network according to PP(À;). All arrival
processes are independent of each other
• Service times of customers at station i are independent and identically, exponentially
distributed random variables with parameterµ;
• Customers finishing service at station i join the queue at stationj with probability PiJ,
or leave the network altogether with probability r;, independently of each other
The model of the original situation complies with all these assumptions and is therefore a
Jackson network, consisting of N M/M/s queues. With the formulas of Kulkami (1999),
the performance measures of Table 6 can be calculated. The limiting distribution
(Kulkami, 1999) of the M/M/s queue is required in order to calculate the expected
number of cases in the queue. The limiting distribution of an M/M/s queue, which
describes the long term behaviour of the system, is given by:

À,)j -p
1

(µ

p.= '

•'
l.

i
0
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P,..
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k
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p

Theoretical values validation model
Utilization of the resources
Á,

Lq

Expected number of cases in the queue

Wq

Expected queuing time

w

Expected time of a case in the system

-

s ·µ

P, .

p
(1- p )2

Lq

With:
À = Arri val rate
µ Service rate
p Utilization
s Number of resources
P =Limiting distribution

=
=
=

Á,

1

W+q
µ

Table 6: Theoretical values validation model

The theoretical value for the lead time is the sum of all system times in Table 6:
LW=WA+WB+ ... +WN
When all theoretica} values have been calculated they can be compared with the values
that result from simulation of the validation model. The validation model is a simplified
version of the model of the original situation, which has been adapted in order to
measure the performance measures needed to validate the model. With the mean values
and the standard deviations that result from the simulations, the 95% confidence
intervals of all performance measures can be calculated with formula 9.r (Law and
Kelton, 2000) :
-

s

X(n)±(tn-l;a/2)· ✓
n

~)X; -X]

with

s=

2

i=l

n-I

When all theoretica} values fall within the 95% confidence intervals of the simulated
performance measures , it can be concluded that the model is a valid simulation model.
When one or more values fall outside the confidence interval, the model is not valid and
should be checked for errors.

3.5

Step 4: Define & build model of the redesigned situation

The situation after implementation of the redesign heuristic should be modelled as well
to be able to determine the impact of a redesign effort. In step 7, the results of simulating
the model of the redesigned situation are compared to the results of the simulation of the
model of the original situation. In this fourth step of the redesign heuristics
quantification plan, the model of the redesigned situation is defined and built. First,
literature on the specific redesign heuristic needs to be found in order to acquire a
detailed insight in the heuristic. Again, as in step r, the work of Reijers (2003) can be
used as a literature guide.
The acquired detailed insight forms a good basis for the creation of the models of the
redesigned situation. The models of the redesigned situation are also, like the model of
the original situation, high-level Petri nets (Van der Aalst and Van Hee, 1996). Again, the
basic model of the original situation can be used as a starting point for the models of the
redesigned situation in order to preserve the consistency of the model.
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Multiple versions of redesigned models can be chosen. The number of different
redesigned models affects the time span of the simulation project. It is important to
choose a (set of) redesigned model(s) for which the results can be generalized.

3.6

Step 5: Design of experiments

In step 5, the simulations are set up. This step consists of five sub-steps that should be
followed before the actual production runs can be executed. This step is a very important
part of the project, because the correct setup of the simulations is essential for the success
of the simulation project. The first two sub-steps are concemed with the selection of
introducible variations. The parameters of the simulations are calculated in the
remaining three sub-steps. Each of the following sub-sections describes one of the five
sub-steps.

3.6.1 Choose variations
The first and most difficult concern in step 5 is the process of selecting variations. These
variations are introduced in the simulation models of the original and redesigned
situation, in order to test the impact of a specific heuristic under different settings. The
variations and degree of variation are selected in such a way that they may have direct
impact on the results for the specific redesign heuristic. Variations in arrival rates,
resource classes, number of resources, service times and resource skills are examples of
introducible variations.
The selected variations and degrees of variation are different for every heuristic. A
profound knowledge of the redesign heuristic, obtained from the literature is required to
be able to select the correct variations and to be as complete as possible in the selection.
The types and degrees of variation are chosen in such a way that eventually conclusions
can be drawn about the impact of the implementation of the heuristic in different
situations.

3.6.2 Specify model variants
When all variations and degrees of variation have been determined, it is necessary to
specify one or more model variants. In these model variants it is specified what variations
or combinations of variations are used. An example of a model variant is a model with a
high arrival rate, low service times and two resource classes. The number of variations
and model variants determines the number of simulation runs . One extra variation
dramatically increases the amount of simulation runs. It is therefore important to confine
the number of variations and model variants. A balance must be found between the
number of variations needed to meet the objectives and the simulation effort.

3.6.3 Determine the length of the warm-up period
As the initia} state of the model does not represent the normal working conditions of the
actual system (the model starts empty), a warm-up period must be considered (Mehta,
2000). This warm-up period is the amount of time a model needs to come to a steady
state. Every replication starts with a warm-up period, because CPN Tools resets the model
after every replication. According to Mehta (2000) there are two ways of determining the
length of the warm-up period:
• Estimation with time series
• Estimation with moving averages
It bas been decided to use the time series method to determine the length of the warm-up
period. The point in time at which the model seems in a steady state for the first time is
estimated as the warm-up time. When the WIP level (Work In Progress) that results from
a pilot run of the original model, is plotted against the model time it can be seen that the

- 2I -

Tu/e

t•dmi~ unl,.rsiteit elndho\'Cfl

Quantification approach

WIP level increases steeply in the beginning of the simulation. After the warm-up period
the plot reaches a relatively stable level that represent the steady state of the model. When
determining the warm-up length it must be considered that it is better to have a warm-up
period that is too long rather than one that is too short (Mehta, 2000). The length of the
warm-up period is the same for every experiment, in order to provide a basis when
comparing "what if' scenarios (Mehta, 2000). Figure 9 gives an example of the
estimation of the warm-up period. It should also be checked whether the determined
warm-up length is sufficiently long for all redesigns.

Steady-state

Transient

Warm-up

Time

Figure 9: Estimation of the warm-up period (Mehta,

2000)

Starting conditions can be used as an altemative to the warm-up period. In this method,
the model is already loaded with cases before the simulation starts. It is decided not to
use this method, but to use a warm-up period instead, because two different systems are
compared (Mehta, 2000) .

3.6.4 Determine the run length
Once the warm-up period has been calculated, it is necessary to determine the length of
one single run. "As a rule of thumb, a minimum of 15 to 20 random numbers from each
random number stream should be used" (Mehta, 2000). Tuis means that the run length
must be long enough for the least frequent event to occur at least 15 to 20 times.
It is assumed that the seed of the random number generator of CPN Tools produces
independent, random number streams. The von Neumann ratio, as proposed by
Goossenaerts and Pels (2005) to determine the run length, cannot be used in this study
as CPN Tools resets the model after every replication. Therefore the model must warmup before every single replication.

3.6.5 Calculate the number of replications
The last sub-step of the setup of the simulations is the calculation of the number of
replications. "Due to the very nature of random numbers, it is imprudent to draw
conclusions from a model based on the results generated by a single model run" (Mehta,
2000). As a rule of thumb, Mehta (2000) proposes that the modeller should always
perform at least three to five replications per simulation.
Law and Kelton (2000) provide a method with which the number of replications can be
calculated based on a pre-specified precision of the collected data. The method consists of
3 steps:
• Step 1: choose a number of replications, perform a pilot run with the calculated run
length and choose a variable to test.
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•
•

Step 2: choose an absolute error. Tuis value depends on the process, the process
owner and the cost and importance of an error.
Step 3: determine N by iteratively increasing i by r until the outcome of the formula s;
the absolute error (B)- The formula is:

.
N(/3) -- rrun

rf.-

> n .. t i - 1,a /2

•

✓S2(n) < /3}
- , .--

-

With:
N = the number of replications
n = the number of replications in the pilot run
S = the standard deviation of the pilot run
B= the selected absolute error

3. 7

Step 6: Execution of production runs and record results

Tuis phase of the project is the actual data collection phase. Here the models of the
original situation and the redesigned situation, which incorporate all variations that have
been selected in the previous step, are created and simulated and the results are recorded
and stored. The simulations are set up according to the parameters, calculated in the
previous step of the redesign heuristics quantification plan and all performance
measures, specified in step r of the redesign heuristics quantification plan are measured.
It must be considered though that simulation of the models of all model variants in CPN
Tools requires a lot of time and computer power.

3.8

Step 7: Analysis of the output data

Step 7 contains the analysis of the output data, which results from the production runs of
step 6. Tuis section explains the setup and the procedure that are used for this analysis.
The analysis consists of two parts. First, the comparisons that are analyzed are
determined and then the actual analysis is performed. The following two sub-sections
each describe one of the two parts of the analysis phase.

3.8.1 Determine comparisons
Before the actual analysis of the output data, the comparisons between the different
model variants are determined. In this part it is decided what model variants need to be
compared in order to comply with the objective and the sub-objectives stated earlier in
step r of the redesign heuristics quantification plan. For example: two model variants with
equal resource setups and service times but different arrival rate can be compared, if one
of the sub-objectives is to determine what the impact of a certain heuristic is on systems
under different arrival rates. The selected comparisons form the basis of the analysis of
the output data.

3.8.2 Analyze the output data
The second part of the analysis phase is the actual analysis of the resulting output data.
The following procedure is designed in order to determine what the expected impact is on
the performance of a workflow when implementing a redesign heuristic and to compare
the differences of the different setups under which the heuristic has been implemented:
r. Determine for every measure whether the difference between the original situation
and the redesigned situation for the first setup is significant.
2. Calculate the confidence intervals of the relative differences for all measures.
3. Repeat step rand 2 for all other setups.
4. Compare the different setups by comparing the confidence intervals.
5. Draw conclusions for all setups in the current model variant.
6. Repeat for all model variants
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7. Compare the measures of the different model variants.
8. Draw conclusions for all model variants.
Step 1: Significance tests
First, for every measure it is determined whether the difference between the original
situation and the redesigned situation is significant. The means of both situations are
compared.

When comparing two means from two different populations, two types of tests can be
used to test the significance of the difference and to construct the confidence interval:
• A two sample or pooled-variance t test
• A Welch or separate-variance t test
The difference between the two procedures is that, in contrast to the second procedure,
the first procedure assumes equal variances. To make the correct choice, it is possible to
use an F test to test the difference in variances, to see whether the assumption is
reasonable for the used samples. "However, in circurnstances in which they are needed
most (small samples), the tests for homogeneity of variance are poorest" (Hays, 1994).
Therefore testing the equality of variances is not useful. According to Bowerman and
O'Connel (1997) , both procedures give virtually the same results when both sample sizes
are equal. Ott and Mendenhall (1994) confirm this by stating that the results of both
procedures are equal or nearly equal when the sample sizes are also equal or nearly equal.
Only when the sample sizes vary greatly (r,5 to r) large differences appear between the
results of the procedures. Furthermore they indicate that the separate-variance t test is
somewhat more reliable and more conservative. Law and Kelton (2000) advise against
using the two sample t test when comparing results of simulating real systems, since
equality of variances is probably not a safe assumption. Instead, they suggest the Welch t
test.
In this project, equal sample sizes are used, so both procedures can be used to test the
differences in means. In order to be flexible for future research projects (when maybe
different sample sizes are needed) and to use the most reliable and conservative
procedure (Ott and Mendenhall, 1993) it has been decided to use the Welch t test.
The hypothesis H 0 is tested against H, for every performance measure using the Welch
approach, in order to find out what performance measures change significantly in the
redesigned model. The hypotheses are:
-

-

Ha:X1=X2
Hl : x1*x2
With X 1 being the mean of the measure in the original model and X 2 being the mean of
the measure in the redesigned model.
The following test statistic is used:

x1-x2
to = 52 52
-

_ 1 +2

11i

n2

H 0 is rejected (and the difference in means is significantly different from o) when jt 0 i>
tr.n/2, with f degrees of freedom:
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When comparing more than two altematives and making several confidence interval
statements simultaneously it is important to realize that the individual confidence levels
of the separate comparisons have to be adjusted upwards, in order to reduce the number
of type 1 errors (rejecting the null hypothesis when it is true (Montgomery and Runger,
2003)). A method for controlling the error rate of the set of comparisons and to ensure
that the overall significance level is high enough, is the Bonferroni inequality (Miller,
1981), (Kirk, 1982), (Hays, 1994), (Law and Kelton, 2000). The Bonferroni inequality
implies that when making some number c of confidence interval statements it is needed
to make each separate interval at level (1 - a/c), so that the overall confidence level
associated with all intervals' covering their targets will be at least (1 - a) (Law and Kelton,
2000).
In order to be conservative it has been decided in this research to apply the Bonferroni
inequality in the first step of the comparison.
Step 2: Confidence intervals
The second step is the calculation of the confidence intervals for all differences between
the original model and the redesigned model. These "Welch confidence intervals" are
calculated with the following formula:
2
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Again, the Bonferroni corrected values fora are used to ensure a sufficiently high, overall
confidence level.
Step 3: Repeat for all setups/combinations
Next, step 1 and 2 are repeated for all other setups. A significance test must be performed
for all measures and all confidence intervals of the relative differences are calculated.
Step 4: Compare the measures of the different setups/combinations
Once all confidence intervals of a measure are calculated for all setups, they can be
compared. When the confidence intervals of two or more setups overlap it can be
concluded that the difference between these setups is not significant. A fictive example
can be seen in Figure ro. From this picture it can be seen that the difference between
setup AD-BC-EF and AC-BD-EF for this measure is not significant, as the confidence
intervals overlap. The differences between all other setups are significant.

Figure 10: Example of a setup comparison
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As high confidence levels are used for the separate confidence intervals it is assumed that
these intervals are wide enough to filter out the inaccuracy caused by the application of
multiple t tests.
Step 5: Draw sub-conclusions for one model variant
In this step the conclusions are drawn for one model variant, based on the above
described analysis.
Step 6: Repeat for all model variants
Now the same analysis is repeated for all other model variants. Again all differences are
tested for significance and all confidence intervals of the relative differences are
calculated for all measures.
Step 7: Compare the different model variants
In this step, the measures in the different model variants are compared in order to draw
conclusions about the differences between model variants. The same technique as
described in step 4 is used here to compare the model variants.
Step 8: Draw sub-conclusions for all model variants
In this final step of the analysis procedure, the conclusions are drawn for all model
variants based on the comparisons in and between model variants.
Example of output data
Table 7 shows an example of the output data that result from simulating one model
variant. The model variant consists of four resource setups (ABC-DEF, AD-BC-EF, ACBD-EF and ACE-BOF). Table 7 shows the lower bounds (LB) and the upper bounds (UB)
of the confidence intervals of the relative differences between the original model and the
four redesigns for eight performance measures. From these confidence intervals it can be
seen that the implementation of the heuristic in this example decreases the lead time and
the WIP level. All other measures have insignificant differences with the original
situation, as their intervals include o. Tuis means that these measures are not affected by
the implementation of the heuristic. The heuristic implemented in this example could be
the parallel heuristic, discussed in the next chapter.
ABC-DEF
LB

AD-BC-EF

lB

UB

AC-BD-EF

UB

ACE-BDF

lB

UB

Lead_Time
ueue_time
Utilisation_1
UtilisatioI1-2
Utilisation_
WIP

Figure II graphically depicts the confidence intervals for two measures: the lead time and
the volume flexibility. From these graphs it can be seen that the decrease in lead time of
ABC-DEF is significantly higher compared to the other setups. The difference in lead
time between setup AD-BC-EF and AC-BD-EF is insignificant, because the confidence
intervals of both setups overlap. The decrease in lead time of ACE-BDF is significantly
lower than the decrease of the other setups. The graph of the lead time is comparable to
the graph in Figure ro. From the graph of the volume flexibility it can be concluded that
this measure is not affected by the redesign effort, since all confidence intervals include
o. An automated MS Excel sheet has been created to genera te the numbers ofTable 7 and
the graphs of Figure II.
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Lead time

Volume flexibility
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Figure 11: Example of confidence intervals for the lead time and volume flexibility

The same method is used to compare a specific measure in the settings of different
model variants. Sub-conclusions can be drawn, based on the analysis of the above
described model variant and the comparison of this model variant with other model
variants.
When all data for all model variants are analyzed and all sub-conclusions are drawn, the
sub-conclusions are examined and combined. Now it must be decided whether the
gathered data are extensive and unambiguous enough to draw strong conclusions from.
When this is the case, the next step is executed and conclusions are drawn. Otherwise
additional measurements are defined and executed. As can be seen in Figure 7 on page
17, which graphically depicts the redesign heuristics quantification plan, step 5, 6 and 7 of
the redesign heuristics quantification plan are executed iteratively in order to setup,
define, simulate and analyze all additional measurements.

3.9

Step 8: Conclusions

The last step of the redesign heuristics quantification plan is the conclusions step. In this
step the conclusions are drawn, based on the analysis and the sub-conclusions of the
model variants and possibly the additional measurements. Furthermore, a reflection on
the quantification is made by comparing the quantitative results and conclusions of the
simulation project to the qualitative results of the research of Reijers and Limam Mansar
(2005) and possibly to earlier quantification efforts found in the literature. Tuis last step
concludes the redesign heuristics quantification plan. Tuis redesign heuristics
quantification plan and the tools and deliverables, discussed in the next section, complete
the quantification approach.

3.10 Tools and deliverables
Several MS Excel sheets, CPN Tools simulation models and user guides are created,
which should be used in combination with the redesign heuristics quantification plan,
described in the previous sections. The files and models are created to increase the
consistency of the project, to increase the usability and to save time when quantifying
redesign heuristics.
Three types of files, which should be used in the quantification process, are created:
• MS Excel sheets; these sheets are used to calculate the validation values, to calculate
the parameters of the simulation and to analyze the output
• MS Word documents; these documents contain user guides and a template that can
be used in the final reporting phase.
• CPN Tools simulation models; these files contain the basic model of the original
situation and a validation model of the same situation.
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Table 8 outlines the deliverables of the approach.
File name
User guide quantification approach.doe
Basic model original situation.cpn
Explanation of the simulation model.doe
User guide adiusting the model.doe
Validation.cpn
Validation.xls
User guide validation sheet.doe
User guide validation model.doe
Warm-up.xls
User guide calculation warm-up period.doc
Number of replications.xls
U ser guide calculation nr of reps.doc
Output analysis.xls
Convert macro.xls
User guide analysis of the output.doe
Template.doe
Table 8: Deliverables of the approach

Description
Word doe with a user guide on the approach
CPN Tools model of the original situation
Word doe explaining the simulation model
Word doe on how to adjust the simulation model
CPN Tools model for the validation
Excel file for the calculation of the validation values
Word doe with a user guide for the validation sheet
Word doe with a user guide for the validation model
Excel file for the calculation of the warm-up period
Word doe with a user guide for warm-up calculation
Excel file for the number of reps calculation
Word doe with a user guide for nr of reps calculation
Excel file for the calculations of the output analysis
Excel file for the conversion of the data
Word doe with a user guide for the output analysis
Word doe containing a template for the report

The first Word document of Table 8 contains a description of how to use the developed
quantification approach and where in the redesign heuristics quantification plan the
different deliverables should be used. All Word documents, except the report template,
can be found in the Appendices section of this report. The third column of Table 8
depicts the appendix in which the deliverable can be found.
These tools and deliverables complete the quantification approach. As described earlier,
the complete approach has been designed with the quantification of the parallel heuristic.
The quantification process and the results are described in the next chapter. The created
approach and the quantification of the parallel heuristic complete step 2 of the research
methodology of Section 1.4.
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Quantification of the parallel heuristic

The process of the quantification of the parallel redesign heuristic has been used to
design the quantification approach, as explained in the introduction of the previous
chapter. Tuis chapter describes the parallel redesign heuristic and its quantification. First,
Section 4.1 gives a description of the parallel heuristic. Next, Section 4.2 outlines the
established project objectives. The setup of the simulations and the model variants are
given in Section 4.3. Finally, Section 4.4 provides the conclusions , based on the analysis
of the output. A complete overview of the quantification process and the results of the
parallel heuristic can be found in Loosschilder and Jansen-Vullers (200Gb).

4. 1

The parallel heuristic

The complete parallel redesign heuristic is described by Reijers (2003). Van den Berg and
Pottjewijd (1997) and Rupp and Russel (1994) also discuss the parallel heuristic. Van der
Aalst and van Hee (2002) refer to parallel routing if more than one task can be carried
out at the same time or in any order. Reijers (2003) states that considerable reduction of
the lead time may be expected after implementation of the parallel heuristic. As a
drawback, Reijers mentions increasing complexity, which may introduce errors or restrict
run-time flexibility. Another drawback, also described by van der Aalst (2000), is that
applying the heuristic to knock-out processes (processes that consist of knock-out tasks
that check a case in order to decide whether the case should be accepted or rejected) can
have a negative effect on the resource utilization, the lead time and the cost of executing
the workflow. Tuis is caused by the fact that cases that are cancelled in one branch claim
resource capacity in the other, as they are not cancelled in that branch until
synchronization. However, the processes used for the quantification of the parallel
heuristic are no knock-out (KO) processes. The effect of putting knock-out tasks m
parallel has also been quantified and is described in Chapter 6.
Van der Aalst (2000) states that putting subsequent KO tasks in parallel can only have a
considerable positive effect if the following conditions are satisfied:
• Resources from different classes execute the tasks
• The flow times of the parallel sub-processes are of the same order of magnitude
• The reject probabilities are rather small
• There is no overloading of any resource class (group of resources with the same skills)
as a result of putting tasks in parallel
• The time needed to synchronize is limited
These conditions have been used as a guide for the setup of the simulation. The
parameters and the variations have been chosen in such a way that the above mentioned
conditions can be investigated. Though, in this quantification process there are no reject
probabilities (as the tasks are no knock-out tasks) and it is assumed that the
synchronization time can be neglected. A detailed explanation of the chosen setup can be
found in Section 4.3.

4.2

Objectives tor the parallel heuristic

The objectives of the simulation study for the quantification of the impact of the parallel
heuristic have been established in the initial phase of the project. The objectives consist of
one main objective and three sub-objectives.
The main objective of this simulation study is:
The quantification of the impact of the implementation of "the parallel redesign heuristic".
A set of sub-objectives has been drawn up in order to comply with the main objective:
• Determine for every model variant what the impact of the parallel heuristic is.
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Determine what the impact of the parallel heuristic is with different arrival rates.
Determine what the impact of the parallel heuristic is with equal and different parallel
service times.

4.3

Setup of the simulations

For the quantification of the implementation of the parallel redesign heuristic, two
models of the redesigned situation have been created in CPN Tools and multiple
variations have been selected. All these diversities lead to a set of model variants. The
redesigned models , the chosen variations and the model variants are described in the
following sub-sections. The basic model of Figure 8 has been used as the model of the
original situation.

4.3.1 The redesigned model
The basic model of the original situation has also been used as a starting point for the
creation of the models of the redesigned situation. The difference between the original
model and the redesigned models is that two or more tasks that were executed
sequentially in the original model are put in parallel in the redesigned models, so they
can be executed at the same time and in any order. Two altematives have been modelled
and simulated. The alternatives of the redesigned situation can be seen in Figure 12 and
Figure 13. The main pages of the simulation models of both altematives are depicted in
Appendix D. On the main pages ofboth models, two extra transitions have been added to
enable parallel routing. The first transition is the "PAR Split" transition. This transition
splits the workflow in two or more branches. The second extra transition is the "PAR
Join" transition where the cases from the different branches can wait until all branches
are completed in order to synchronize before continuation. The rest of the model and the
settings remain the same as in the original situation.

Figure 12: Redesigned situation alternative

1,

two tasks parallel

Altemaüve 2

Figure 13: Redesigned situation alternative 2, three tasks parallel

4.3.2 Variations and model variants
The models of the two altematives have been simulated with different setups and
parameters, in order to test the conditions of Van der Aalst (2000), stated in Section 4.r.
Different variations have been introduced to reject or support the conditions and to find
out in what situations it is advisable to apply the parallel heuristic. In total three types of
variations have been inserted in the simulations:
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•
•
•

Variation in arrival rate
Variation in service times
Variation in resource classes and allocation

The first variation is a variation in arrival rate. Three introduced arrival rates have been
selected in such a way that the impact of the implementation of the parallel heuristic can
be investigated in systems with low (50%), medium (85%) and high (97%) utilizations.
Tuis corresponds to respective inter-arrival times of 14, 8 and 7 minutes.
The second type of variation is diversity in service times of the parallel tasks. Tuis
variation is needed to test the second condition: "The flow times of the parallel subprocesses are of the same order of magnitude". It has been decided to model two variants.
In the first variant, both parallel tasks have equal service times (40 min). The parallel
tasks of the second variant have completely different service times (78 min - 2 min) .
The last type of variation is variation in the resource classes and the allocation of
resources. Tuis diversity has been implemented in order to test the first condition:
"Resources from different classes execute the tasks". Therefore different resource classes
have been defined and a varying number of resource classes per model have been
introduced. The categorization into the different resource classes for the two altematives
and the executable tasks per resource class are shown in Table 9 and Table ro. E.g.
Resource class ABC consists of resources that can execute task A, B and C.
Class 1
Class 2 Class 3
2 Resource classes ABC
DEF
B and C in same class
ACE
BDF
B and C in different class
3 Resource classes
AB
DF
B and C in different class
CE
AD
B and C in same class
BC
EF
Table 9: Resource classes altemative 1, 2 tasks parallel
# Classes

# Classes

Class 1
Class 2 Class 3
B,C,D in same class
AEF
BCD
B,C,D in different class
ABC
DEF
B,C,D in different class
~ Resource classes
AB
CE
DF
B,C,D in same class
AD
BC
EF
B,C,D in same class
AB
CD
EF
B,C,D in same class
AC
EF
BD
Table 10 : Resource classes altemative 2, 3 tasks parallel
2 Resource classes

The division of the tasks into the different resource classes is clone in such a way that the
results of a model in which the parallel tasks require resources from different resource
classes can be compared with the results of a model in which the same tasks require
resources from the same resource class.
A combination of the three selected variations leads to six different model variants. The
variants are summed up in Table rr.
Model variant
Model variant 1
Model variant 2
Model variant
Model variant
Model variant

Resources classes
All
All
All
All
All
All

0- 00000-

Table n: Model variants parallel heuristic
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Conclusions parallel heuristic

Tuis concluding section provides the conclusions, based on the analysis of the output data
of the parallel redesign heuristic. A detailed overview of all output data, on which the
conclusions are based, can be found in Loosschilder and Jansen-Vullers (2006b).
•

•

•

Putting sequentia} tasks in parallel, which require resources from the same resource
class, results in a decrease in lead time and WIP level under all arrival rates. The wait
time always increases. The flexibility measures are not affected. In these situations it
is advisable to implement the parallel heuristic. Tuis result is in contrast to the first
condition (resources from different classes should execute the tasks) of Van der Aalst
(2000), stated in Section 4.r.
In systems with parallel tasks that require resources from different resource classes,
putting tasks in parallel only leads to lower lead times and WIP levels under low
arrival rates. The differences become smaller or even insignificant when the arrival
rate increases. The flexibility measures are still unaffected. Putting tasks in parallel is
only advisable when the arrival rate is low. Tuis does also not support condition r of
Van der Aalst (2000). Van der Aalst proofs the applicability of condition r for one
specific situation with differences in flexibility of the resource classes. The results of
the simulations of models with either equal or unequal flexibility in this study identify
situations in which condition r does not hold true.
Putting tasks in parallel in systems with a low arrival rate and equal parallel service
times leads to a higher impact on the lead time and WIP level compared to systems
with completely different parallel service times. In both situations implementation of
the parallel heuristic leads to a decrease in lead time and WIP level and is therefore
advisable. However, the differences in impact between the two service time variants
decreases or even becomes insignificant when the arrival rate increases, because the
positive impact of parallel queuing outweighs the positive impact of parallel
execution. Whether it is still advisable to implement the parallel heuristic depends on
the resource classes, as explained in the previous two conclusions. The insignificant
difference between the two service time variants under high arrival rates are
contradictory with condition 2 (the flow times of the parallel sub-processes should be
of the same order of magnitude) of Van der Aalst (2000), stated in Section 4.r.

•

Putting more than two tasks in parallel leads to lower lead times and WIP levels.
However, the wait times increase. The flexibility measures still remain the same.

•

The only determinant of extemal quality, outlined in Table 2 of Section 2.7, that
changes with the implementation of the parallel redesign heuristic is "number of
parallel tasks". The management of workflows with concurrent behaviour can become
more complex, which may introduce errors (lower external quality) (Reijers, 2003). It
can be concluded that, based on this predictor, a slightly lower extemal quality can be
expected. Verification of this expected impact on the external quality, using other
performance measurement methods, is recommended, as this is only a predictor.
None of the determinants of intemal quality, listed in Table 3 of Section 2.7, change
after the implementation of the parallel redesign heuristic. lt is expected that the
internal quality is not affected by the implementation of this heuristic.
The complexity of the workflow tends to increase with the implementation of the
parallel heuristic. Therefore, it is expected that the process modification flexibility
slightly decreases.

•

•

The designed approach and the quantification of the parallel heuristic complete step 2 of
the research methodology of Section r+ Step 3 and 4 of the research methodology are
described in the following chapters.
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5

Validation of the quantification approach

As the focus in this research project is on the first four steps of the research methodology
of Section r.4, two more steps still have to be executed. The execution of these steps and
the results are described in this chapter. First in step 3 of the research methodology of
Section r.4, the approach is generalized in order to make it applicable to the
quantification of other redesign heuristics. Then in step 4, the approach is validated with
the quantification of two other redesign heuristics: the knock-out and the triage heuristic.
The knock-out heuristic can be used to redesign knock-out processes. The triage heuristic
proposes the division of a general task into two or more altemative tasks. A detailed
description of all redesign heuristics identified by Reijers (2003) can be found in
Appendix B. The necessary adaptations and corrections to the approach and the final
validated version of the quantification approach are given in Section 5.3. Finally, Section
5.4 gives a reflection on the approach. The setups and the results of the quantification of
the knock-out and the triage heuristic are reported in Chapter 6 and 7.

5. 1

Generalization of the approach

The third step in the research methodology of Section r.4 is the generalization of the
quantification approach, in order to make it applicable to the quantification of other
redesign heuristics than the parallel heuristic. The redesign heuristics quantification plan
remains the same for all redesign heuristics. Only small adjustrnents have been made to
the files and deliverables in order to make these more flexible. The MS Excel sheets have
been adapted in such a way that the setup of processes with fewer or more tasks and
model variants with different resource setups can also be calculated and the results be
analyzed. No further additions or corrections appeared to be necessary to generalize the
approach. This completed step 3 of the research methodology.

5.2

Validation of the approach

After step 3 of the research methodology of Section r.4, the generalized approach should
be validated in order to check to applicability of the approach to other redesign heuristics
and to check the completeness and correctness of the entire approach. This is step 4 of
the research methodology. It has been decided to use two other redesign heuristics for the
validation of the approach, in order to test the approach on different redesign heuristics.
First, the impact of the knock-out (KO) heuristic has been quantified with the developed
approach. The process and the results of this quantification are described in Chapter 6.
Next, the triage heuristic has been quantified. This is described in Chapter 7.

5.2.1 Validation of the approach with the KO heuristic
Quantification of the KO heuristic has been used for the validation of the approach. This
heuristic has been selected, because:
• The KO heuristic contains three redesign rules (swapping tasks, combining tasks and
parallel tasks, which are described in the next chapter).
• Van der Aalst (2000) already investigated this heuristic. The results of this project
could therefore be compared to the results of the research of Van der Aalst (2000).
Every step of the redesign heuristics quantification plan has been followed and all files
have been used, for all three redesign rules of the KO heuristic. For one of the rules, three
additional measurements have been designed and simulated, via the iteration in the
redesign heuristics quantification plan of Section 3.r. No extra steps or deliverables
appeared to be necessary. The designed approach seemed to be perfectly suitable and
valid for the quantification of the KO heuristic.
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5.2.2 Validation of the approach with the triage heuristic
The second validation, with the quantification of the triage heuristic, uncovered some
deficiencies of the approach. The triage heuristic bas been selected for the validation
process, because:
• The triage heuristic affects other measures than the previous two heuristics
• Implementation of the triage heuristic is more complex
Again, every step of the redesign heuristics quantification plan bas been followed closely
in order to set up and execute the simulations and to analyze the results. First, all
variations have been chosen and all model variants have been designed and modelled.
Next, all simulation models have been created and simulated. This simulation of all
model variants appeared to be an enormous simulation effort, which required extensive
computer power. However, the availability of computers was only limited, which resulted
in a limited time frame. Due to this time limitation, all simulations have been executed
before the analysis phase. This was also recommended in the redesign heuristics
quantification plan. Analysis of the resulting data brought to light that some of the
chosen redesigns were not the correct redesigns and that one additional variation should
have been selected.
Some of the intended model variants and comparisons between the model variants
resulted in insignificant differences. With these settings, the triage heuristic <lid not affect
the performance of the workflow in these model variants; these modelled redesigns
appeared to be no triage redesigns, because the workflows of the redesigns were not
fundamentally different from the original models. Other redesigns should have been
selected for these original models. Also the chosen variations appeared to be incomplete.
One additional variation should have been introduced (a varying number of resources per
resource class). However, simulation of the models with the correct redesigns and the
additional variation was not possible any more, due to unavailability of the used computer
power.
A different execution of the steps in the redesign heuristics quantification plan could
have prevented the gathering of the unsuitable data. One adaptation in the execution
order of the steps of the redesign heuristics quantification plan bas been made in order to
solve the deficiency and to prevent the occurrence of the same error in future research
projects. The adaptations to the quantification approach are described in the next section.

5.3

Adaptations to the quantification approach

The unsuitability of apart of the gathered data in the quantification of the triage heuristic
bas only been discovered after the execution of all simulation runs. This could have been
prevented with an iterative execution of step 6 and 7 of the redesign heuristics
quantification plan. After the creation of the model of one model variant, the model
should be simulated and the resulting data directly analyzed after completion of the
simulation run. The next model variant can be simulated and analyzed, when the results
of the previous simulation are satisfactory. When the results are not satisfactory, step 5
containing the setup of the simulation should be executed again, in order to correct any
errors or to add extra variations. This iterative execution of step 6 and 7 would have
uncovered the unsuitability of the comparisons and the redesigns of the tria~e heuristic.
Figure 14 shows the adaptations to the redesign heuristics quantification plan of Section
3.r. In step 6 only one simulation is executed. The next simulation is only executed after
the analysis of the data of the previous simulation. The plan on the right in Figure 14 is
the final redesign heuristics quantification plan. This final plan, together with the
deliverables ofTable 8, forms the final, generalized, validated quantification approach.
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Figure 14: Adaptations to the redesign heuristics quantification plan

5.4

Reflection on the quantification approach

Tuis last section gives a reflection on the quantification approach by assessing the
strengths and weaknesses of the approach.
Strengths:
• Complete: the designed approach is complete. Application of the approach results in
the complete quantification of the impact of a redesign effort.
• Structured: the approach provides a step by step redesign heuristics quantification
plan and a set of well structured deliverables, which serves as a guide for the
structural application of the approach.
• Automated: all MS Excel sheets are automated. Tuis reduces the probability of errors
and cancels out all data entry activities.
• Consistent: application of the approach leads to the same analysis method and
reporting style for all heuristics. Tuis results in a consistent quantification process for
all heuristics.
• Easy to apply: the user guides and structured setup of the approach make the
approach easy to use.
• Errors are easily detected: errors in the models, model variants or variations are easily
found in the analysis. The provided sheets are designed in a way that they easily
detect errors.
• No statistica! knowledge: no statistica! knowledge is required for using the approach.
Weaknesses:
• Dependency on the researcher: the specification of the objectives of the study and the
selection of the redesigned models and the variations are highly dependent on the
researcher and his/her expertise. The use of suggested literature in making these
choices reduces the impact of this weakness on the outcomes of the study.
• CPN knowledge required: the researcher should have knowledge of CPN Tools in
order to create the models of the redesigned situation and to implement the
variations. Although the CPN models are created in such a way that they are fairly
easy to adapt, it is still required to have basic knowledge of CPN Tools.
• Extemal and intemal quality and flexibility: the impact on the extemal and intemal
quality and partly on the flexibility of a workflow cannot the quantified with the
approach.
• Time and PC power required: the simulation of all model variants in CPN Tools
requires a lot of time and computer power.
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Quantification of the knock-out heuristic

The quantification approach, which has been designed with the quantification of the
impact of the parallel heuristic, has been validated with the quantification of two other
heuristics: the knock-out heuristic and the triage heuristic. Tuis chapter describes the KO
redesign heuristic and the quantification of the impact of this heuristic. The KO redesign
heuristic consists of three different redesign rules. All three rules are explained in this
chapter. The next chapter gives the quantification of the triage heuristic. First, Section 6.r
gives a description of the KO heuristic. Toen Section 6.2 gives the established project
objectives. Next, Sections 6-3, 6 .4 and 6.5 give the redesigned models, the selected
variations, the created model variants and the final conclusions of respectively the
swapping tasks rule, the combining tasks rule and the parallel tasks rule. A complete
overview of all variations, the analysis, the results, the data and the conclusions for the
KO heuristic can be found in Loosschilder and Jansen-Vullers (2006c)

6. 1

The knock-out heuristic

The knock-out heuristic provides rules that can be used to redesign a knock-out process
in order to enhance a certain aspect of the performance of a business process. A knockout process consists of knock-out tasks. A knock-out task is a task that checks a case in
order to decide whether the case should be accepted or rejected. A knock-out task has two
possible results: OK and NOK (i.e., not OK). If for a specific case a task results in NOK,
the case is rejected immediately. A case is only accepted when all knock-out tasks have a
positive outcome (Van der Aalst, 2000). Examples of KO tasks are: an income check
when applying for a mortgage or a reference check in a job interview.
According to Van der Aalst (2000) there are three possibilities of redesigning a knock-out
process:
• Swapping knock-out tasks
• Combining knock-out tasks
• Putting knock-out tasks in parallel
A combination of these redesign possibilities can also be applied when redesigning a
knock-out process. In a combination, the three possibilities can be executed in any order;
however, Van der Aalst (2000) suggests applying them in the above stated order.
For each of the three KO redesign rules, Van der Aalst (2000) provides a set of
propositions and/or heuristics that should be used when redesigning knock-out
processes. These heuristics and the propositions are explained in the sections that
describe the corresponding redesign rules (Section 6 .3, 6.4 and 6.5).

6.2

Objectives tor the knock-out heuristic

Every step of the redesign heuristics quantification plan, described in Chapter 3, has been
executed in the quantification process. First, the objectives have been established. This
section gives the objectives for the KO heuristic.
Project objective

The main objective of this simulation study is:
The quantification of the impact of the implementation of "the knock-out redesign heuristic".
The KO redesign heuristic consists of three separate redesign rules. A set of subobjectives is drawn up for every KO redesign rule in order to comply with the main
objective of this study.
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Swapping tasks rule:
• Determine for every model variant what the impact of the swapping tasks rule is.
• Determine what the impact of the swapping tasks rule is with different resource
setups.
• Determine what the impact of the swapping tasks rule is with different service times.
Combining tasks rule:
• Determine for every model variant what the impact of the combining tasks rule is.
• Determine what the impact of the combining tasks rule is with different arrival rates.
• Determine what the impact of the combining tasks rule is with different setup ratios.
Parallel tasks rule:
• Determine for every model variant what the impact of the parallel tasks rule is.
• Determine what the impact of the parallel tasks rule is with equal and different
parallel service times.
• Determine what the impact of the parallel tasks rule is with high and low parallel
reject probabilities.
• Determine what the impact of the parallel tasks rule is with different arrival rates.

6.3

The swapping tasks rule

The first redesign rule is the swapping KO tasks rule. As many knock-out processes are
characterized by a high degree of freedom with respect to the order in which tasks can be
executed, there is a possibility to change the order in which the tasks are executed (Van
der Aalst, 2000) . In this redesign it is assumed that there is no possibility for combining
tasks or putting tasks in parallel and that are no precedence constraints. These constraints
limit the number of possible redesigns, since certain tasks need to be executed before
others.
Heuristic r and 2 of Van der Aalst
swapping tasks redesign rule:

(2000)

provide guidelines for the application of the

Heuristic 1
Tasks sharing the same resource class should be ordered in descending order using the

ratio

rp(t) to obtain an optimal process with flow times, where the resulting resource
C+ pt(t)
utilization is acceptable and C is a suitably chosen constant. C should be of the same
order of magnitude as the average waiting time per task.
With:
rp(t) = the reject probability of task t
p(t) = the processing time of task t

Heuristic 2
To obtain an optimal process with respect to flow time, tasks in a sequentia! knock-out
process should be ordered in such a way that the following ratio is minimized
1
.
ep(t)pr(r)

I

,e R

1- Uf(T)

I

tE ra- 1( r )

With:
R = the set of resource classes
ut(r) = the utilization of resource class r
pt(t) = the processing time of task t
ep(t) = the probability that task t is executed
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6.3.1 The redesigned model of the swapping tasks rule
One redesigned CPN Tools model bas been created for each of the three KO redesign
rules. The basic model of the original situation, discussed earlier in Section 3.3 and
shown in Figure 8, bas been used as a starting point for the redesign of all three redesign
rules. Every rule results in an own specific redesign.
For every model variant, the above described KO ratio of heuristic 2 of every possible
combination (e.g. AEDBFC) bas been calculated. This resulted in 720 different ratios for
every setup. A number of stable (none of the utilizations exceed 100%) combinations are
chosen from the sorted list of ratios and bas been compared to the outcomes of the
original situation. An example of a swapping tasks redesign is shown in Figure r5. The
main page of the simulation model is depicted in Appendix E.

1

1

Figure 15: Example of a swapping task redesign

6.3.2 Variations and model variants of the swapping tasks rule
To quantify the impact of the implementation of the swapping task rule, it bas been
decided to introduce two types of variations:
• Variation in service times
• Variation in resource classes and allocation.
lt bas been decided to introduce three service time variants and four variations in
resource classes. The service times of service time variant rare chosen in such a way that
the KO ratios defined in heuristic r of Van der Aalst (2000) are in the same order of
magnitude for all tasks , with some ratios being identical. The service times of service
time variant 2 result in completely different KO ratios for all tasks. The tasks of service
time variant 3 all have equal service times. The variations in resource classes range from a
setup with only specialists toa setup with only generalists. A combination of the selected
variations leads to twelve different model variants . These model variants are summed up
in Table r2.
MV
MVSW1
MVSW2
MVSW
MVSW
MVSW
MVSW6
MVSW7
MVSW8
MVSW
MVSWrn
MVSWn
MVSW12

STvariant
ST1
ST I
ST I
ST I
ST2
ST 2
ST 2
ST 2
ST
ST
ST
ST

Res. classes
A-B-C-D-E-F
AB-CD-EF
ABC-DEF
ABCDEF
A-B-C-D-E-F
AB-CD-EF
ABC-DEF
ABCDEF
A-B-C-D-E-F
AB -CD-EF
ABC-DEF
ABCDEF

6.3.3 Conclusions swapping tasks rule
All model variants have been modelled and simulated in CPN Tools. The resulting output
data have been analyzed with the analysis method described earlier in Section 3.8 and the
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created MS Excel output analysis sheets. A set of conclusions has been drawn, based on
the analyses of the output.
Lead time:
• In models with an arrival rate at such a low level that the queue times are also low,
(e.g. model variant SW8 with a utilization of approximately 50% and a queue time of
0.000637 minutes), implementation of the swapping tasks rule does neither lead toa
decrease in lead time nor to a decrease in the variance of the lead time.
• In processes with very unbalanced utilizations that cannot be solved by the swapping
tasks rule, implementation of the swapping tasks rule also does not lead to a
reduction oflead time or a decrease in the variance of the lead time.
• In all other processes, swapping the tasks according to heuristic 2 results m a
decrease in lead time and a decrease in variance.
Other measures:
Redesigning a workflow, by swapping KO tasks according to heuristic 2 results in:
• lower and more balanced resource utilizations. Tuis results in a less costly execution
of the process, since resources spend less time working on the process.
• A lower WIP level. A lower WIP level means fewer cases in the system during
execution. Tuis leads to lower inventory costs.
• Increased labour flexibility. This means that more resources are available to be
allocated toa certain task or case.
• Increased volume flexibility. Since resources work fewer hours on the process, they
have more available time. When the arrival rate increases or there is a peak in the
arrival process, the redesigned process has more available capacity to handle these
extra cases.

•

None of the determinants of extemal quality change with the implementation of the
swapping tasks rule. In addition, also none of the determinants of intemal quality and
process modification flexibility change. No impact is expected on the extemal and
internal quality and on the process modification flexibility.

•

Heuristic r (Van der Aalst, 2000) often leads to a good scoring redesign. It
sometimes even results in the optimal combination. Heuristic 2 (Van der Aalst,
2000) has led to the optimal combination in all model variants and additional
measurements. It is therefore recommended to use heuristic 2 for swapping tasks in
order to redesign KO processes.

Final conclusion:
Using heuristic 2 of Van der Aalst (2000) to redesign a KO process leads to lower, more
balanced utilizations, a lower WIP level and increased labour and volume jlexibility. When the
arrival rate is too low to cause queue times or the utilizations of the resource classes are too
unbalanced for the heuristic to balance them, implementation ofheuristic 2 does not results in a
reduction of lead time. In all other processes, heuristic 2 results in lower lead times. No impact
on the external and internal quality and the process modification jlexibility is expected based on
the earlier defined predictors.

6.4

The combining tasks rule

The second redesign rule is the combining KO tasks rule. Two separate, subsequent KO
tasks, which are executed by the same resource, can be combined into one composite
knock-out task, which is executed by one resource without interruption. An advantage of
this redesign is that no setup is needed for the second subtask. A drawback of this rule is
that both subtasks are executed, even if the first subtask indicates that the case will be
rejected (Van der Aalst, 2000).
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In this redesign it is assumed that there is no possibility of putting tasks in parallel and
that there are no constraints with respect to the order of execution of the tasks and the
possibility of combining tasks.
The study of Van der Aalst (2000) resulted in two heuristics and propositions that
provide guidelines for the application of the combining tasks rule:

Proposition 3
Two subsequent tasks and sharing the same resource class should be combined if and
only if pt(ti) · sr(ti) > pt(ti) · rp(t1 ) in order to obtain an optimal process with respect to
resource utilization and maximal throughput.
With:
pt(t2 ) = the processing time of the second subtask
st(t,,) = the setup time ratio of the second subtask
rp(t,) = the reject probability of the first subtask
Proposition 4
Consider two subsequent tasks and sharing a resource class containing one resource and
having identical exponential service times. The tasks should be combined if and only if
pt(t2 )·sr(t2 ) > pt(t2 ) · rp(t1 )in order to obtain an optimal process with respect to resource
utilization, maximal throughput and flow time.
Heuristic 3
If there are multiple resources per class but the tasks have about the same size, the rule
used in proposition 3 and 4 can be applied to obtain a minimal average flow time.
Heuristic 4
If there is a relevant difference in size of the two tasks in proposition 4, the rule should be
applied carefully to obtain a minimal average flow time. In this case, splitting a composite
task can have a negative effect on the average flow time even though the resulting
utilization rate decreases.

6.4.1 The redesigned model of the combining tasks rule
The model of the original situation described earlier has also been used for this redesign
rule as a starting point for the redesign effort. After applying heuristic 2 (the swapping
KO tasks rule) of Van der Aalst (2000), the combination of Figure r6 appeared to be the
optimal combination.

1

1

Figure 16: Original model after swapping tasks rule

The possibility of combining tasks has been investigated for different setups. The above
described rules, used in heuristic 3 and 4 (Van der Aalst, 2000), have been used to
deterrnine what tasks to combine. Different redesigns have been simulated and compared
to the original model. An example of a combining tasks redesign is shown in Figure r7.
The main page of the simulation model can be found in Appendix E.
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Figure 17: Example of a combining tasks redesign

6.4.2 Variations and model variants of the combining tasks rule
For the combining tasks rule it has been decided to introduce three types of variations in
order to quantify the impact of the implementation of this rule:
• Variation in arrival rate
• Variation in resource classes and allocation
• Variation in setup ratios
Three introduced arrival rates have been selected in such a way that the impact of the
implementation can be investigated in systems with low (50%), medium (80%) and high
(93%) utilizations. Tuis corresponds to respective arrival rates of 23, 36 and 42 cases per
hour.
Two types of resource classes have also been introduced. The first variant has three
resource classes: AB-CD-EF. In this variant it is only possible to combine tasks A and B
and to combine tasks D and C of the original model (FABEDC), described in Figure r6.
The second variant has two resource classes: ABC-DEF. In this setting tasks A and B can
be combined and tasks E and D.
The third introduced variation is a variation in setup time ratio. The setup time ratio is
the part of the processing time of a task that is dedicated to the setup of that task. The
setup time is strongly related to the decision whether two tasks should be combined.
According to heuristic 3 and 4 of Van der Aalst (2000) it is profitable to combine two
tasks if the advantage of not executing the setup of the second subtask outweighs the loss
of executing the entire composite task when the first subtask returns NOK. For both
resource class setups, four different setup ratios have been designed, which test this
condition. Table r3 shows for every setup ratio whether heuristic 3 and 4 (Van der Aalst,
2000) advice to combine tasks A and B, D and Cor E and D.
Setup Ratio 2
Combine?
Setup Ratio 1
AB
Yes
Yes
Yes
No
DC / ED
Table 13: Combine tasks, based on Van der Aalst

Setup Ratio 3
No
Yes

Setup Ratio 4
No
No

(2000)

A combination of these variations leads to eight different model variants for every arrival

rate:
Resource class setu
AB-CD-EF
Model variant C1
Model variant C2
AB-CD-EF
Model variant C
AB-CD-EF
Model variant C
AB-CD-EF
Model variant C
ABC-DEF
ABC-DEF
Model variant C6
Model variant C
ABC-DEF
Model variant C8
ABC-DEF
Table 14: Model variants combining tasks rule
Model variant

ratio

ratio 1
ratio 2
ratio
ratio
ratio 1
ratio
ratio

Arrival rate
2
2
2
2
2
2
2
2
2
2
2
2
2

2

2

2
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6.4.3 Conclusions combining tasks rule
Tuis sub-section gives the final conclusions on the results of the combining tasks rule:
• Creating two composite tasks in a model where heuristic 3 and 4 advise to do so,
results in a lower lead time and utilization and an increase in flexibility. It can, in
some situations also lead toa decrease in WIP level, with cost advantages.
• Creating one composite task, in a model with settings such that heuristic 3 and 4
recommend to create the combined task, leads to a decrease in lead time in models
with low and medium arrival rates. In models with a high arrival rate, the differences
are insignificant. The other measures have only small and mostly insignificant
differences.
• Creating one or two composite tasks in a model where heuristic 3 and 4 advise not to
do so, leads to no positive impact on any measure. It can even result in a negative
impact on some measures.
•

Combining tasks can lead to too large tasks which reduces the external quality and the
process modification flexibility (Reijers, 2003). The only determinant of internal
quality that changes with the implementation of the combining tasks rule is the
number of tasks for one case per resource. Tuis increases the intemal quality,
because the task identity is higher.

Final conclusion:
Using heuristic 3 and 4, in order to redesign a KO process, leads to a considerable decrease in
lead time. In some settings the utilization, the WIP level and volume and labour jlexibility are
also positively affected.

6.5

The parallel tasks rule

When tasks can be executed at the same time, it can be considered to put tasks in parallel.
Tuis is the third KO redesign rule. Putting tasks in parallel can reduce the lead time of a
case considerably. A drawback of putting multiple knock-out tasks in parallel is that all
parallel tasks must be executed completely, even when one of the parallel KO tasks
returns NOK. The case is only rejected after synchronization.
In this redesign it is assumed that there is no possibility for combining tasks into a
composite task and that it is not possible to swap tasks.
Heuristic 5 and 6 of Van der Aalst (2000) provide a set of conditions , which should be
satisfied in order to obtain a considerable positive effect, when applying the parallel tasks
rule:

Heuristic 5
The positive effect of two subsequent tasks in parallel is limited if both tasks require
resources from the same resource class.
Heuristic 6
Putting subsequent tasks in parallel can only have a considerable positive effect if the
following conditions are satisfied:
• Resources from different classes execute the tasks
• The flow times of the parallel sub-processes are of the same order of magnitude
• The reject probabilities are rather small
• There is no overloading of any resource class as a result of putting tasks in parallel
• The time needed to synchronize is limited
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6.5.1 The redesigned model of the parallel tasks rule
Also for this redesign rule, the earlier described original model is the starting point for
the redesign. The swapping tasks rule cannot be applied, due to the limitation regarding
the order of execution of the tasks. The redesigned model is a model in which tasks B and
C are executed in parallel. Tuis model is shown in Figure r8 . The main page of the
simulation model can be found in Appendix E.

Figure 18: Parallel KO tasks redesign

6.5.2 Variations and model variants of the parallel tasks rule
Also for the parallel tasks rule, different variations have been introduced in order to
quantify the impact of this rule. Four types of variations have been introduced:
• Variation in arrival rate
• Variation in service times
• Variation in reject probabilities
• Variation in resource classes and allocation
The implementation of the parallel tasks rule has also been investigated in systems with
arrival rates that result in low, medium and high utilizations.
The second and third variation are variations in parallel service times and reject
probabilities. Two variations in parallel service times as well as parallel reject probabilities
have been introduced. In the first service time variant, both parallel tasks (B and C) have
equal service times (30 min). The service times of the parallel tasks of the other service
time variant differ considerably (55 min - 5 min). The diversity in reject probabilities
result in high (20%) and low (5%) parallel reject probabilities.
The last variation is a variation in resource classes and allocation. Table 15 shows the
chosen resource setups. The setups have been chosen in such a way that models with
parallel tasks that require resources from the same resource class can be compared with
models with parallel tasks that do not share a resource class.
# Classes

Class 1
Class 2 Class 3
ABC
DEF
BDF
ACE
~ Resource classes
AD
BC
EF
AC
BD
EF
Table 15: Resource class vanatlon parallel tasks rule
2

Resource classes

B and C in the same class
B and C in a different class
B and C in the same class
B and C in a different class

A combination of all variations leads to four model variants for every arrival rate. Table

r6 gives an overview of all model variants for the parallel tasks rule.
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MV

Service times

Reject probabilities

Arrival rate

Res. classes

MVPr
MVP2
MVP3
MVP4
MVP5
MVP6
MVP7
MVP8
MVP9
MVPro
MVPn
MVP12

Equal
Equal
Equal
Equal
Equal
Equal
Different
Different
Different
Different
Different
Different

High
High
High

Low

All
All
All
All
All
All
All
All
All
All
All
All

Medium
High

Low
Low
Low

Medium
High

Low

High
High
High

Medium
High

Low
Low
Low

Medium
High

Low

Low

Table 16: Model variants parallel tasks rule

6.5.3 Conclusions parallel tasks rule
Tuis final sub-section of the chapter concludes the analyses with the conclusions on the
parallel tasks rule:
• Putting KO tasks in parallel has the highest positive impact on models with equal
parallel service times, low reject probabilities and a low arrival rate (the settings of
model variant P4). In this situation, the implementation of the parallel tasks rule
results in a lower lead time and a lower WIP level. Tuis has a positive influence on
the customer service and the costs of execution of the workflow, as the inventory costs
are lowered by the lower WIP levels. The other measures remain the same.
•
•
•

The higher the difference in parallel service times, the lower the decrease in lead time
and WIP level.
When the parallel reject probabilities increase, the difference in lead time and WIP
decreases and the flexibility even decreases.
The decreases in lead time and WIP become smaller and the utilizations tend to
increase when the arrival rate increases.

Final conclusion:

Putting KO tasks in parallel has the highest positive effect on lead time and WIP level when:
• The service times of the parallel tasks are of the same order of magnitude
• The parallel reject probabilities are only small
• The arrival rates are low (This condition has been added to the conditions of heuristic 6 of
Van der Aalst (2000)).
• None of the resource classes are overloaded (an utilization of 100%) as a result of putting
tasks in parallel
•

Putting tasks in parallel is a predictor of lower external quality and lower process
modification flexibility ( Reijers, 2003)

•

The internal quality increases, because the determinant "number of executed tasks per
resource" increases, which is a predictor of higher skill variety.
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Quantification of the triage heuristic

The second quantification process that has been used for the validation of the designed
approach is the quantification of the triage heuristic. Again, every step of the redesign
heuristics quantification plan has been followed and every tool of the approach has been
used in order to quantify the impact of the triage heuristic. As described earlier in
Chapter 5, the validation of the approach with the quantification of the triage heuristic
brought some deficiencies of the approach to light. The simulations of the triage heuristic
resulted in a set of unsuitable data to comply with the objectives of the simulation study.
Only a part of the data appeared to be usable. New, alternative comparisons have been
made with the part of the data that appeared to be useful. The outcomes of these
altemative comparisons have been analyzed and the results are described in this chapter.
The analysis of the altemative comparisons still gives a fairly good reflection on the
impact of the triage heuristic. First, the triage heuristic is explained in Section 7.r. Next,
the objectives for the triage heuristic are stated in Section 7.2 and the setup of the
altemative comparisons is explained in Section 7.3. Finally, 7-4 gives the final conclusions
on the quantification of the triage heuristic. An extensive description of the quantification
of the triage heuristic can be found in Loosschilder and Jansen-Vullers (2006d) .

7. 1

The triage heuristic

According to Reijers (2003), triage can be seen as "the division of a general task into two
or more alternative tasks". The emphasis of the triage heuristic is on the creation of
alternative tasks. Seidmann and Sundararajan (r997) define triage as "the separation of
customers or work based on a particular distinguishing criterion". There are two situation
in which triage can be useful (Van der Aalst and Van Hee, 2002):
• When the allocation of specialized resources reduces the average processing time
• When small clients no longer have to wait for large ones to be processed
Examples of triage implementations are the addition of "baskets only" checkouts in
supermarkets and specialistic agents in call centres for hard problems. Hammer and
Champy (r993), Klein (r995) and Van den Berg and Pottjewijd (r997) also mention the
triage heuristic in their work. Zapf and Heinzl (2000) describe the implementation and
the effects of the triage heuristic in a call centre setting.
The alternative and opposite definition of the triage heuristic is: "The integration of two
or more alternative tasks into one general task". Since this application of the triage
heuristic is less popular and used less often, it has been decided only to use the first
definition in this research project.

7.2

Objectives tor the triage heuristic

The first step of the redesign heuristics quantification plan 1s to make the project
definition. The following objectives have been set initially.
The main objective of this simulation study is:
The quanti.fication of the impact of the implementation of "the triage redesign heuristic".
A set of sub-objectives has been drawn up in order to comply with the main objective of
this study:
• Determine for every model variant what the impact of the triage heuristic is.
• Determine what the impact of the triage heuristic is with different arrival rates.
• Determine what the impact of the triage heuristic is with equal and different triage
service times.
• Determine what the impact of the triage heuristic is with different arrival ratios.
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Setup of the simulations

The next step after the project definition is the definition and the creation of the
simulation models and the selection of the variations that are introduced to quantify the
impact of the triage heuristic. The redesigns and the introduced variations lead to a set of
model variants. Tuis is explained in the following sub-sections. As explained in the
introduction of this chapter and in Chapter 5, only a part of the gathered data has been
used in the newly chosen, altemative comparisons. Therefore, only the setups and model
variants of these alternative comparisons are described in this section.

7.3.1 The redesigned model
A more compact version of the basic original model of the approach has been used as the
representation of the original situation. The model of the original situation consists of
four sequentia! tasks. A model with only four tasks instead of six appeared to be extensive
enough to quantify the impact of the implementation of the triage heuristic. Figure 19
shows the used original model. Two types of cases go through the model: easy cases and
hard cases.

A

B

D

C

Figure 19: Model of the original situation for the triage heuristic

The original model of Figure 19 has been used as a starting point for the definition and
the creation of the redesigned model. In the redesigned model, shown in Figure 20, task
B has been replaced by two alternative tasks Br and B2. Of these tasks, B1 only processes
easy cases and B2 only hard cases. Both tasks only have specialistic resources that are
only capable of executing that task. One of the advantages of the triage redesign is that
tasks Br and B2 are both executed by faster working specialists. "A specialist builds up
routine more quickly and may have a more profound knowledge than a generalist"
(Reijers, 2003). The main page of the simulation model is depicted in Appendix F.

A

Figure

20:

C

D

Model of the redesigned situation for the triage heuristic

7 .3.2 Variations and model variants
Step 5 of the redesign heuristics quantification plan is the selection of variations, the
specification of the model variants and the setup of the simulation parameters. Tuis subsection describes the selected variations and the model variants of the alternative
comparisons. These variations have been introduced in order to quantify the impact of
the triage heuristic. In total four types of variations have been introduced:
• Variation in arrival rate
• Variation in service times
• Variation in arrival ratio easy/hard
• Variation in resources and resource class setups
The first variation is diversity in arrival rates. Three arrival rate variants have been chosen,
which result in high (93%), medium (80%) and low (50%) utilizations.
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The second variation is a variation in service times. Three variations in service times of
easy and hard cases have been selected. In the first variant, easy and hard cases have
equal service times. In the second variant, the service times of easy cases are shorter than
those of hard cases. In the third variant, hard cases have a considerably higher service
time than easy cases.
The third variation is a varying easy /hard cases ratio. Again, three variants have been
selected. In the first variant, easy and hard cases both have a 50% probability of
occurrence. In the second variant the ratio is 60%-40% and in the last variant 75%-25%.
The last type of variation is diversity in resources and resource class setups. Two types of
resources can be discerned: a generalist is defined as "a resource that can execute more
than one task" and a specialist is "a resource that can execute only one task". "A specialist
builds up routine more quickly and may have a more profound knowledge than a
generalist" (Reijers, 2003). Therefore specialists can work faster than generalists and
deliver higher quality. However, a generalist adds more flexibility to the workflow. In this
study it is assumed that a specialist has a 50% higher salary compared to that of a
generalist, as a specialist executes a task faster and with a higher quality. In the
simulation models, a generalist earns € ro per worked hour and a specialist € 15 per
worked hour. Furthermore, generalists of the original model need to be trained in order
to become specialists in the redesign, which induces training cost.
The following comparisons could be made with the collected data:
Original model
Redesigned model
ACD-Br-B2 Gen
ABCD Gen
ACD-Br-B2 Combi
ABCD Combi
Table 17: Altemative comparisons

The two discerned resource types in Table 17 are:
• GEN: this is a setup with only generalists
• COMBI: this a setup with a combination of generalists (25%) and specialists (75%)
For example, in setup 'ACD-Br-B2 Gen' tasks A, C and D are executed by generalists
from the same resource class and Br and B2 are both executed by specialists from two
separate resource classes. In ACD-Br-B2 Combi, tasks A, C and D are executed by a
combination of generalists and specialists and Br and B2 again by specialists from
separate classes. According to Netjes et al. (2005) a distinctive ratio of specialists and
generalists is a ratio with mainly specialists and a few generalists. Therefore it has been
chosen to use a combination with 25% generalists and 75% specialists. This results in the
following redesigned model with resource classes:

,rv-----,

~ Specia!isi)
~~

Figure

21:

Model of the triage redesigns for the altemative analysis
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A combination of all variations leads to nine model variants with each three arrival rates.
The model variants are shown in Table r8
Model variant
Model variant r
Model variant 2
Model variant
Model variant
Model variant
Model variant 6
Model variant
Model variant 8

Service time

Ratio

Table 18: Altemative model variants triage heuristic

7.4

Conclusions triage heuristic

The output data of all model variants have been analyzed according to the method of
analysis of step 7 of the redesign heuristics quantification plan. Next, step 8 of the
redesign heuristics quantification plan has been executed; final conclusions have been
drawn based on the results of the analysis of the outcomes of the alternative comparisons.
The conclusions are described in this section.
•

•

•
•
•

•

Replacing task B with two alternative tasks Br and B2, results in all tested situations
in lower utilizations , higher labour costs, lower labour flexibility and higher volume
flexibility. Lower utilization and higher volume flexibility are positive and higher
labour cost and lower labour flexibility is negative.
Implementation of the triage heuristic leads toa decrease in lead time and WIP level
in models with an arrival rate that is low enough to prevent the occurrence of queue
times. Both measures can even increase in models with higher arrival rates.
The expected quality of the output is higher after implementation of the triage
heuristic, since more specialists work on a case.
Using the triage heuristic to redesign a workflow induces one time training costs, as
generalists must be trained to become specialists.
The positive results of enhanced performance, caused by the implementation of the
triage heuristic explain the lower popularity of the opposite definition of the triage
heuristic (the integration of two or more altemative tasks into one genera! task). In all
situations where the triage heuristic leads to positive results, implementation of the
triage heuristic using the opposite definition leads to negative results.
The expected internal quality is lower, since resources execute fewer tasks in the
redesign.

Recommendations for future research
Additional measurements and analyses are recommended, because only a part of the set
of data was suitable. The following is recommended fora future research project:
• Choose extra resource class variants and their redesigns. Choose for example ABrCDB2 as a redesign of the original situations ABCD Gen and ABCD Combi and
investigate the difference in impact, compared to the results of this study.
• Investigate the impact of the triage heuristic on a model with a different resource
setup in order to be able to generalize the results.
• Simulate and investigate a system with the application of the triage heuristic using
the opposite definition of the heuristic (the integration of two or more altemative
tasks into one genera! task), to verify the expected negative impact.
• Vary the number of resources per resource class, in such a way that the utilizations of
all resource classes do not remain the same.
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8

Conclusions and recommendations

The validation of the quantification approach with the knock-out and the triage heuristic
and the adaptations complete step 4 of the research methodology of Section r+ In this
final chapter, the conclusions, a reflection on the research project, the recommendation
and the directions for future research are given. First, Section 8.r provides the
conclusions, which are based on the research question and sub-questions of Section 1.3.
Toen, in Section 8.2 a reflection on the research project is provided. Section 8 .3 gives the
recommendations.

B. 1

Conclusions

RQ1: What dimensions of performance are distinguished in the literature that can be used for
measuring the performance of workflows and what performance measures should be used to
quantify these dimensions?
Literature on six popular and widely used performance measurement systems and on
performance measurement in general has been assessed thoroughly to find out what
dimensions of performance and what performance measures are discerned. From this
literature it can be concluded that the dimensions time, cost, quality and flexibility of the
devil's quadrangle (Brand and Van der Kolk, 1995), including the division of quality into
external and internal quality, fully reflect the performance of a workflow. The other
performance measurement systems and the additional literature do not provide
additional relevant dimensions. The devil's quadrangle, depicted in Figure 22, appears to
be perfectly suitable for the analysis of the impact of business process redesign heuristics
on all dimensions of performance of a workflow.
However, most of the performance measurement systems do not provide actual
performance measures, which can be used to measure the dimensions of performance.
Therefore additional literature has been used to derive a set of performance measures for
workflows. Not much literature has been found on performance measures specifically for
workflows. Most literature focuses on performance measures for manufacturing
processes. A set of performance measures for workflows has been derived from these
measures for manufacturing. The performance measures for every dimension are added
to the devil's quadrangle in Figure 22.
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RQ2: What should be measured to operationalize the performance measures?
To answer this second research question, literature on the operationalization of
performance measures has been searched for. However, not much useful information
has been found. Therefore, an own proposal for the operationalization has been created.
Time and cost
The operationalization of the time measures and the cost measures is straightforward.
The operationalization of the time performance measures and the implementation in a
Petri net can be seen in Figure 5 and Figure 6 in Section 2.7. The operationalization of
the cost performance measures can be found in Table r, also in Section 2.7. Both sets of
measures can be implemented in a CPN Tools simulation model.
Extemal quality
In contrast to measuring time and cost of a workflow, the determination of the impact on
the extemal quality of the output and the process with a simulation model appears to be
impossible. The extemal quality is influenced and determined by many different factors.
Whether a specific determinant influences the external quality of a process and the
degree to which it affects the quality is highly dependent on the type of process and the
domain. A set of determinants that can be measured in a simulation model has been
listed. A change in one or more of these determinants can be seen as a predictor of the
impact on the extemal quality. An exact quantification of the impact on the external
quality cannot be made with these predictors. No solution has been found, in which the
impact on the external quality of a workflow can be quantified with a simulation model.
As all dimensions are equally important, the impact on this dimension must be
measured in a different way. A survey among customers of the process can be held in
order to obtain their perception of the external quality of the workflow. Whether this
method contributes to the quantification of the impact on the dimensions of the devil's
quadrangle should be investigated in a subsequent research project.
Intemal quality
Like for extemal quality, measuring the internal quality of a workflow with a simulation
study appears to be very difficult. Internal quality is highly dependent on the perception
of the employees that are working in the process. Furthermore, the internal quality is also
determined and influenced by many different determinants. Therefore, like for extemal
quality, an overview of measurable determinants of the intemal quality has been created.
A change in one or more of these determinants is only a predictor of the impact on the
internal quality. Measuring these predictors does not provide an exact quantification of
the impact of a redesign effort on the intemal quality. Also for internal quality, altemative
methods should be used in order to measure the impact on the intemal quality
dimension. Internal quality is commonly measured with a survey among employees. This
method can be used to determine the impact on the internal quality. The applicability of
this method in a redesign project should also be investigated in a follow-up research
project.
Flexibility
All flexibility measures, except process modification flexibility, have been operationalized
and have been implemented in the simulation models. The impact on the process
modification flexibility can again be predicted with a set of determinants. The impact on
the other flexibility measures can be quantified in a simulation study.

The measures of the time and cost dimension have been operationalized. Measuring
these measures in a simulation study gives a quantification of the impact on these
dimensions. Most measures of the flexibility dimension have also been operationalized.
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Measuring these measures gives a reasonable reflection of the impact on the flexibility
dimension. Monitoring the determinants of external and internal quality gives an
indication of the impact on both quality dimensions. A different method should be
applied for the quantification of the exact impact on the external and internal quality of a
workflow.
RQJ: What method should be used to quantify the impact of a redesign heuristic on the
performance of a workflow?
The developed approach provides a redesign heuristics quantification plan and a set of
deliverables that should be used to quantify the impact of a redesign heuristic on the
performance of a workflow. The approach has been developed with the quantification of
the impact of the parallel heuristic and validated with the knock-out and triage heuristic.
The validation of the approach with the triage heuristic brought a deficiency to light in the
redesign heuristics quantification plan, with respect to the execution order of the steps.
An iterative execution of step 6 and 7 of the redesign heuristics quantification plan
appears to be very important. With this iteration, errors in the models and wrongly
chosen variations or redesigns are detected before the simulation of the rest of the data.
Tuis prevents the gathering of erroneous data.
Probably the most important step of the redesign heuristics quantification plan is step 5,
in which the variations are chosen, the model variants are specified and the simulations
set up. A correct setup of the simulations and a complete selection of the variations are
essential for the success of the simulation study.
The validated version of the redesign heuristics quantification plan, which include the
adaptation, and the deliverables together form the quantification approach. The complete
quantification approach can be seen in Figure 23.

User guide quantification approach.doe
Basic model original situation.cpn
Explanation of the simulation model.doe
User guide adjusting the model.doe
Validation.cpn
Validation .xls

+
Results
NOK/
Additional
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Results
OK

User guide validation sheet.doe
User guide validation model.doe
Wanm-up.xls
User guide calculation warm-up period .doc
Number of replications .xls
User guide calculation nr of reps.doc
Output analysis.xls
Conven macro.xls
User guide analysis of the outputdoe

8

Conclusion and
report

Template.doe

Figure 23: Validated version of the quantification approach

RQ4: Is the same method suitable for the quantification of other redesign heuristics as well?
From the application of the quantification approach to the knock-out and triage redesign
heuristic, it is expected that the validated quantification approach is also suitable for the
quantification of other redesign heuristics. For the quantification of the knock-out
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heuristic, the approach has been applied unchanged and led to satisfactory results. The
application of the approach to the triage heuristic was less straightforward. The
quantification of the triage heuristic uncovered a deficiency, which has been solved with
an adaptation to the redesign heuristics quantification plan. The approach, including the
proposed adaptation , is expected to be suitable for the quantification of other redesign
heuristics as well.
The developed approach is complete, structured, automated, consistent, easy to apply and
easily detects errors. Furthermore, no statistica! knowledge is required to use the
approach. These identified strengths of the approach contribute to the general
applicability of the quantification approach.
The reflection on the quantification approach also uncovered some weaknesses of the
approach, which must be considered when applying the approach to quantify other
redesign heuristics. The main weakness of the approach is that the specification of the
objectives and the selection of the redesigns and the variations are highly dependent on
the researcher. A difference in expertise can lead to different objectives, variations and
conclusions. Using the recommended literature can decrease the impact of this weakness
on the outcomes. Another weakness is that the researcher must have a basic knowledge
of CPN Tools. Statistica! knowledge is not required to apply the approach. Two other
weaknesses are that the impact on external and internal quality of a workflow cannot be
quantified with the approach and that simulation of the models of all model variants
requires a lot of time and computer power.
Main RQ; Can the quantification of the impact of a business process redesign project on all
dimensions of performance be standardized into one approach?
The quantification of the impact of a business process redesign project has been
standardized into one approach. The results of the application of the approach to one
heuristic indicate in what situations and under what settings , what impact on the
performance is to be expected. With the application of the approach to all heuristics,
identified by Reijers (2003) , a good view is formed on what heuristic should be
implemented to improve one or more dimensions of performance of a specific workflow.
However, the approach can only quantify the impact on three of the four performance
dimensions. Alternative methods should be used to measure the impact on the quality
dimension.

8.2

Reflection

At this moment only little is known about the exact impact of redesign heuristics on the
performance of a workflow, as indicated earlier in the problem situation. A detailed view
of the impact of redesign heuristics on the performance of workflows is very important,
in order to determine what heuristic should be implemented to increase the performance
of a specific workflow and whether it is advisable to implement a certain heuristic in a
specific situation.
Reijers and Limam Mansar (2005) give a qualitative evaluation of the impact of the
redesign heuristics on the performance of a workflow, based on expectations.
Quantification of the parallel, knock-out and triage heuristic in this research project
resulted in some unexpected, counterintuitive results. Apparently, the expected impact is
not always equal to the exact, quantified impact, as the results of the quantification of the
three before mentioned heuristics in this research project emphasize.
A comparison between the quantified results of this research project and the qualitative
results of Reijers and Limam Mansar (2005) and the results of other studies has been
made for all three quantified heuristics. Furthermore, a comparison has been made
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between the research methods of the different studies and this study, in order to explain
the differences in results.
Parallel heuristic
Table r9 shows the expected impact of Reijers and Limam Mansar (2005) and the
quantified impact of this research project.
Reijers and Limam Mansar
This research
*2
*I
Time:
0
++
++
*2
*'
0
Cost:
+
Quality:
Flexibility: Routing flexibility: + Process modification flexibility: Table 19: Impact of the parallel heuristic
*r) Parallel tasks in same resource class OR parallel tasks in different resource class and low arrival rate
*2) Parallel tasks in different resource classes and high arrival rate

From the quantified results of this project it can be concluded that the parallel heuristic
indeed has the biggest impact on the time dimension. The lead time of a case decreases
in almost all situations. Only in systems with a high arrival rate, different results can be
expected. According to Reijers and Limam Mansar (2005) the impact on the cost
dimension is only negative when the tasks that are put in parallel incorporate possibilities
of knock-outs. In this study, the tasks investigated for this heuristic are no knock-out
tasks. The results in this project indicate a lower WIP level, which means lower inventory
costs, thus a small positive impact on the cost dimension. The negative impact on the
quality dimension is also supported by the results of this project. The negative impact on
the flexibility dimension is partly supported. The decrease of the process modification
flexibility has also been found. In addition, the routing flexibility increases. All other
flexibility measures remain unchanged.
The conditions of Van der Aalst (2000), stated in Section 4.r, have also been investigated
in this simulation project. The results of the quantification of the parallel heuristic are in
contrast to condition r of Van der Aalst (2000) (resources from different resource classes
should execute the parallel tasks). The difference with the study of Van der Aalst (2000)
is that he proofs condition r for a specific situation, in which the difference in lead time
between the sequentia! situation and the parallel redesign is lower for a model with a
more flexible resource setup, compared toa model with less flexible resource classes. The
results of this study, in which systems with equal flexibility are compared, proof that
condition r does not hold true for these systems.
Most results of this study do support condition 2 (the flow times of the parallel subprocesses should be of the same order of magnitude). However, also for this condition
situations have been found in which condition 2 does not hold true. The results of
simulating systems with high arrival rates do not support condition 2. In his study, Van
der Aalst (2000) <lid not consider situations with high arrival rates in which the positive
impact on the lead time caused by parallel queuing of cases outweighs the positive impact
of parallel execution of the tasks.
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Knock-out heuristic
Table 20 shows the qualitative impact of Reijers and Limam Mansar (2005) and the
quantitative impact of this research project, for all three KO redesign rules.
Reijers and
Limam Mansar
Time:
ofCost:
++

Swappinf KO tasks
++ *2
*'
0
++
++

Quality:

0

0

0

Flexibility: 0
++
++
Table 20 : Impact of the KO heuristic

This research
Combining KO tasks
++ *3
+ *3
EQ: o/- *3
*3
IQ:+
of+ *3

Parallel KO tasks
of- * 5
of- *5
EQ:EQ:IQ:+
IQ : +
++ *4
+ *4

* r) Low arrival rate OR too unbalanced utilizations
* 2) All other situations
*3) When heuristic 3 and 4 recommend to combine tasks
*4) Low arrival rate , low reject probabilities and equal parallel service times
*5) High arrival rate OR high reject probabilities OR different parallel service times

Swapping tasks rnle
In the qualitative analysis of the impact of the knock-out heuristic, Reijers and Limam
Mansar (2005) only considered the swapping tasks rule. However, the results of the
simulation of the swapping tasks models resulted in a different impact on the
performance. Reijers and Limam Mansar (2005) identify the cost advantage as the biggest
positive impact. From the results of this project it can be seen that implementation of the
swapping tasks rule also has a big positive impact on the time dimension and on the
flexibility dimension. This is considerably different from the expected qualitative impact.
The positive impact on the time dimension is caused by lower lead times in models with
a high arrival rate. The positive impact on the flexibility dimension is caused by increased
volume flexibility and labour flexibility, which are both not considered by Reijers and
Limam Mansar (2005).
The quantified impact of this project supports the propositions and heuristics of Van der
Aalst (2000) for the swapping tasks rule. However, Van der Aalst (2000) did not consider
the difference in impact with different arrival rates. Applying the swapping tasks rule to
models with a low arrival rate has a different impact on the lead time of a case.

Combining tasks rnle
Reijers and limam Mansar (2005) do not give a qualitative estimation of the impact of the
combining KO tasks rule. Also for this rule, a difference with the research of Van der
Aalst is that in this research different arrival rates have been considered. Besides this, the
conclusions support the findings of Van der Aalst (2000) for the combining KO tasks
rule.
Parallel tasks rnle
Also for the parallel KO tasks rule, Reijers and Limam Mansar (2005) do not give a
qualitative assessment of the impact. Two considerable differences resulted from the
comparison with the findings of Van der Aalst (2000) , for the parallel KO tasks rule. The
first condition (resources from different classes should execute the tasks) does not need to
be satisfied for a considerable positive effect. Also an extra condition has been found,
which should be satisfied for the parallel KO task rule to have a considerable impact: the
arrival rate must be low.
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Triage heuristic
The difference between the estimated impact of the triage heuristic of Reijers and Limam
Mansar (2005) and the quantified impact of this study is shown in Table 2r:
Reijers and Limam Mansar

Time:
Cost:

+
+

Quality:

++

Tuis research

+

Only for low arrival rates
Utilization: + Labour costs: - Training costs: - WIP:+

EQ:++
IQ:-

Flexibility:
Table

21:

Volume flex: ++ labour flex: - Impact of the triage heuristic

The positive impact on the time dimension, indicated by Reijers and Limam Mansar
(2005), has also been found in this simulation study, but only in models with a low arrival
rate. The impact on the cost dimension is different in this simulation project. Lower WIP
levels in models with a low arrival rate result in lower inventory costs. In contrast, more
expensive specialists result in higher labour costs and the training of generalists to
become specialists induces training costs. The conclusion of increased external quality is
in accordance with the conclusion of this project. The lower internal quality, caused by
the lower number of tasks a resource executes in the redesign, is also found and
explained in the qualitative research. Reijers and Limam Mansar (2005) predict a
decrease in flexibility based on lower flexibility with respect to the allocation of resources.
This finding is supported by the considerably reduced labour flexibility in the results of
this study. Moreover, implementation of the triage heuristic increases the volume
flexibility. Therefore the impact on the flexibility dimension is high in this simulation
project.
As indicated above, the results of this research project are not always in accordance with
the results of other studies. Comparisons between this study and the studies of Reijers
and Limam Mansar (2005) and Van der Aalst (2000) have been made to explain the
differences in results.
The qualitative results of Reijers and Limam Mansar (2005) are based on expectations
and rules of thumb. The predicted impacts are mostly averages based on one measure per
dimension supplemented with some possible extreme impacts. E.g. the predicted impact
of the parallel heuristic indicates a positive impact on the time dimension and a negative
impact on the quality and flexibility dimension, which are average impacts. However, the
indicated negative impact on the cost dimension is an extreme impact that is only valid
for knock-out processes. The impacts in this study are the result of measuring a complete
set of measures for all dimensions, using a simulation model. More measures have been
used per dimension, to express amore precise impact. When more than one measure of a
dimension is affected by a specific heuristic, it has been chosen not to provide one
average impact, since the importance of the different measures depends on the process,
but instead list the affected measures and their impacts. The impacts of the heuristics
have also been quantified in models with different settings (such as differing arrival rates
and service times), in order to obtain a good view of the impact of implementation in
different situations. This makes the results of this study more specific and accurate.
From the comparison of the study of Van der Aalst (2000) and this study it can be
concluded that most of the findings and heuristics of Van der Aalst are supported by the
results of this research project. However, the results of this study also identify situations
in which some of the heuristics do not hold true or in which the conditions for the
application of the heuristic are different. In addition, the impact on more aspects of
performance has been investigated in this study. Identification of the exceptional
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situations and the use of additional performance measures can be seen as an extension to
the study of Van der Aalst (2000) .
The importance of obtaining exact impacts is stressed by the results from this study,
because some of the quantified results are different from the results of other studies. The
determination of the exact impact of the remaining heuristics should be executed in a
future research project, to obtain a complete view on the impacts of all redesign
heuristics. This is important in order to make the correct choice when selecting a
redesign heuristic for the improvement of a specific dimension of performance of a
workflow.

8.3

Recommendations and future research

At the end of the project, recommendations can be made, based on the conclusions and
the reflection of the previous two sections and on the development and validation of the
quantification approach. Two types of recommendations are provided in this section. The
first set of recommendations contains recommendations on the application and use of
the developed quantification approach. The second set of recommendations consists of
recommendations and directions for future research.
Recommendations on the quantification approach
The developed quantification approach appears to be a complete approach that can be
used for the quantification of the impact of a business process redesign effort. It is
therefore recommended to use the approach when implementation of a certain business
process redesign heuristic is proposed, in order to determine the expected impact of the
implementation on the performance of the workflow. The approach can also be used to
determine what heuristic leads to the most favourable performance enhancement in a
certain process or setting.
Step 5 of the redesign heuristics quantification plan is the most important step. In this
step the variations are chosen, the model variants are specified and the setup parameters
of the simulation models are calculated. It is recommended to spend enough time on this
step, because a wrongly chosen setup results in unusable data. Literature should be used
to obtain a detailed insight in the heuristic, in order to choose a correct and complete set
of variations. The same literature should also be used when establishing the objectives
and defining the model(s) of the redesigned situation. From the quantification of the
parallel heuristic, the knock-out heuristic and the triage heuristic, it can seen that three
types of variations have been chosen in all quantification processes:
• Variation in arrival rate
• Variation in resource classes and allocation
• Variation in service times
As these variations have been selected in all three quantification processes, it is
recommended to use these variations and to supplement these with the variations
resulting from the literature review on the heuristic.
When applying the approach it is recommended to use the complete approach and to use
it as intended. Every step of the redesign heuristics quantification plan should be
executed and all deliverables should be used. This ensures a complete, correct and
consistent quantification process. It is also very important to execute step 6 and 7 of the
redesign heuristics quantification plan iteratively, as explained earlier in Chapter 5. Tuis
iterative execution prevents the gathering of erroneous data.
Step 6 of the redesign heuristics quantification plan, containing the creation of the
simulation models and the actual simulation of the models is the most time consuming
step of the project. Simulation of the models in CPN Tools requires a lot of time and
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computer power. The use of extra computer power is indispensable. Therefore reserve
enough time and computer power for this step. Obviously, the time that is required to
simulate all models depends on the number of simulation models. Confining the
number of introduced variations decreases the number of models and related simulation
time. Simulation of four CPN models at the same time takes one computer (P4 - 3,5 GHz
- 4G B) 2 - 3 hours to complete.
Recommendations for future research
The focus of this research project bas been on the first four steps of the research
methodology of Section r.4, as indicated in the delineation in Section r.5 . The last two
steps of the research methodology still need to be executed in order to complete the entire
project. In future research, the developed approach should be applied to the remaining
redesign heuristics, such as the "task elimination" heuristic and the "extra resources"
heuristic (see Appendix B), in order to quantify the impact of the implementation of these
redesign heuristics. The impact of all heuristics should be quantified in order to obtain a
detailed view of their impact in different situations. This completes step 5 of the research
methodology. Step 6 should also be executed in a follow up research project. In step 6 of
the research methodology, the developed approach should be applied to a real life
redesign project in order to test the applicability of the approach on real life data. During
step 6 of the research methodology, the results of step 5 should be used to determine
what redesign heuristic gives the most favourable results and should therefore be
implemented. This way, not all heuristics have to be implemented to test their impact on
the performance of the workflow under investigation.

In the fifth step of the research methodology of Section r.4, the impact of the
implementation of the remaining, individual heuristics is quantified. In step 6 of the
research methodology it should also be assessed what the impact of implementation of a
combination of two or more heuristics is on the performance of a workflow.
Orie of the weaknesses of the approach is that it cannot quantify the impact of a business
process redesign effort on the external and intemal quality of a workflow. Other methods
that can be used to quantify the impact on these dimensions should be found. The use of
surveys among customers of the process bas been proposed as an alternative method for
the quantification of the impact on the external quality dimension. The quality of the
output and the process, perceived by different customers can be measured and analyzed.
The same method bas been proposed for the quantification of the impact on the internal
quality dimension. For this purpose, a survey among employees can be used. Whether
these methods are suitable for the quantification of the impact on both quality
dimensions and whether there are better performing methods , should also be
investigated in a subsequent research project.
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Appendix A: Performance measurement systems
The performance pyramid (Cross and Lynch, 1988/1989)
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lbe results/determinants matrix (Brignall et al., 1991)
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The devil's quadrangle (Brand and Van der Kolk, 1995)
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Appendix B: Business process redesign heuristics
Chapter 6 of Reijers (2003) has been used for the following overview of business process
redesign heuristics.
Task elimination (ELIM)
The heuristic of task elimination runs as follows: eliminate unnecessary tasks from a
workflow (see Figure Br).

3

Figure BI: Task elimination

A common way of regarding a task as unnecessary is when it adds no value from a
client's point of view. Typically, control tasks in a workflow do not do this; they are
incorporated in the model to fix problems created or not elevated in earlier steps. Control
tasks can often be found back as iterations and reconciliation tasks. The aims of this
heuristic are to increase the speed of processing and to reduce the cost of handling a case.
An important drawback may be that the quality of the service deteriorates.

The heuristic is widespread in literature, for example see Peppard and Rowland (1995),
Berg and Pottjewijd (1997), and Van der Aalst and Van Hee (2002). Buzacott (1996)
illustrates the quantitative effects of eliminating iterations with a simple model.
Task addition (ADD)
The task addition heuristic is: check the completeness and correctness of incoming
materials and check the output before it is send to clients (see Figure B2).

2

3

Figure Bz: Task addition

lbis heuristic promotes the addition of controls to a workflow. It may lead to a higher
quality of the workflow execution and, as a result, to less required rework. Obviously, an
additional control will require time and will absorb resources. Note the contrast of the
intent of this heuristic with that of the task elimination heuristic.
The heuristic is mentioned by Poyssick and Hannaford (1996).
Task composition (COMPOS)
The content of the task composition heuristic is: combine small tasks into composite tasks
and divide large tasks into workable smaller tasks (see Figure B3).

3

1+ 2

Figure B3: Task composition

Combining tasks should result in the reduction of setup times, i.e., the time that is spent
by a resource to become familiar with the specifics of a case. By executing a large task
which used to consist of several smaller ones, some positive effect may also be expected
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on the quality of the delivered work. Making tasks too large may result in (a) smaller runtime flexibility and (b) lower quality as tasks may become unworkable. Both effects are
exactly countered by dividing tasks into smaller ones. Obviously, smaller tasks may result
in longer set-up times.
lbis is probably the most cited heuristic rule, mentioned by Hammer and Champy
(1993), Rupp and Russell (1994), Peppard and Rowland (1995), Berg and Pottjewijd
(1997), Seidmann and Sundararajan (1997), Reijers and Goverde (1999a), Van der Aalst
(2000b), and Van der Aalst and Van Hee (2002). Some of these authors only consider
one part of the heuristic, e.g., combining smaller tasks into one. Buzacott (1996),
Seidmann and Sundararajan (1997) and Van der Aalst (2000b) provide quantitative
support for the optimality of this heuristic for simple models.
Task automation (AUTO)

lbe task automation heuristic is: consider automating tasks (see Figure B4).

3

Figure B4: Task automation

lbe positive result of automating tasks in particular may be that tasks can be executed
faster, with less cost, and with a better result. An obvious disadvantage is that the
development of a system that performs a task may be costly. Generally speaking, a system
performing a task is also less flexible in handling variations than a human resource.
Instead of fully automating a task, an automated support of the resource executing the
task may also be considered. lbis heuristic is a specific application of the technology
heuristic.
lbe heuristic is specifically mentioned as a redesign measure by Peppard and Rowland
(1995) and Berg and Pottjewijd (1997).
Resequencing (RESEQ)

lbe content of the resequencing heuristic is: move tasks to more appropriate places (see
Figure B5).

3

2

Figure B5: Resequencing

In existing workflows, actual tasks orderings do not give full information on the logical
restrictions that have to be maintained between tasks. Therefore, it is sometimes better to
postpone a task if it is not required for immediately following tasks, so that perhaps its
execution may prove to become superfluous. lbis saves cost. A task may be moved into
the proximity of a similar task also, in this way diminishing set-up times. Specific
applications of the resequencing heuristics are the knock-out heuristic, control relocation
and the parallelism heuristic which we will subsequently discuss.
lbe resequencing heuristic is mentioned as such by Klein (1995).
Knock-out (KO)

lbe knock-out heuristic is: order knock-outs in a increasing order of effort and in an
decreasing order of termination probability (See Figure B6).
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2

3

Figure B6: Knock-out

A typical part of a workflow is the checking of various conditions that must be satisfied to
deliver a positive end result. Any condition that is not met may lead to a termination of
that part of the workflow, the knock-out. If there is freedom in choosing the order in
which the various conditions are checked, the condition that has the most favourable ratio
of expected knock-out probability versus the expected effort to check the condition should
be pursued. Next, the second best condition, etc. lbis way of ordering checks yields on
average the least costly workflow execution. lbere is no obvious drawback on this
heuristic, although it may not always be possible to freely order these kinds of checks.
Implementing the heuristic also may result in a (part of a) workflow that takes a Jonger
throughput time than a full parallel checking of all conditions.
Reijers and Goverde (1999a) and Van der Aalst (20006) mention this heuristic. Van der
Aalst (20006) also gives quantitative support for its optimality.
Control relocation (RELOC)

lbe control relocation heuristic means: move controls towards the dient (see Figure B7).

V

3

2

Figure B7: Control relocation

Different checks and reconciliations that are part of a workflow may be moved towards
the dient. Klein (1995) gives the example of Pacific Bell that moved its billing controls
towards its dients eliminating in this way the bulk of its billing errors. It also improved
dient satisfaction. A disadvantage of moving a control towards a dient is higher
probability of fraud, resulting in fewer yields.
lbe heuristic is named by Klein (1995).
Parallelism (PAR)
lbe parallelism heuristic runs as follows : consider whether tasks may be executed in
parallel (see Figure B8).

lbe obvious effect of applying this heuristic is that the throughput time may be
considerably reduced. The applicability of the heuristic in workflow redesign is large. In
practical experiences we have had with analyzing existing workflows, tasks were mostly
ordered sequentially without the existence of hard logical restrictions prescribing such an
order.
1

1

1

')

3

Figure B8: Parallelism
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A drawback of introducing more parallelism in a workflow that incorporates possibilities
of knock-outs is that the cost of workflow execution may increase. The management of
workflows with concurrent behaviour can become more complex also, which may
introduce errors (quality) or restrict run-time adaptations (flexibility).
The heuristic is mentioned by Rupp and Russell (1994), Berg and Pottjewijd (1997), and
Van der Aalst and Van Hee (2002) . Van der Aalst (2000b) provides quantitative support
for this heuristic.
Triage (TRI)
The main interpretation of the triage heuristic is: consider the division of a general task
into two or more altemative tasks (see Figure B9). lts opposite (and less popular)
formulation is: consider the integration of two or more altemative tasks into one general
task.

3

Figure B9: Triage

When applying the heuristic in its main form, it is possible to design tasks that are better
aligned with the capabilities of resources and the characteristics of the case. Both of these
improve the quality of the workflow. Distinguishing altemative tasks also facilitates a
better utilization of resources, with obvious cost and time advantages. On the other hand,
too much specialization can make processes become less flexible, less efficient, and cause
monotonous work with repercussions for quality. Tuis is lifted by the altemative
interpretation of the triage heuristic. A special form of the triage heuristic is to divide a
task into similar instead of altemative tasks for different subcategories of the case type.
For example, a special cash desk may be set up for clients with an expected low
processing time. The triage heuristic is related to the task composition heuristic in the
sense that it is concemed with the division and combination of tasks. Note that the
heuristic differs from it in the sense that altemative tasks are considered.
The triage concept is mentioned by Klein (1995), Berg and Pottjewijd (1997) , and Van der
Aalst and Van Hee (2002) . Zapf and Heinzl (2000) show the positive effects of triage
within the setting of a call centre.
Case manager (MAN)
The case manager heuristic runs as follows: appoint one person as responsible for the
handling of each case, the case manager (see Figure Bro)

Figure B10: Case manager

The case manager is responsible for the case, but he or she is not necessarily the (only)
resource that will work on work items for this case. The most important aim of this
heuristic is to improve upon the external quality of a workflow. The workflow will become
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more transparent from the viewpoint of a dient as the case manager provides a single
point of contact. This positively affects dient satisfaction. It may also have a positive effect
on the internal quality of the workflow, as someone is accountable for correcting
mistakes. Obviously, the assignment of a case manager bas financial consequences as
capacity must be devoted to this job.
The heuristic is mentioned by Hammer and Champy (1993) and Van der Aalst and Van
Hee (2002). Buzacott (1996) bas provided some quantitative support for a specific
interpretation of this heuristic.

Case assignment (ASSIGN)
The case assignment heuristic is: let workers perforrn as many steps as possible for single
cases (see Figure Bn).

.--------c-----····
················ ' i t - ------------..-----------..-------2

3

Figure Bn: Case assignment

This heuristic is different from the case manager heuristic we mentioned before.
Although a case manager will be responsible for a case, he or she does not have to be
involved in executing the workflow. By using case assignment in the most extreme form,
for each work item the resource is selected from the ones capable of perforrning it that
bas worked on the case before - if any. Rather confusingly, this person is sometimes also
referred to as case manager. The obvious advantage of the rule is that this person will get
acquainted with the case and will need less set-up time. An additional benefit may be that
the quality of service is increased. On the negative side, the flexibility of resource
allocation is seriously reduced. A case may experience substantial queue time when its
"case manager" is not available.
The case assignment heuristic is described by Rupp and Russell (1994), Reijers and
Goverde (1998), and Van der Aalst and Van Hee (2002).

Customer teams (TEAM)
The customer team heuristic is: consider assigning teams out of different departrnental
workers that will take care of the complete handling of specific sorts of cases (see Figure
B12).

Mil----~- - .-~----~
'

2

3

Figure BI2: Customer teams

This heuristic is a variation of the case assignment heuristic. Depending on its exact
desired form, the customer team heuristic may be implemented by the case assignment
heuristic. A customer team may involve more workers with the same qualifications also,
in this way relaxing the strict requirements of the case assignment rule. Advantages and
disadvantages are similar to those of the case assignment heuristics. In addition, work as
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a team may improve the attractiveness of the work and a better understanding, which are
both quality aspects.
The heuristic is mentioned by Peppard and Rowland (r995) and Berg and Pottjewijd
(r997).
Flexible assignment (FLEX)
The jlexible assignment heuristic runs as follows: assign resources in such a way that
maximal flexibility is preserved for the near future (see Figure Br3). For example, if a
work item can be executed by either of two available resources, assign it to the most
specialized resource. In this way, the possibilities to take on the next work item by the
free, more general resource are maximal.

Figure BI3: Flexible assignment

The advantage of this heuristic is that the overall queue time is reduced: it is less probable
that a case has to await the availability of a specific resource. Another advantage is that the
workers with the highest specialization can be expected to take on most of the work,
which may result in a higher quality. The disadvantages of the rule can be diverse. For
example, work load may become unbalanced resulting in less job satisfaction.
Possibilities for specialists to evolve into generalists are reduced also.
Tuis heuristic is mentioned by Van der Aalst and Van Hee (2002) .
Resource centralization (CENTR)
The resource centralization heuristic is: treat geographically dispersed resources as if they
are centralized (see Figure Br4).

0

Figure BI4: Resource centralization

Tuis heuristic is explicitly aimed at exploiting the benefits of WfMS's. After all, when a
WfMS takes care of handing out work items to resources it has become less relevant
where these resources are located geographically. In this sense, the heuristic is a special
form of the technology heuristic. Moreover, it can also be seen as the opposite of
customer teams heuristic. The specific advantage of this measure is that resources can be
committed more flexibly, which gives a better utilization and possibly a better throughput
time. The disadvantages are similar to that of the technology heuristic.
Tuis heuristic is mentioned by Van der Aalst and Van Hee (2002) .
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Split responsibilities (SPLIT)

The split responsibilities heuristic is: avoid assignment of task responsibilities to people
from different functional units (see Figure B15).

Figure BI5: Split responsibilities

The idea behind this heuristic is that tasks for which different departments share
responsibility are more likely to be a source of neglect and conflict. Reducing the overlap
in responsibilities should lead to a better quality of task execution. A higher
responsiveness to available work items may be developed also, so that clients are served
quicker. On the other hand, reducing the effective number of resources that is available
for a work item may have a negative effect on its throughput time, as more queuing may
occur.
Tuis specific heuristic is mentioned by Rupp and Russell (1994) and Berg and Pottjewijd
(1997).

N umerical involvement (NUM)

The numerical involvement heuristic runs: minimize the number of departments, groups
and persons involved in a workflow (see Figure Br6).

~- fit--J€"
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Figure BI6: Numerical involvement

Applying this heuristic should lead to less coordination problems. Less time spent of
coordination makes more time available for the processing of cases. Reducing the
number of departments may lead to less shared responsibilities, with similar pros and
cons as the split responsibilities heuristic. In addition, smaller numbers of specialized units
may prohibit the build of expertise (a quality issue) and routine (a cost issue).
The heuristic is described by Hammer and Champy (1993), Rupp and Russell (1994), and
Berg and Pottjewijd (1997).
Extra resources (XRES)

The extra resources heuristic is: if capacity is not sufficient, consider increasing the
number of resources in a certain resource class (see Figure B17). Tuis straightforward
heuristic speaks for itself. The obvious effect of extra resources is that there is more
capacity for handling cases, in this way reducing queue time. It may also help to
implement a more flexible assignment policy. Of course, hiring or buying extra resources
has its cost. Note the contrast of this heuristic with the numerical involvement heuristic.
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Figure BI7: Extra resources

The heuristic is mentioned by Berg and Pottjewijd (1997).
Specialist-generalist (SPEC)

The specialist-generalist heuristic is: consider making resources more specialistic or more
generalistic (see Figure Br8).

~fit .... flit
Figure BI8: Specialist-generalist

Resources may be turned from specialists into generalists or the other way round. A
specialist resource can be trained for other qualifications; a generalist may be assigned to
the same type of work for a longer period of time, so that his other qualifications become
obsolete. When the redesign of a new workflow is considered, application of the heuristic
comes down to considering the specialist-generalist ratio of new hires. A specialist builds
up routine more quickly and may have a more profound knowledge than a generalist. As
a result he or she works quicker and delivers higher quality. On the other hand, the
availability of generalists adds more flexibility to the workflow and can lead to a better
utilization of resources. Depending on the degree of specialism or generalism, either type
of resource may be more costly.Note that this heuristic differs from the triage concept in
the sense that the focus is not on the division of tasks.
Poyssick and Hannaford (1996) and Berg and Pottjewijd (1997) stress the advantages of
generalists. Rupp and Russell (1994), Seidmann and Sundararajan (1997), and Reijers
and Goverde (1998) mention both specialists and generalists. Van der Wal (1997)
provides some insight into the use of generalists ("butterflies"). For the example he uses,
it follows that a small number of generalists may indeed improve the performance of a
system, but increasing this number does not yield additional benefits.
Empower (EMP)

The empower heuristic is: give workers most of the decision-making authority and reduce
middle management (see Figure Br9).

Figure BI9: Empower

In traditional workflows, substantial time may be spent on authorizing work that has
been clone by others. When workers are empowered to take decisions independently, it
may result in smoother operations with lower throughput times. The reduction of middle
management from the workflow also reduces the labour cost spent on the processing of
cases. A drawback may be that the quality of the decisions is lower and that obvious errors
are no longer found. If bad decisions or errors result in rework, the cost of handling a
case may actually increase compared to the original situation.
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The heuristic is named by Hammer and Champy (1993), Rupp and Russell (1994), and
Poyssick and Hannaford (1996). Buzacott (1996) shows with a simple quantitative model
that this heuristic may indeed increase performance.
Integration (INTG)
The integration heuristic is as follows: consider the integration with a workflow of the
dient or a supplier (see Figure B20).

2

3

2

3

Figure B20: Integration

Tuis heuristic can be seen as exploiting the supply chain concept known in production. In
practice, the application of this heuristic may take on different forms. For example, when
two parties have to agree upon a product they commonly produce it may be more efficient
to perform several intermediate reviews than performing one large review when both
parties have completed their part. In general, integrated workflows should render a more
efficient execution, both from a time and cost perspective. The drawback of integration is
that dependence grows and therefore, flexibility may decrease
Both Klein (1995) and Peppard and Rowland (1995) mention this heuristic.
Outsourcing (OUT)

The outsourcing heuristic is: consider outsourcing a workflow in whole or parts of it (see
Figure B21) .

3

Figure B21: Outsourcing

Another party may be more efficient in performing the same work, so they might as well
perform it. The outsourcing heuristic is similar to the workflow integration heuristic in
the sense that it reflects on workflows of other parties. The obvious aim of outsourcing
work is that it will generate less cost. A drawback may be that quality decreases.
Outsourcing also requires more coordination efforts and will make the workflow more
complex.
The heuristic is mentioned by Klein (1995) and Poyssick and Hannaford (1996).
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Interfacing (INTF)

The inte,facing heuristic is: consider a standardized interface with clients and partners
(see Figure B22).

-Figure B22: Interfacing

The idea behind this heuristic is that a standardized interface will diminish the
probability of mistakes, incomplete applications, unintelligible communications, etc. A
standardized interface may result in fewer errors (quality), faster processing (time), and
less rework (cost) . The interfacing heuristic can be seen as a specific interpretation of the
integration heuristic.
Tuis principle is mentioned by Hammer and Champy (1993) and Poyssick and
Hannaford (1996).
Contact reduction (REDUC)

The contact reduction heuristic is: reduce the number of contacts with clients and third
parties (see Figure B23).

Figure B23: Contact reduction

The exchange of information with a dient or third party is always time-consuming.
Especially when information exchanges take place by regular mail, substantial wait times
may be involved. Each contact also introduces the possibility of intruding an error.
Hammer and Champy (1993) describe a case where the multitude of bills, invoices, and
receipts creates a heavy reconciliation burden. Reducing the number of contacts may
therefore decrease throughput time and boost quality. Note that it is not always necessary
to skip certain information exchanges, but that it is possible to combine them with limited
extra cost. A disadvantage of a smaller number of contacts might be the loss of essential
information, which is a quality issue. Combining contacts may result in the delivery or
receipt of too much data, which involves cost. Note that this heuristic is related to the
interfacing heuristic in the sense that they both try to improve on the collaboration with
other parties.
The heuristic is mentioned Hammer by and Champy (1993) and Reijers and Goverde
(1999a). Buzacott (1996) has investigated this heuristic quantitatively.
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Buffering (BUF)

The buffering heuristic runs as follows: instead of requesting information from an
external source, buffer it by subscribing to updates (see Figure B24).

Figure B24: Buffering

Obtaining information from other parties is a major, time consuming part in many
workflows. By having information directly available when it is required, throughput times
may be substantially reduced. lbis heuristic can be compared to the caching principle
microprocessors apply. Of course, the subscription fee for information updates may be
rather costly. lbis is especially so when we consider the situation that an information
source may contain far more information than is ever used. Substantial cost may also be
involved with storing all the information. Note that this heuristic is a weak form of the
integration heuristic. Instead of direct access to the original source of information - the
integration alternative - a copy is maintained.
lbis heuristic is mentioned by Reijers and Goverde (r999a).
Trusted party (TRUST)
The trusted party heuristic is as follows: instead of determining information oneself, use

results of a trusted party (see Figure B25).

Figure B25: Trusted party

Some decisions or assessments that are made within workflows are not specific for the
workflow they are part of. Other parties may have determined the same information in
another context, which - if it were known - could replace the decision or assessment part
of the workflow. An example is the creditworthiness of a dient that bank A wants to
establish. If a dient can present a recent creditworthiness certificate of bank B, then bank
A will accept it. Obviously, the trusted party heuristic reduces cost and may even cut back
throughput time. On the other hand, the quality of the workflow becomes dependent
upon the quality of some other party's work. Some coordination effort with trusted parties
is also likely to be required. Note that this heuristic differs from the outsourcing heuristic.
When outsourcing, a work item is executed at run time by another party. The trusted party
heuristic allows for the use of a result in the recent past. lt is different from the buffering
heuristic, because the workflow owner is not the one obtaining the information.
lbis heuristic rule results from our own reengineering experience.
Case types (TYP)

The case types heuristic can be formulated as: determine whether tasks are related to the
same type of case and, if necessary, distinguish new workflows and product types.
Especially Berg and Pottjewijd (1997) convincingly wam for subflows that are not
specifically intended to handle the case type of their umbrella workflow (the superflow).
Ignoring this phenomenon may result in a less effective management of this subflow and
a lower efficiency. Applying the heuristic may yield faster processing times and less cost.
Distinguishing common subflows of many different flows may yield efficiency gains also.
Yet, it may also result in more coordination problems between the workflow (quality) and
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less possibilities for rearranging the workflow as a whole (flexibility) . Note that this
heuristic is in some sense similar to the triage concept. The main interpretation of the
triage concept can be seen as a translation of the case type heuristic on a task level.
Tuis heuristics has been mentioned in one form or another by Hammer and Champy
(r993), Rupp and Russell (r994), Peppard and Rowland (r995), and Berg and Pottjewijd
(r997).

Technology (TECH)
The technology heuristic is as follows : try to elevate physical constraints in a workflow by
applying new technology. In general, new technology can offer all kinds of positive
effects. For example, the application of a WfMS may result in less time that is spent on
logistical tasks. A Document Management System will open up the information available
on cases to all participants, which may result in a better quality of service. New
technology can also change the traditional way of doing business by giving participants
complete new possibilities. The purchase, development, implementation, training, and
maintenance efforts related to technology are obviously costly. In addition, new
technology may arouse fear with workers or may result in other subjective effects; this
may deteriorate the quality of the workflow.
The heuristic is mentioned by Klein (r995), Peppard and Rowland (r995), Berg and
Pottjewijd (r997), and Van der Aalst and Van Hee (2002) .

Exception (EXCEP)
The exception heuristic is: design workflows for typical cases and isolate exceptional cases
from normal flow. Exceptions may seriously disturb normal operations. An exception will
require workers to get acquainted with a case although they may not be able to handle it.
Setup times are then wasted. Isolating exceptions, for example by a triage, will make the
handling of normal cases more efficient. Isolating exceptions may possibly increase the
overall performance as specific expertise can be build up by workers working on the
exceptions. The price paid in isolating exceptions is that the workflow will become more
complex, possibly decreasing its flexibility. Also, if no special knowledge is developed to
handle the exceptions (which is costly) no major improvements are likely to occur.
The heuristic is mentioned by Poyssick and Hannaford (r996).
Case-based work (CASEB)

The case-based work heuristic is: consider removing batch-processing and periodic
activities from a workflow. Although workflows are essentially case-based and make-toorder several features may be present in practical workflows that are on bad-terms with
these concepts. The most notable examples are (a) the piling up of work items in batches
and (b) periodic activities, depending on computer systems which are only available for
processing at specific times. Getting rid of these constraints may significantly speed up
the handling of cases. On the other hand, efficiencies of scale can be reached by batch
processing. The cost of making information systems permanently available may be costly
also.
Tuis heuristic rule results from our own reengineering experience.
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Appendix C: Main page basic model original situation
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Appendix D: Main page redesigned model parallel heuristic
2

Tasks parallel
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3 Tasks parallel
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Appendix E: Main pages redesigned models knock-out heuristic
Swapping KO tasks rule
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Combining KO tasks rule
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Parallel KO tasks rule
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Appendix F: Main page redesigned model triage heuristic
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Appendix G: User guide quantification approach
Tuis user guide describes and explains an approach for the quantification of the impact of
the implementation of a redesign heuristic. Tuis approach can be used for any redesign
heuristic. A set of MS Excel sheets, a template, user guides and CPN Tools simulation
models have also been created and are referred to in this user guide. The sheets, the user
guides , the template and the models should be used in combination with this approach.
The Excel sheets help in the calculation of certain values and in the analysis of the output.
The template is a document that already contains the structure, the formulas and the
appendices for the resulting final report.
The following table gives an overview of all the sheets, documents and models that should
be used in combination with this approach.
User guide quantification approach.doe
Basic model original situation.cpn
Exolanation of the simulation model.doe
User guide adjusting the model.doe
Validation.cpn
Validation.xls
U ser guide validation sheet.doe
User guide validation model.doe
Warm-up.xls
User guide calculation warm-up perioddoe
Number of replications.xls
U ser guide calculation nr of reps .doe
Output analysis.xls
Convert macro.xls
User guide analysis of the output.doe
Template.doe

Word doe with a user guide on the approach
CPN Tools simulation model of the original situation
Word doe exolaining the simulation model
Word doe on how to adjust the simulation model
CPN Tools simulation model for the validation
Excel sheet for the calculation of the validation values
Word doe with a user guide for the validation sheet
Word doe with a user guide for the validation model
Excel sheet for the calculation of the warm-up period
Word doe with a user guide for warm-up calculation
Excel sheet for the calculation of the number of reps
Word doe with a user guide for nr ofreps calculation
Excel sheet for the calculations of the output analysis
Excel sheet for the convers ion of the data
Word doe with a user guide for the output analysis
Word doe containing a template for the reoort

The developed redesign heuristics quantification plan is based on the project plan of Law
and Kelton (2000) and Mehta (2000). It contains the following steps:
I.

2.

3.

4·
5.

6.
7.
8.

Project definition
• Establish objectives
• Determine scope and level of detail
• Choose performance measures
Define and build model of the original situation
Validate the model of the original situation
Define and build model of the redesigned situation
Design of experiments
• Choose variation
• Specify model variants
• Determine length of warm-up period
• Determine run length
• Calculate number of replications
Make the actual production runs and record results
Analyze the output of the production runs
• Determine com parisons
• Analyze the output
Draw conclusions

Project
definition

3

5

6
One simulation run

Results
OK

7

8

Condusion and
report

As can be seen in the picture, steps 6 and 7 should be executed iteratively.
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Step 1: Project definition
The first step of the redesign heuristics quantification plan is the project definition step.
In this step the objectives are established, the scope and level of detail are determined and
the performance measures are specified.

Establish objectives
The first concern is to set the objectives of the simulation study. Tuis can be the collection
of evidence to reject or support a certain statement or the actual quantification of the
impact of the implementation of a certain redesign heuristic. Literature can be used in
order to set the objectives. The work of Reijers (2003) can be used as a literature guide.
Scope and level of detail
In this sub-step, the level of detail and the scope of the study are determined. To achieve
the established objective, a balance must be found in the trade-off between the degree to
which the model represents the reality and the complexity of the resulting model. The
specification of the level of detail and scope, before the actual modelling phase is
important, because different basic models have been created with differing levels of
details.
Used peiformance measures
In this last sub-step it should be decided whether the set of performance measures is
sufficient to measure and express the impact of the implementation of a certain redesign
heuristic. When this is not the case, new performance measures should be specified.
Step 2: Define and build model of the original situation
In this second step of the redesign heuristics quantification plan, the model of the
original situation (before the redesign) should be defined and build. When defining the
model of the original situation, which will serve as a basis for the comparison with the
redesigned model, the scope and level of detail, specified in step 1, should be considered.
As a basis for the model of the original situation, the model "basic model original
situation.cpn" should be used. This model can be used directly or changed where
necessary in order to measure the impact. The guide "User guide adjusting the
model.doe" (see Appendix 1) can help in the adaptation of the model.

When it is necessary to extend the model and add one or more tasks or monitors, it is
important to copy the existing elements and sub pages and adapt those copied elements.
Tuis way the consistency of the model is preserved and the error chances are reduced. A
more detailed description of the model and the used functions can be read in the
document "Explanation of the simulation model.doe", shown in Appendix H.
Step 3: Validate the model of the original situation
After completion of the model of the original situation, a validation of the model should
be performed in order to check the validity of the model. When the basic model,
described above, is used without any changes, the validation can be skipped since the
basic model bas already been validated.

An Excel sheet bas been created that can be used to calculate the theoretical values of a set
of chosen performance measures. The value of these measures, found in Kulkarni
(1999), can be determined in an analytical way and can therefore be compared to the
simulated values. In the sheet, "Validation.xls", the parameters of the different tasks
should be filled in. The sheet returns the expected values for the performance measures
based on the formulas of Kulkarni (1999).
In order to compare the calculated values with the actual numbers, the model should be
simulated. For this purpose the model "validation.cpn" is created. This is a simplified
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version of the model "basic model original situation.cpn". Tuis validation model contains
monitors that measure the same performance measures as calculated analytically in the
Excel sheet. When the basic model has been changed in step 2, the validation model
should be adapted accordingly, before the simulation. A user guide for the validation
sheet and model can be found in "User guide validation sheet.doe" (see Appendix J) and
"User guide validation model.doe" (see Appendix K).
Step 4: Define and build model of the redesigned situation
The situation after implementation of the redesign heuristic should be modelled as well
to be able to measure the impact. Tuis is clone in this fourth step of the redesign
heuristics quantification plan. This step consists of two parts. The first part of this step is
to find literature on the specific redesign heuristic and give a detailed description of the
redesign heuristic, its' advantage and disadvantages and the expected impact. Again, as in
step r, the work of Reijers (2003) can be used as a literature guide.
The second part is the implementation of the redesign heuristic in a simulation model.
The basic model of the originäl situation, "basic model original situation.cpn", can be
used as a starting point for the redesigned model. By using this model, all monitors will
remain intact and the same performance measures can be measured. As in the model of
the original situation, it is advisable only to use, adapt or duplicate existing building
blocks or elements.
Tuis step ends with writing a short description of the redesigned model and inserting
drawings of the newly designed situation(s). Also depict the main page(s) of the
redesigned simulation model(s).
Step 5: Design of experiments
In step 5, the experiments are setup. Tuis step consists of 5 sub-steps that should be
followed before the actual production runs can be executed.

Choose variation
The first and most difficult concern in step 5 is the process of selecting variations, which
will be introduced in the simulation models of the original and redesigned situation. The
variations should be chosen in such a way that they may have direct impact on the results
for this specific redesign heuristic. Variations in arrival rates, resource classes, the
number of resources, service times and resource skills are examples of introducible
variations.
After the selection of the variations, the degree of variation should be determined and
explained. Possibly a sensitivity analysis should be performed to determine the impact of
the different degrees of variation and to choose a variation rate.

Specify model variants
When all variations and degrees of variations have been determined, it is necessary to
specify one or more model variants. In these model variants it is specified what variations
or combination of variations are used.

Determine length of warm-up period
In the third sub-step, the length of the warm-up period is determined. The "estimation
with time series" method (Mehta, 2000) is used to determine the length. The MS Excel
sheet "Warm-up.xls" can be used to determine the length of the warm-up period. "User
guide calculation warm-up period.doc" serves as a guide when determining the warm-up
period and using the sheet. Tuis user guide can be found in Appendix L.
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Determine for every graph the point in time where the WIP - level reaches steady state
for the first time. Choose the length of the warm-up period based on these points and
graphs. Keep in mind that it is better to have a warm-up period that is too long rather
than one that is too short (Mehta, 2000). Finally, give an example of one of the graphs
with an indication of the warm-up period. When the run length appears to be
insufficiently long, extend the run length and make a new pilot run.
When the warm-up period of the model of the original situation is determined, it should
be checked against the model of the redesigned situation. Therefore, this model should
be simulated with the same parameters as the basic model. Again, the WIP - level should
be inserted into the Excel sheet. Check in the 20 new generated graphs, whether the
chosen warm-up period is long enough for the redesigned situation. If it is not, change
the warm-up period. The document "User guide calculation warm-up period.doc" gives
an explanation and description of the excel sheet.
Detennine run length
Once the warm-up period has been calculated, it is necessary to determine the length of
one single run. "As a rule of thumb, a minimum of 15 to 20 random numbers from each
random number stream should be used" (Mehta, 2000) . This means that the run length
must be long enough for the least frequent event to occur at least 15 to 20 times.
Calculate number of replications
The last sub-step is the calculation of the number of replications. The calculation is based
on the method of Law and Kelton (2000). The method contains three steps:
• Step 1: Choose a number of replications, perform a pilot run with the calculated run
length and choose a variable to test. Here choose number of replications = 5 and test
variable = lead time
• Step 2: choose an absolute error. This value depends on the process, the process
owner and the cost and importance of an error. An absolute error of 1,5% - 2% of the
average lead time can be chosen.
• Step 3: determine N by iteratively increasing i by 1 until the outcome of the formula $
the absolute error (P) . The formula is:
N(/3) --
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The Excel sheet "Number of replications.xls" can be used to calculate the outcome of step
3. The document "User guide calculation nr of reps.doc" (see Appendix M) gives an
explanation and description of the excel sheet and the steps that need to be taken.
Step 6: Make the actual production runs and record results
This phase of the project is the actual data collection phase. Here, the models of the
original situation and the redesigned situation, which incorporate all variations that have
been specified in step 5, are simulated and the results are recorded and stored. The
models should be set up according to the parameters, calculated and determined in the
former step of the redesign heuristics quantification plan.

The results of the simulation runs must be converted and stored in order to be able to
perform an output analysis in the next step.
Step 7: Analyze the output of the production runs
This step contains the analysis of the output, which results from the simulations of step
6 . The output analysis starts with a detailed description of what is being compared. Next,
the actual output analysis is performed. The following procedure is designed in order to
determine what the expected impact is on the performance of a workflow when
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implementing a redesign heuristic and to compare the differences of the different setups
under which the heuristic has been implemented:
1.
Determine for every measure whether the difference between the original situation
and the redesigned situation for the first setup is significant.
2 . Calculate the confidence intervals of the relative differences for all measures.
3. Repeat step rand 2 for all other setups.
4. Compare the different setups by comparing the confidence intervals.
5. Draw conclusions for all setups in the current model variant.
6. Repeat for all model variants
7. Compare the measures of the different model variants.
8. Draw conclusions for all model variants
The steps of the procedure for analysing the output are explained in "User guide analysis
of the output.doe", shown in Appendix N. The MS Excel sheets "Convert macro.xls " and
"Output analysis.xls " are used in the analysis procedure.
Step 8: Draw conclusions
Finally, the conclusions can be drawn. Conclusions can be drawn based on the subconclusions of the different model variants. When drawing conclusions it is important to
keep the objective of the project and the intended comparisons in mind. Finally, the
results of the quantification can be compared with the qualitative results described in
Reijers and Limam Mansar (2005).

A report should be created at the end of the project, describing the taken steps, the results
and the conclusions. The report template "Template.doe" can be used as a starting point
for the report.
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Appendix H: Explanation of the simulation model
Tuis document gives a description and explanation of the build CPN Tools simulation
model. The model is a representation of the original situation in which six tasks are
executed sequentially. The model consists of one main page and nine sub-pages. Every
separate sub-page and its working are explained in this document. All the used functions,
guards, arcs , are inscriptions etc. that are used in the model, are also explained in this
document. First a description of the modelled process is given. Next, all the modules on
the sub-pages are explained in detail. Finally, an overview and description of all used
functions is provided.
Process description

Description of the process
The modelled process is a process that consists of six tasks and can be considered as a
workflow. Three types of cases can arrive at the start of the process:
• Easy cases
• Normal cases
• Hard cases
There are 30 identical resources working in the process. The process model can easily be
adapted when the resources are not identical any more, by changing the names and the
properties of the resources.
Model time
It is decided only to model pure working time. Tuis means that r week in the model
consists of 40 hours (40*60=2400 minutes). Because of this it is assumed that overtime,
part time work and shifts do not take place in the original situation and are therefore left
out of consideration.
Tokens
There are several kinds of tokens in the process model:
• Cases. Tokens representing cases proceed through the model. A case token is timed
and has 8 attributes:
o An ID number '
o A case type (Easy, Normal, Hard)
o An arrival time in the process
o A processing time of a task
o Two variables that are used for time calculations in monitors
o A pass/fail probability for control tasks
o The routing of a case
• Task Times. These tokens are specific for every task and are used to indicate the setup
and service time fora certain type of resource for that task. The token has 3 attributes:
o Resource: name of the specific resource
o Service time: the service time of that resource
o Setup time: the setup time of that resource
• Task Properties. The task property tokens are also specific for every task. With these
tokens, the model can distinguish between the different tasks. The tokens have 6
attributes:
o A task name
o A pass percentage for control tasks
o A counter i that is used in the calculation of the average queue time
o The average queue time of the cases so far
o A counter j that is used in the calculation of the average TPT time
o The average TPT time of the cases so far

TU / e

t•dmisd,,, .,.;,ermelt elndh"'""

Quantification approach

•
•

•
•

•

Resources. Every resource token represents one resource and only contains the name
of that resource.
Resource properties. The resource properties token is a list containing all properties
of all resources. A resource bas the following properties:
o A name
o The salary of that resource
o The number ofworked hours
o A list with tasks that resource can execute
o A list with case types that resource can execute
o A list with executed tasks
o A list with executed case types
WIP. For every case in the system there is a token in the place "WIP". The number of
cases in the system can easily be monitored with these tokens.
Resource requests. A request is a token with the request for a resource, which is
added to the list with all outstanding requests. A request is a combination of a case
and the name of the task that bas to be executed.
Resource match. These tokens are retumed from the Resources module to the task
and area combination of a resource request and a matched resource.

Main page
The first page in the model is the "Main page". This is page on the highest hierarchical
level. The main page contains the actual process model and can be seen in the figure on
the next page. The modelled process is a process with six sequentia! tasks (A, B, C, D, E
and F). Cases flow from left to right through the process and are generated in the
generator module. Then the cases go through the process and all tasks are executed
consecutively. All tasks are connected to the same sub-page, the "Task page". This bas
been chosen deliberately to increase the consistency of the model. The allocation of the
resources that execute the tasks is taken care of in the resources module, which is
described later in this document. Finally, when the cases are finished, they leave the
process in the place "Out". The Calculate module is a module that calculates the chosen
statistics at the end of the process.
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Generator page
The generator is the first module in the process. Tuis generator is responsible for creating
new cases that enter the process, with exponentially distributed inter arrival times. The
generator sub-page is depicted in the following figure.

id +1@+Gen Tinîê(êxpT1meGen(" 10.00" ) )
[intTime( )<(aw*2400)+ 1]

.----'~---,

ne Job(idJ

An initial token with id=o starts the process in place "Init". Transition "Init" makes sure
that not every first token starts the process with timestamp o. This would not be realistic.
Toen the token continues to place "Next Job". When the model time is equal to the
timestamp of the token with the id-number, the token enables the transition "Generator".
Every time this transition fires, three different actions are performed:
• A new case is created. The function "newJob" creates a new case, with new properties
and puts the case in place "In", where it enters the process.
• The id-number is raised with one and put back in place "Next Job" with a certain time
delay. Tuis delay represents the inter arrival time of a case and is determined by the
function "GenTime". This function makes sure that cases can only arrive in the
process during work time. The function "expTimeGen" gives the cases an exponential
distributed delay.
• A token is put in place "WIP". The number of tokens in this place represents the WIP
level.
When new cases are created they leave this module and proceed to task A. Tuis module is
described in the next paragraph.
Task page
The next module in the process is the task module. This module represents one generic
task in the process. All tasks in the process, shown on the main page, are linked to the
same task module. The task module can be seen on the next page.
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Resource request
Cases enter this module on the left hand side in the place "In". A case files a request fora
resource. This request is sent to the resources module, which will be explained in the
following paragraph, via the place "Resource Allocation". The request consists of the
properties of the case and the name of the task. The properties of the task, including its
name, are stored in a token in the place "Task Properties", which is also visible on the
main page. A token in the place "Queue" enables one the following two transitions:
• The transition "Too late to setup task". This transition gets enabled when it is not
likely that a case can complete a task within the simulation time.
• The transition "Setup task". This transition starts the setup.
Too late to setup task
This transition gets enabled when it is not likely that a case will complete the entire task
within the simulation time. This check is based on the average through put time of the
already processed cases, stored in the place "Task Properties". The assigned resource is
put back in the "Resources" module and the case remains in the queue.
Setup task
When the resource request is sent, the case joins the queue and waits there for an
available and capable resource. When a resource is assigned to the case, a token
containing the case properties and the assigned resource, is sent from the resources
module to the transition "Setup Task". This token enables the transition. When the
transition fires, the case is delayed and put in place "Setup". The delay represents the
setup time and has an exponential distribution. The function "STime" makes sure that
the end of the setup effort does not exceed the end of the simulation run. The setup time
is based on the setup times in the place "Times". Every separate task has its own times
place containing the setup and service times per resource. The function "expTime" gives
the token an exponential time delay.
A token in the place "Setup" enables one of the following two transitions:
• The transition "Too late to start task". This transition is enabled when it is exactly the
time stamp of the final simulation time. The resource will not start processing the
case.
• The transition "Start Task". This transition gets enabled when the setup is completed.

Too late to start task
This transition can only be enabled on the final timestamp of the simulation. The
assigned resource is put back in the "Resources" module and the case returns to the
queue, when this transition fires.
Start task
The transition "Start Task" is enabled, when the case arrives in the place "Setup", the
setup is complete and there is still enough simulation time. The transition fires and a
delayed token is put in the place "Processing task". The delay is the exponentially
distributed service time of a task. The function "STime" assigns a service time, based on
the service times in place "Times", to a case in such a way that the end time of the
execution of the task does not exceed the end time of the simulation.
In the place "Processing task" two events can happen:
• The case passes the check (in case of a KO task). The transition "End Task" is
enabled.
• The case fails the check (also in case of a KO task). The transition "Check Fail" is
enabled.
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End task
When the process is finished and the case passes the check, it moves on and enables the
transition "End Task". The seventh property of a case is a number that represents a
probability. Ppass is a property of the task and is stored in the place "Task Properties".
This Ppass is the percentage of cases that passes the check. This value can be set to roo
when a task is not a control task. When the case passes the check, the transition fires and
the case moves on to the place "To next task". At the same time, the resource returns to
the "Resources" module with the worked hours, calculated in the transition, as an
attribute. A new pass/fail probability for the next task and the taken routing are set on the
outgoing are. Next, the case leaves the task module.
Check Fail
When a case is rejected, the "Check Fail" transition fires. The case is put in place "Failed
Cases", which is connected to the place "Cancelled Cases" on the main page. The
resource is put back in the "Resources" module.
Resources page
The "Resources" module arranges the allocation of the resources and is shown below.
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When a case files a request fora resource, it comes in at the place "Resource Allocation".
This place is a union place which means that different colour sets can go through this
place. In this model, three different colour sets pass by this place:
• Requests (xr)
• Matched resources (x2)
• Returning resources (x3)
Input request
When a resource request enters the sub-page in the place "Resource Allocation", it
enables the transition "Input request". This transition composes a list of capable
resources for this request, adds this list to a request and places the request on the bottom
of the list with outstanding requests.
The output of the function "resmatch" is a list that contains resources which are capable
of executing the task and the case type, irrespective of the availability of the resources.
"resmatch" uses the function "typematch" to check whether the resource can handle the
type of case and the function "taskmatch" to check for the execution of the task. When all
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resources based on the resource properties are checked, the list with resources is added to
the request. Finally, the request (including the list) is placed on the bottom of the list with
outstanding requests in order to maintain the FIFO (first in, first out) rule. The guard on
the transition uses the function "reqmatchexists" and makes sure that the transition
cannot fire when there is no suitable resource in the system.
Match
The goal of the transition "Match" is to match an available, suitable resource with an
outstanding request and to send the match to the place "Resource Allocation". The
function "makematch" uses the functions "select", "selectr", "select2" and
"select_random" to compare the lists, containing suitable resources, of the requests with
the available resources and to select a random resource from the matched list.
The guard of the transition uses the function "matchexists" and makes sure that the
transition can only fire when there is an actual match.
Three events happen when the transition "Match" fires:
• A match, consisting of a request and a resource, is put in place "Resource Allocation"
• The matched request is deleted from the list of outstanding requests using the
function "delete_req"
• The allocated resource is removed from the place "available resources" (using
function "delete_res")
Return
Tuis "Return" transition gets enabled when a task is completed and a resource with its
work hours returns to the place "Resource Allocation". The firing of this transition
triggers two events:
• The retumed resource is put back in the list with available resources
• The worked hours of a resource are updated in the resource properties using the
function "workHours"

LabFlexWF
Tuis transition is added to the page in order to monitor the performance measure
"Labour flexibility of the workflow". A monitor using the function "LabFlexWF" is placed
on this transition.

When all tasks are completed, the process is finished and the cases leave the system. The
last module they encounter is the "Calculate" module.
Calculate page
In this last module, the performance measures are measured. The "Calculate" page is
shown below.
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A complete case enters the module in the place "End of tasks". A cancelled case enters via
"Cancelled cases".
WIP

The WIP transition calculates and adjusts the WIP level when a case leaves the model. It
fires for every completed case. Three events happen when it fires:
• The WIP level is adjusted. One token is removed from the place "WIP".
• The case moves to the place "Complete".
• The taken route is added to the place "Routes", when it is a unique route, using the
standard ML function "ins_new".

Calculate
Tuis transition contains all the remammg monitors that measure the performance
measures. This transition only fires once, at the end of the simulation run. The timed
token in the place "Calculate once makes sure that it can only fire once.
WIP2

Tuis transition fires for every cancelled case. It adjusts the WIP level and puts the
cancelled case in the place "Cancelled".

Calculate cancelled
Tuis transition contains the monitors for cancelled cases. It also only fires once, at the
end of the simulation run, due to the token in the place "Calculate once cancel".
Values
Two values are used in the simulation model:
val aw=ro ;
Tuis value represents the number of weeks of the simulation run

val WP=4800;
Tuis value is the length of the warm-up period in minutes.
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Functions
Tuis section describes and explains all the used functions.

Time fanctions:
fun intTime()=Intlnf.toint(time());
Tuis function returns an integer value containing the converted, current model time of
type infinite integer.
fun expTime(mean:int)=
let
val realr'v1ean=Real.fromint mean
val rv = exponential ((r.o/realMean))
111

floor (rv+o. 5)
end;
The ExpTime function returns a variable with an exponential distribution with a given
mean value. The floor(rv+o.5) part makes sure that the real value from the exponential
function is rounded the right way into an integer value.
The following functions are functions that handle the service and setup times.
fun STime(i)=if intTirne()+i>aw*2400
then (aw""'2400)-intTirne() else i;
Tuis functions checks whether a certain task can be completed within the simulation
time, by adding the current model time and the allocated process time (intTime() +i) and
compare this to the end time of a simulation (aw*2400). When the end time of a process
exceeds the end of a simulation run, the function assigns a process time that lasts exactly
until the end of the simulation ((aw>'•24 00)-intTirne()).

Generator functions:
fun GenTime(i)=if intTime()+i>aw*2400 then ((aw*24oo)+r)-intTime() else i;
Tuis function makes sure that there are no cases created with a timestamp (intTime()+i)
that is larger than the total simulation time (aw*2400). When it is larger, the timestamp
is changed to the last timestamp of the simulation run (((aw>'•2400)+1)-intTime()).
fun expTimeGen(meanST:string)=
let
val realMean=valOf(Real.fromString(meanST))
val rv = exponential ((r.o/reall'v1ean))
111

floor (rv+o.5)
end;
The working of this function is identical to that of the "expTime" function. Only the input
variable is different. The input in this function is a string which can also represent a real
value, in contrast to the input of the "expTime" function (integer).
fun newJ ob(id)=(id +1 , Type.ran() ,in tTime() ,o ,o ,o ,Pcheck.ran() ,[]);
Tuis function creates new cases, with an id number, a random type, a creation time and
check/pass probability.
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Resource allocation functions:

fun select_random(l) = List.nth (1 ,discrete(o,(List.length 1)-r))
Tuis select random function picks randomly a resource from the list of resources.
The following three select functions are designed to select available resources, based on a
list of possible resources.
fun subselect2 (role, []) = []
subselect2(role,hd::tl) =
if role=hd
then [hd]
else subselect2(role,tl);
In subselect2 it is checked whether the first resource in the list with possible resources, is
available. When the resource is available, it is put in a list. If the resource is not available,
an empty list is returned.
1

fun subselectr([],resources) = []I
subselectr(hd::tl,resources) =
if subselect2(hd,resources) <> []
then subselect2 (hd,resources) Msubselectr (tl ,resources)
else subselectr(tl,resources);
Tuis function makes sure that the first resource in the list with possible resources will be
sent to subselect2 to get checked. The next resource from the list is tried in subselect2
when the check in subselect2 is negative (an empty list). Otherwise the resource is added
to the list of available resources and the rest of the list with possible resources is checked.
fun select([]:REQUESTS ,resources:RESOURCES) = [] I
select (hd: :tl,resources) =
if subselect1(#3 hd ,resources) <> []
then (#r hd,#2 hd, select_random(subselectr(#3 hd,resources)))::nil
else select (tl ,resources);
Tuis function extracts the list with possible resources from the first request in the list of
requests and enters this list in subselectr. The next request is tried when the result of
subselectr is negative, otherwise one of the available candidates is randomly chosen and
allocated.
fun matchexist(req,res) = select(req,res)<>[];
Tuis function is created as a guard for the match transition in order to prevent the
transition from firing while there is no match.
fun rnakematch(req,res) = hd(select(req ,res)) ;
Tuis function makes the actual match.
fun delete_res([]:RESOURCES,match:MATCH) = [] I
delete_res(hd::tl:RESOURCES ,match:MATCH) =
if hd = #3 match then tl else hd::delete_res (tl,match);
After a match has been made, this function deletes the resource from the place
containing available resources.
fun delete_req([]:REQUESTS ,match:MATCH) = [l l
delete_req(hd::tl:REQUESTS,match:MATCH) =
if ((#r hd = #1 match) andalso (#2 hd = #2 match)) then tl else hd::delete_req(tl ,rnatch);
After a match has been made, this function deletes the request from the list containing
outstanding requests.
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The following functions have the task of creating a list with possible, suitable resources
and add this list to a request.
fun typematch (Type,[])=[]i
typem atch(Type,hd::tl) =
ifType=hd
then [hd]
else typematch (Type,tl) ;
In this function it is checked whether a resource is capable of executing the type of case.
When the resource is capable, a list containing the case-type is generated, else an empty
list.
fun taskmatch (task,[])=[]i
taskmatch (task,hd::tl) =
if task=hd
then [hd]
else taskmatch (task,tl) ;
In this function it is checked whether a resource is capable of executing the task. When
the resource is capable, a list containing the task is generated, else an empty list.
fun resmatch (Type:Type,task:TASK,[]:LProps)=[]I
resmatch (Type,task,hd: :tl)=
if typematch (Type,#5 hd) <>[] andalso taskmatch(task,# 4 hd) <>[]
then (#r hd)::resm atch (Type,task,tl)
else resmatch (Type,task,tl);
Eventually, resmatch looks if bath checks are OK. When they are bath true, the name of
the resource is added to the list with possible resources and the rest of the list is checked.
When one or bath of the checks is not OK, the next resource in the list is checked, until
all resources have been checked.
fun reqmatchexists (Type,task,LProps)=resrnatch (Type,task, LProps)<>[];
Tuis function has been written as a guard for the transition "Input request" and makes
sure that the transition cannot fire when there is no suitable resource present.
fun workHours([]: LProps,res:RESO URCE ,wh:WorkedHours,task: TASK,Type)=[]I
work Hours(hd: :tl,res,wh ,task,Type)=
if res=(# r hd)
then (#r hd,#2 hd, #3 hd+wh, #4hd, #5 hd,ins_new (#6 hd) task,ins_new (#7 hd) Type)::tl
else hd: :workHours (tl,res,wh ,task,Type);
Tuis workHours function updates the worked hours of a resource (#3 hd+wh) and adds
the task and/or the type to the list of executed tasks/types when it is a new task/type
(ins_new (#6 hd) task / ins_new (#7 hd) Type).

Other functions:
fun R(x)=Real.frorn lnt(x);
Tuis function converts integer variables into real variables.
fun S(x)=valOf( Real.fromString(x)) ;
Tuis function converts the value of a string into a real value.

M onitoringfunctions:
fun labourCost ([] :LProps)=o l labourCost(hd::tl)= (#2 hd * #3 hd) +labourCost(tl);
Tuis function calculates the casts of the working force for the labour casts monitor by
multiplying the number of worked hours by the salary of a resource, for every resource.
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fun util([]:LProps,res)=o i u til(hd: :tl,res) =if res = # r hd then #3 hd else util(tl,res);
Tuis function is connected to the utilization monitors. It returns the number of worked
hours for a specific resource.
fun utilTotal([]:LProps)=o l utilTotal (hd::tl)= #3 h d+utilTotal(tl);
Tuis function determines the sum of the worked hours of all resources, in order to
calculate the total utilization.
fun Nr Res(res: RESO URCE ,[]:RESO URCES )=o l NrRes (res,hd::tl) = if res=hd then
r+N rRes (res,tl) else NrRes (res,tl);
Tuis function calculates the number of resource per resource class. This number is used
in the calculation of the utilizations.
fun Lab FlexWF([] :RESO URC ES,y:RESO URCES)=o l LabFlexWF(hd::tl,y) = Nr Res(hd,y) +
Lab FlexW F(tl,y);
LabFlexWF calculates the labour flexibility of the workflow for its monitor, by calculating
the number of available resources for the entire workflow.
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Appendix 1: User guide adjusting the model
Tuis manual is a description of how to use the CPN Tools simulation model and how to
adjust the values fora situation with a different setting. The description in this document
is based on the model "Basic model original situation.cpn". The main page of the
simulation model can be found on the next page. As can be seen on the main page, the
model consists of a generator module, six task modules, a calculate module and a
resource module.
The created basic model is a model of the original sequentia} situation that contains six
tasks, with the following parameters:

Setup time fmin]
Service time [min]
Nr of resources

TaskA

TaskB

TaskC

TaskD

TaskE

TaskF

0

0

0

0

0

0

40

40

40

40

40

40

5

5

5

'i

'i

'i

The main page of the simulation model has four elements that are important for the
setup of the simulation model. These elements have been indicated in the figure of the
next page with squares. The emphasized elements are:
•
•
•
•

The generator module
The tasks
The resources module
The number of replications

Two values (aw and WP) are also important for the setup of the simulation model.
Adaptations to the parameters of the basic validation model should be made in order to
simulate a specific model with different settings. Next, an overview is provided of the
places in the model where adjustments need to be made.
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Adjust the arrival process
The first step is the setup of the arrival process. The parameters of the arrival process
should be set in the Generator module, which is depicted in the following figure:

id+1@+GenTime(e ~~TimeGek lÓOO" ))
[intîime( )<(aw*2400)+ 1]

....----'~

--,

0

The arrival process can be set by changing the inter-arrival time of the cases in the
indicated fields. The same inter-arrival time in minutes should be entered in both fields.
It is assumed that the arrival process is a Poisson process.
Adjust the service times and pass/reject probabilities of all tasks
The second step is the adaptation of the service times and the pass/reject probabilities of
all tasks. It is also assumed that the service times of the tasks are exponentially
distributed. If this is not the case, another distribution should be set in the functions of
the generator. The following figure gives a zoomed in view of one task on the main page.

1 ·rRes1j,:~&)++
1· (''Res2 , . , )++
1.· ("Ri!!53",40,0)+ +
1 · ("Res4".~ ,0 )++
1 · ("ResS",40 ,D)+ +
1 · (';Res6",40,0)

The service time of the task in minutes can be entered in the indicated field (40) for all
resources. Tuis should be repeated for all tasks in the model. Also the pass probability can
be adjusted here (roo), in the other indicated field. roo Means that all cases pass the
check.
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Adapt the number of resources per resource class and the properties of resources
The number of resources per resource class and the properties of resources can also be
adapted. This should be adapted in the input places of the Resources module. The
following figure shows the input places where the adaptations should be m ade:

1 · [("Resl",10 ,0.["A"], [ Easy,Normal,Hard),[],[J] ,

("Res2" ,10,0,I ·e "], (Easr ,Norma l,Mard],[ ),[]),
("Res3" ,10,0,[ "C"], [Easr ,Norma l,HardJ,[] ,[)) ,
("Res4 • ,10,0,I "D" ], [Easr ,Norma l,Hard] ,[],[)J ,
("ResS",10,0;f"E''], [Easy ,Normal,Hard].[),(JJ,
("Res&"., 10,0,[~F"], (Eas,, Normal,Hard]l).[J)]

1 · ["' Res l","Resl","Res1··;" Re.sl ",'"Res1 · ,
"Re s2 "," Res2" ," Res2 " ;" Res2" / Res2 ",
"Res3" ,"Res:3" ,"Res3" ,".Rei;3" ;"Res 3",
"Res4" ,"Res4","Res4". "Res4" ,"Res4",
"Ress · ,"Ress· ,"Ress · ,"Ress" ,"ResS",
"Res6 ","Ras5 " ," Res5" ," Ras6" ,"Res5"J

The number of resources per resource class can be filled in, in the initial marking of the
place "Available resources", indicated in the lower square. "Resr ","Resr","Resr",
"Resr","Resr" means that there are five resources that can execute task A. Adaptations to
the number of resources per resource class should be made here. Also the properties of
resources can be adjusted. Adaptations to these properties should be made in the upper
square. The name of a resource, the salary of the resource and the tasks and types he/she
can execute can be adjusted in the initial marking of the place "Props Resources".
Adjust the number of replications
The number of replications can be adjusted in the ML statement on the main page. The
standard number of replications in this model is 2r.

c PN·.~e pllca.tl0 ns. nre pllca tlonG
Ad just the run length and the length of the warm-up period
The run length (aw = number of simulation weeks) and the length of the warm-up period
(WP in minutes) are stored in values. These values can be adapted in the standard
declarations section of CPN Tools. The standard run length is ro weeks (=24000
minutes) an d the standard length of the warm-up period is 4800 minutes (=2 weeks) .

..-val aw= l O;
Yval WP=4800;
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Appendix J: User guide validation sheet
This manual is a description of how to use the MS Excel validation sheet "Validation.xls"
in order to validate the model in step 3 of the redesign heuristics quantification plan of
the quantification approach.
Opening the Excel sheet can cause a window to pop up (dependent on the security
settings of MS Excel). When the message appears that macros are disabled because of the
set security level, the security level should be set to medium in the menu:
Tools/Options/Security tab/Macro security. Restart MS Excel and reopen "Valdation.xls".
When the security level is set to medium, the following window pops up.

['.g]

Security Waming

'lJ:'(,choà',afstuderen\al'studeerproject°p'N Fles\Aw'oach\validation.xls"
a,nt,ns macros.

Maaosrnay oontm lliuses. lt is usualy safe to disable maaos, but if 1he
rna<rosir<e ~ i , , , yoo:rnid,tlosc"'"1le n.n:ticnalty.

!;Mbl,, Macros

jI

Morte Info

Choose the "Enable Macros" option. This will open the following Excel sheet, containing
four tabs.

This first tab is designed to enter the parameters of the tasks that are in the model that
needs to be validated. Standard there are six tasks filled in.
Three steps need to be taken in order to obtain the required output for the validation of
the model:
r. Enter the parameters of the tasks in tab "Parameters"
2. Click "Calculate Performance Measures" button to calculate the theoretica! values
3. Enter values of the simulated performance measures in tab "Simulation values"
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Slep 1: Enter the parameters of the tasks in tab "Parameters"

In step r, the theoretica! values of the performance measures are calculated. In order to do
this the following five parameters need to be filled in:
Arrival rate of cases from outside the model
Parameter of the exponentially distributed service time
The number of resources
Knock-out probability
Total arrival rate

À.

µ

s
r
a

In the row "Stable?" it is indicated automatically whether the queues are stable. The
queue parameters need to be adapted when a queue is not stable. Tasks and parameters
can be added to the sheet when necessary, by filling in the columns after task F (column
G). Tasks can also be deleted when the model contains less than six tasks. Note that the
name of all tasks that are in the model (A, B, C etc.) must always be filled in, in row r.
Step

2:

Click "Calculate Performance Measures" button to calculate the theoretica} values

The performance measures can be calculated when all parameters have been filled in and
the queues appear to be stable. This can be done by clicking the blue button "Calculate
Performance Measures". This generates the following output:
"" · ~ .

M

0 ,05000 !O,O2500

2

'3

0

)0

0,05667 !0,06667
YES
!YES

X

-;:

0,10000
2
0,06667
YES

!E
0,66667 i 0.686888889
1.06667! 6 ,380111693
16! 95,70167539
36 , 135,7016754

A table containing the theoretica! values of the following performance indicators 1s
enerated:
rho

U tilization of the resources

Step 3: Enter values of the simulated performance measures in tab "Simulation values"

In step three the results of simulating the validation model should be entered. This can
be done in the tab "Simulation values". On this tab, for every task a table is generated in
which the results of the simulation can be filled in. This tab looks like:
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First, the number of replication (n) and the significance level (a) must be entered, by
choosing the correct values from the drop down boxes at 3a.
Next, the values for the mean (µ) and standard deviation (cr) of the simulations should be
entered for every task. This can be clone in the tables of 3b.
When these values have been entered the sheet automatically calculates the confidence
intervals (Lower bound (LB) in column D and upper bound (UB) in column E) and
indicates whether the theoretica! value falls within the calculated confidence intervals
(Colum F).
The sheet is designed to handle processes containing up to 26 tasks. For processes with
more tasks, the sheet should be applied multiple times.
The third tab "Calculate" is used for the calculations. On this tab the limiting
distributions of the queues are calculated, which are needed to determine the values of
the performance measures. Nothing needs to be filled in or changed on this tab!
The fourth tab contains the values of the student t-distribution. Again, nothing needs to
be filled in or changed on this tab!
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Appendix K: User guide validation model
This manual is a description of how to use the CPN Tools validation model in order to
generate the simulated values, which are compared later to the theoretica! values.
A special validation model has been created, that can be used for the validation of the
simulation model of the original situation. The CPN Tools validation model
"Validation.cpn" is a simplified version of the model "Basic model original situation.cpn".
The main page of the simulation model can be found on the next page. As can be seen on
the main page, the model consists of a generator module, six task modules, a calculate
module and a resources module.
The created validation model is a model that contains six tasks , with the following
parameters:

Setup time [min]
Service time [min]
N r of resources

TaskA

TaskB

Task C

TaskD

Task E

TaskF

0

0

0

0

0

0

20

40

10

20

40

IO

2

3

2

2

3

2

The main page of the validation model has four elements that are important for the
validation purpose. These elements have been indicated in the figure of the next page
with squares. The emphasized elements are:
•
•
•
•

The generator module
The tasks
The resources module
The number of replications

Adaptations to the parameters of the basic validation model should be made in order to
validate a specific model with different settings. The following steps need to be taken to
gather the simulated validation values:
r.
Set the arrival process
2.
Set the service times of all tasks
3. Adapt the number of resources per resource class
4 . Set the number of replications
5. Simulate the model
6. Use gathered data
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l' [("ResomceA" ,10,0,("A"], [Eas,,Norma l,Hard]l,
r ;R11ourceB" ,10,0J"e· i, [Easy,Normal ,H ■rd)l ,
("Rhoun::tC" ,10,0,[''C" J, (EHY,, NOrmt l,H 1rd JJ,
("ftnourceo",10,0,["O'·J, [EHJ.Normil l,Hard)},
("RasourcaE", LO,O,{"E~ J, [EHJ,~ormal,Hard]),
J':RuourcoF" , 10,0,("F" 1, [EHy fi ormal,HordJ)J

1 · t•R1sourceA.. ,"Resou rceA",
"R11so urce8"," Resource 9·•,''Ra,ourceB",
''R.esourcaC"," lte1ourc:a C".
"R•9Uurce0". • Re1ourceO",

"Rest1 urceE"'. "Re sourr.e E" ,"Re sourte E",
sctiraiF"'," R:11ourctr''J

CPN'Repfications .nrep licàtionS ◄ O

Rescmrce
All ocation

• ("Rasourcec ·• 0,0)

1· ("Resourte ",20,0 J

1· ( C",100,0: 0 .0",0/ 0 ,0")
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Slep 1: Set the arrival process
The first step is the setup of the arrival process. The parameters of the arrival process
should be set in the generator module, which is depicted in the following figure.

The arrival process can be set by changing the inter-arrival time of the cases in the
indicated fields. The same inter-arrival time in minutes should be entered in both fields.
It is assumed that the arrival process is a Poisson process.
Step 2: Set the service times of all tasks
The second step is the adaptation of the service times of all tasks. It is also assumed that
the service times of the tasks are exponentially distributed. The following figure gives a
zoomed in view of one task on the main page.

The service time of the task in minutes can be entered in the indicated field. This should
be repeated for all tasks in the model.
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Step 3: Adapt the number of resources per resource class
In the third step, the number of resources per resource class is adapted. This should be
adapted in the input place of the Resources module. The following figure shows the input
place where this can be adapted.

1 ·u·ResourceA",l0 ;0,["A"1 [Easy,Normal,Hard]},
{"Re sourceS"J.0,0,["8"], [Ea sy;Normal,Ha rd J),
("ResourceC",1.0,D, ["C"], [Ea sy,Norma l,Ha rd ]},
("ResourceD",10,0,["O~], [Easy,Normal,H~ rd J);
("ResourceE• ,10,0,["E!], [Euy,Norma ~Hard J),
__....,.._._{"Resoûfcef".',10,0,["f'"J, [Eas,y,Nonnal,HardJ)J

esources

The number of resources per resource class can be filled in, in the initia} marking of the
place "Available resources", indicated above. "ResourceA" ,"ResourceA" means that there
are two resources that can execute task A. Adaptations to the number of resources per
resource class should be made here.
Step 4: Set the number of replications
The number of replications should be set, when all adaptation to the parameters of the
model have been made. The number of replications can be adapted in the following field
on the main page of the validation model. The standard number of replications in this
model is 40.

CP N'Repllca tlons.n re pllcatlon~ 40 1

Step 5: Simulate the model
After completion of the settings of the validation model, the model can be simulated to
gather the required data. The simulation can be started by applying the ML evaluator tool
to the statement of step 4, as indicated in the following figure.
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► A;.1xhar,
► Create

► Hie rarchy

► Monitor•n 11
"Net
" Simwl.:tion
►

Stata spa.:a

► St)le

• Vie;.\:
► He ! p

► C otior.s

T valk:l.at~o!"l model 3 tasl-s 02 -çpn
Steç: C
Tttne '. C
► O ptbns

► Histcry
► Dedarations
► M onitors

TMair.
i ask ( l )

T.t~k {2}
, ... (3)

Res~rce1;:
~

Calcu:at~

Task (4)
Task {5}
Task (6)

CPN'Repllcatlons ,nrepllcatlons 40
al

The simulation is completed when the sand timer disappears.
Step 6: Use gathered data
The gathered data can be used to validate the model. CPN Tools generated a performance
report in the directory where the CPN model is stored.
Name •

Ale a:nd Folder Tuks

rz:J

Maoia,~oewfoider

"

M,l,h lhi:diilri,.- t,,
Wëb >
·::,

IQ 5har, 1ns rom

Si"

ê)rim_l
bs0n_2

Fllefoldcr

7-7-'2<XJ6 9 : 51

Fic Folder
FIie Folder
Fic Folder
Fic Foldcr
Fol, Folder
Fle Folder
Fic Folder
Fic Foldcr
Fic Foldcr
Fle Folder
FIie Folder
Fic Folder
FIie Folder

7-7-lD06 9: 51
7-7-'lmf, 9 :51

e:,,.,,_5
,~
, Ó'""-'
e::i .._.
~

i ~Modmed

f:::),.,, _3

RI,

Qlogll,s
the

T-

Folder
Fle Folder
Fle Folder

ê:)i,,<dot

Drim-7
t::),■n_8

a .._9
Ds0n_10

Q rim_ll
ê::Jrim_l2
bsim_l3

f:::),.,,_11
bsim_lS

7-7-'lmf, 9:57·
7-1-XlOEi 9: 51

7-7-lD06 9:51

7-7- 2006 9 :52
7-FlJJC'ifl9:.S2

7-7-'lmf, 9:52
7-7--2006 9: 52
7-}-2fJ06 9:52

7-7-2006 9:52
7-7-2)()6 9:53
7·7·21J06 9:53
7-7-200611:53
7-7-31069: SJ
7-]."El)f, 9:53

e:,..._16
D,.._11

Fle Folder

[:),.,us

RI, Folder

7-7-2006 9:53
7-7-20069:54
7-7 -'lmf, 9:54

Fle Folder

e:i..._19

Fic Folder

7-7-2006 9:54

RI, Folder

Fic Foldcr

7-7 -21J06 9 :54
7-7-2006 9:54

ê:)sin_23

Fic Folder
RI, Folder

7-'J-'J!X)f, 9:54
7-7-'lmf, 9 :54

b,.,,_21

Fic Folder

ê::J,;,n_25

Fic Foldcr
Fic Folder

7-7-'lCDfi 9!55
7-7-]I»f) 9:55

ê),.,,_2!)

D...,_,1

f:::),.,,_22

o..,,_:zs

Fle Folder

7-7-'lmf, 9:55
7-7-2006 9:55

Fic Folder

7-7-:a:J06 9:5'5

ê:)sin_Zl

RI,

(::)rim_26
i::),.,,_27

Folder
Fie Folder
Fic Folder
FIie Folder
Fic Folder
fi< Folder
Fic Folder
FicFoldcr
ni, Folder
Fle Foldcr
Fic Folder
Fic Foldcr

t)sim_JO

Qrim_31
Ds0n_J2

f:::)rim_33

(::),.,,_31
t:,,;.,_35

e::i ..._36
i:::),.,,_37

b...,_38
ê),;.,_39

b'""-"°
8

a,n!idcnas,11,rval:;90 .1x1

[) c.onfidencfflle'•ais95. bd
(iJ confidencenllervais!l9.1Jrt
~P1:dR,pmtllO.h1mli4 , - - - - -

~ potsmoglis.g<1
i!) repicatmJ'l>(rt,txt

7-7-'lmf, 9:55
7-7-2)()6 9:56
7·7·21J06 9:56
7-7-'2006 9 :56
7·7-2C06 9:56
7-7-'D>6 9 :56
7-7- 2006 9:56

7-7-1[)()(, 9:56
7-7-'lmf, 9:57
7-7-2006 9 :57
7-7-lD06 9:57

21(11
2 1(11

Text Oocunent

7-7-'KD6 9::57
7-J-3]06 9:57

Tex t ~t

7-7-3:l06 9:57

21(11

1 ext Doa.Jnent

7-7-'1«16 9:57

51(11

HTM.eow..nt

7-7-2006 9:>7

11(11

GPl Fic
TextDoa.ment

7·7·2006 9:57

61(11
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This report contains a summary of the results. The needed information is the mean and
standard deviation of all measures, which need to be filled in, in the validation sheet. The
following figure depicts an example of a CPN Tools performance report.
CPN Tooh Pafunnam:c Report
Net D:\scboofüd'studc=\af•tudeaprojcct\CPN Files\validatie\validalion model 3 tasks 02_q,n
Numbe,- of. repbamans: 40

Name
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___!

COUDl_id [4810_550000
max_iid

min_id

Mi■

StD

l2 _000000
lo000000

"'1:~4 [1~28?53 [

B■sy_Resovces_A 1 _

[27_193302

:32 _721699

144-066931

l0_000000

:0.000000

I0_000000

1o 000000

l0_000000

1o 000000

10010519

0.012657

10_017046

C------

101.346815

[4596

5022

- - - - - -\

0.000000

:2

o_oooooo
_ _ _ lo

: 1.223049

;2

i-o___ ,
1.400933

B■ sy_Resoan:es_B

cotllll_id [4791.150000

:25_801810

[31.047316

141.812007

96 _160856

[4592

4972

mau _iid : 3 _000000

: 0 _000000

jO_OOOOOO

10000000

:0.000000

j3

3

min_id -- :0 _000000

[0 _000000

[0.000000

10000000

0.000000

[o

0

avrg_iid :2_656996

[0_018876

:0_022714

lo _o3oss9

0.070350

:2476015

2_i79173

4968

B ■sy_Reso■rces_C

[31.061471

141.831070

96_204696

[4592

max_ii<I

l2_000000

:0_000000

[0_000000

lo_oooooo

'0.000000

j2

2

...._id

l0_000000

:0_000000

[0_000000

10_000000

:0.000000

[o

0

avrg_iid [0 _662926

j0 _004162

' 0.005008

1000674-4

0.015511

[0_632482

0_689036

.48 _102348

:2295

2483

[429

ID81

LeaclT...e

counl_id [2393600000

[ 12_906786

[ 15 _530735

120915535

max_iid :672 _000000

[41.619369

:50_080584

167 444470

jmin_id

:o 576282

[0 _693440

10_933869

:sum_id [438540_675000 [22632.971651

l21234 _253453

j36676_883936

84350_902338 !309484

!avrg__iid : 182_999419

[ 10_891263

114 667470

) 3 _73'.2810

[5_450000

\9051162

155_111374
'2 _147748

:2

ID

654370

[134ES14 16 267 4 17246

Q■e■e_ï... e_A
\ 1.i:

-,--, r n

!~.-, n-,-

, _

rn.i:..,

•--

l - ·- -

y•-

The name of the measure, the mean value and the standard deviation can be found in the
indicated fields. These values should be entered for all measures in the MS Excel sheet
"Validation.xls". A user guide for this sheet can be found in "User guide validation
sheet.doe" (see Appendix J).
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Appendix L: User guide calculation warm-up period
This manual is a description of how to use the basic CPN Tools simulation model and the
Excel sheet Warm-up.xls in order to calculate the length of the warm-up period.
The following steps need to be executed in order to calculate the length of the warm-up
period:
r. Open "Basic model original situation.cpn"
2. Adapt warm-up length value
3. Adapt the number of replications and simulate the model
4. Locate the log files of the WIP level
5. Open log files
6. Copy/paste to "Warm-up.xls"
7. Repeat for all 20 simulation runs
8. Determine warm-up length with graphs
Step 1: Open "Basic model original situation.cpn"
The first step is to open the basic model of the original situation. The adapted version
should be opened when changes have been made to the basic model.
This opens the following screen in CPN Tools.

• O"'-""

" 11-Hk,.,~f'ir.,i-!,:autiero Qn.
St.p : 0

î'me:O
► 0ptio1'ti
► li1~orr

• O.cla~11t,c,r,,,
'" ~d~atY.,r1$
► robet.i.J>ll:

"c;;;,1o;ap.' î
► ~illlil-0:>î.

► ~IJl:)
► c:>1$etSTRI~
► c:n.t!':ESOOR-"f

• c:;>1$:etitESOOl{CéS
► elsfl.ID

.. ~«:,.,.
► c::lbetTI>Tnt

• cok«tlrf'Ta .....
► e:il••~=·
"cct,:.QTT
► colseti>thadl

► crib!t:RO:.ke

•Cllsllt~:..b
► rolHt CAS:"
",:,.,1,-,t ~ ER~S
► c:;l~llt.i.C'I.Sé'"
► coli.illl

r~11.1><op

• cokitt MAT'"'....M
► colset?:EQU =:ST

► col5et ~ QV =" ST5
► colsetlOTAS!(
► rol51Jtl.A&FLE:XRES

• c:>11:et l.l.A&FL:'1t.RES
►-v,~t.aak

• • erlJ.:ie
► ".;r.WiP
► ,..a ,, ervT

► YoY. setu;i'!"

,. .,.a,reo'.>nt.5

►

..a~!.

• •<Y-at

► v.,-mt 1:1T ,ü:,err
• •.Y.qttqt.l '1tt2

<:wn

wTZ t! -2

► v.a~i:att

► ".Y.l>Prr.ir>l

P::!

••a;?p.U$ i jx

'""*'
rouai rout•~ row.♦2
• Y.i: !rm;te

Step 2: Adapt warm-up length value
As the warm-up length of the basic model is set to
change this value to o .

4800

important to

Step 3: Adapt the number of replications and simulate the model
The number of replications should be adjusted. The standard value is 21. This value must
be changed to 20. Now the model can be simulated in order to gather the required data.
The simulation can be started by applying the ML evaluator tool to the ML statement
containing the number of replications setting, as indicated in the following figure.
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► Aw::i:1.ar1
► C n11;,te

► Hiera:cty

► Pl:o!'litorinQ
► Net
►

Sim.J:ation

►

St.ite s paCl!I

► Sty ie

► \Aew
► Hel;:,
► ODtc r- ,

Yl@~
Step: 0
Ti~e : 0
► Cptions
► History

► Dedaratior.s

TW:;)!"'ltors
► TIM E

~FLEX
► COST

► QUALITY

,,.,,.air.

Task 16 }
Rescurces;
~
Cak.:u!ate

Task (2)
Task (1)
Task (4)

Task {3)
Task (5)

CPN'RepliCB.tion s .nreplicatrons 20

The simulation is completed when the sand timer disappears.
Step 4: Locate the log files of the WIP level
The next step is to locate the resulting log files. The output directory, containing the log
files is created in the same directory as where the basic CPN model is saved. Opening the
directory looks like:

Name "

Size i Type

~.~J

Fiefolder
FleFolder
FleFolder
Flefolder
Flefolder
Fiefolder
FieFolder
FieFolder
FieFolder
Fiefolder
Fiefolder
Fiefolder
Fiefolder
Fie Folder
FieFolder
FieFolder
FieFolder

Qloglles

Qstm_l
Qsim_2
Q stm_3
Qstm_'I
Qsim_S
Qsim_6
Qsim_7

0

e

OU1;>Jt

Qsim_8

My Doa.menl>

Qsim_9
Qsim_lO

?Î 1'1yc,._1e1

'î!i My Netwo<tl'ia=
0et.1ïk

ê:)m_ll
ë:)sim_12
ë:)sn_u
ê:)sim_H
ë:)sim_l.S
ê:)sin!_16
ê:)sin!_l7
C)stm_l8

!wlsin!_l9

0
0
0 a,nticlenc.8,t,,rvals99, txt

12KB

i}..,;g;,,a ABC-OEF.htm

32KB

{F.l repikation_report.txl

Date Modified

26-2-2007 lJ:18
26-2-2007 13:18
26-2-200713:18
26-2-200713:18
26-2-200713:18
26-2-200713:18
26-2-200713:19
26-2-200713:19
26--2-200713:1.9
26-2-200713:19
26-2-2007 13: 19
26-2-2007 13: 19
26-2-2007 13: 19
26-2-200713:19
26-2·200713:19
26-2-200713:19
2&2-200713:19
26·2·200713:19
26-2-200713:19
26-2·200713: 19
26-2-200713: 19
26·2-200713:20

Ds1m_20
rontidenc.81tervals90. het
mntidenc.81tervals95. het

lil plomnlogfies.gpl

!

12KB
3KB
4KB

+ 12"200& ]9:16
+12"200& ]9:16
+U-2006 19:16
+-1'.l."200& 19:16
+U-200& 19:16
+U-200& 19:16

Open the directory with the results of the first simulation run sim_r). Open the folder
logfiles. Tuis opens:
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0

flle and folder Taslcs

~ ~ thi_s ·fie
~ · ~...·tnis> fie

[1)
•

Pûilisihthisfielctht!W,b

:f;ll

E-rnail!"isfile

15◄

KB T•xtDoa.ment
66 KB T•xtDocunent
l KB T •xt Doo.Jment
236 KB ToxtDoa.ment
224KB TextDoament
1nKB ToxtDocunent
110 KB T•xt Doa.ment
133 KB TextDoaJment
127 KB TextDoament

ffl Pera,rnage,_o,..r.._avai.log
0 Queue_length_A.log
0 Queue_length_B.log
8 Q.,oue_lmgth_C.log
0 Queue_longth_D.log
0 Queue_lmgth_EJog
0 Quouc_length_F ,log
GJ Queue_tme_A.log

~ Pmtt!isfile

Detêll' this

557KB T•xtDoa.ment

Qu,ad_timle_;,l.log

GJ u,ad_T..,._~te .log

Cepytmfile

X

!

@Lab_Flex_WF ,log

•r.e

117KB ToxtDoo.Jment

IE) Queue_tine_B.log

111 KB Text Doa.ment
88 KB T•xt Doa.ment
70 KB T•xt Docunent
ó6 KB TextDocunent

ID Quouc_line_C,log

GJ Quouc_tm,,_D. log

0 Q.,oue_trne_E.log
0 Queue_tine_F,lo!:~

0po,n
- - - - - - - - - - ~ -,

[I Queue_time_b)t,,i[

Pmt

8 .Routing_Flex.log ,

•

IEJ 5<mr_tine_A ..fo!
[) s.m:,_tm,,_B,Jci _t l_Scan
_ _for
_ vi"usos
__
..._ _ _ _ _ _
Ser _ _wno_c.Joj
ID armve .. .

©

Ddalls

0

IIAdd

Date

Modified.

+U-200618 :06
4-12-2006 ll! :06
4-12-<006 18:06
+12-200618:06
+ 12-2006 18:06
+12-2006 18:06
+12-200618:06
4-12-2006 ll! :06
+U-200618:06
+12-200618:06
+ 12-2006 18:06
+U-200618:06
4-12-200618:06
+12· <00618:06
4-12-200618:06
+ 12-2006 18:06
+ U-2006 18:06

f: \",ordPad
__, =~~----

Q Ser_ _11mo_D-Jo: 1j1Add ID 'VIIP_dat, _a,l ..r..,•

WIP_áta__a,Uog
TextOoc:unrnt

0 s.m:._tme_E.~

•eonv...

anc1 ema1 ...

ID Serlia,_tim,_F.Joi .COOV... ID 'WIP_datll_CDl .rar· iW1d omall
G) Se~_tim<e_A.log[e j ~
0 Se114>_tm,_6.log; - - - - - -- - - - - - - •

°'doambor
""' Modfi,:d;
......,(lag'..
2006, 18,06
_,~1(8

Q Se114>_tim<e_C.iog[

IEJ Se114>_time_D.iog[ _

f8 SetJ4)_time_E.iog [
0 Seb4>_time_F.log[ _
0 Utiisation_,.Jesci
0 Utioation_Re<l.lci
GJ Utasation_Res2.lci

Send To
C_u_t _ _ _ __ _ _ _ _ _ _ l

eopy
_ _ _ _ _ _ _ _ _ _ __1,
Creare

ShorlOJt

Delen,
Rmame

•--C~----_J
[l Volme

Flox.log

[- p,.-,_
- tid
-.- - -- - -- - -

+U-200618:06
+ 12· 2ll06 ll!:06
4 ·12· 2ll0618:06
+12-2006 lll:06
+ 12-2006 18:06
+12-2006 18:06
+U-200618:06
4-12· 2ll06 ll!:06
+U-20061!1:06
+12-200618 :06
+ 12-2006 18:06
+U-20061!1:06
4-12-2006 ll!:06

Step 5: Open the log files
Now open the first log file: "WIP_data_col.log" in Word Pad. This opens:
Il

WIP _dul l_col.log

Eie !;dt

..,...

D~liil ei~ rM

X

~

~data counter step time
35
34
35
34
33
32
31
32
31
30
31
32
31
30
29
30
29
28
29
30
31
32
31
32
33
32
33

59249 480 2
59251 4802
59272 4803
59305 4805
59308 4806
59309 4806
59351 4808
6 59356 4809
9 59357 4809
10 59377 4812
11 59408 48H
12 59423 4816
1 3 59442 4 817
H 59H3 4817
15 59446 4818
16 59449 4818
17 59495 482 1
18 59498 4823
1 9 59502 4825
20 59512 482 5
21 59554 4632
22 59593 4835
23 59609 4836
24 59629 4838
25 59658 4839
26 59662 4839
27 59663 4839

?A

00

For ~

l
2
3
4
5
6
7

.

cnc~r;

I>'""" Fl

G]l'Q:lrE]

WurdPud

Insert f2,mat ~

4'1104',.,

B

,--i

~1

~'

_,

~I

,- 1.::

Select all by pressing "CTRL+A" and copy using "CTRL+C"
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Step 6: Copy/paste to 'Warm-up.xls"
Open the file "Warm-up.xls". The following screen in MS Excel will appear:

This sheet contains 22 tabs; one tab for every simulation run and 2 tabs with graphs. The
first tab is standard opened when opening the file. Choose cell Ar (default selected) and
paste the data by using "CTRL+V". The data are now in the Excel sheet and a graph is
plotted.
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Step 7: Repeat for all 20 simulation runs
Repeat this for all 20 simulation runs. The values from directory sim_2 should be pasted
in tab "SIM2" etc.
Step 8: Determine warm-up length with graphs
The warm-up length can be determined when all 20 graphs have been plotted. The 20
graphs are collected on the tab "GRAPHS" and "GRAPHS2". These tabs should be used
to determine a warm-up period. "GRAPHS" looks like:

The point in time at which the model seems real for the first time is estimated as the
warm-up time. In the graphs it can be seen that the WIP level increases steeply in the
beginning of the simulation. After the warm-up period the plot reaches a relatively stable
level that represent the steady state of the model. When determining the warm-up length
it must be considered that it is better to have a warm-up period that is too long rather than
one that is too short. The following figure gives an example of how to determine the
warm-up length. The chosen warm-up length must be long enough for all 20 runs to
warm-up properly.

Steady-state

Transient

Warm-up
Time
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Appendix M: User guide calculation number of reps
This manual is a description of how to use the MS Excel sheet "number of
replications.xls" in order to calculate the number of replications that should be chosen in
the simulation models.
The following four steps should be executed m order to calculate the number of
replications:
r. Perform a pilot run of the basic model
2 . Record standard deviation of the lead time
3. Open the Excel sheet "number of replications.xls"
4. Fill in the required fields and have the sheet calculate the number of replications
Step 1: Perform a pilot run
The first step is to open the (adjusted) basic model "basic model original situation.cpn".
Set the run length parameter and choose a number of replications for the pilot run.
Choose for example 5 replications for the pilot run. Simulate the model.
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Step 2: Record standard deviation of the lead time
Locate the performance report "PerfReportIDD.html" after completion of the simulation.
The simulation run is completed when the sand timer disappears. The performance
report is saved in the newly created "output" directory in the folder where the basic model
is stored.
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FieFolder
F,i,,folder

26-2-2007 13: l8

Ó""'..l

Fle Folder
Fle Folder

26-2-200713:U!
26-2-Z>C713;18
26-2·~7.lllB

ê:),im_3

e:i-_◄

©

i)P<rfl<<POftllO.hlml ♦-----
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'!!i~'°"""'"'""""'

2f>-2-20C7 n 1,;
+ 12-2006 ]9: lfi

Fle Fold..
111<11 TextDoo..ment

!Dainficl,na;,1ffV""90.txt
[) ainlld<na!lnt.ervào95.txt
fID conficl,na;,t.,.•99.txt

My~

26-2-2007 Ul8

Fie Folder

b..,_s

O<,,;.rt
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26-2-20071.3: 18
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□""'-1

W:?O

1 Da~ Modified

Ti,po

1

12KB
121<8
21<8
31<8

Text Ooa.ment
TutDaa.lMnt

Gl'!.Fle

4-12-2006 19: l8

◄ l<B

TextDoa.ln<nl

1 -12-200619:16

4-12-2006 19:16
4-12-1006 19: 16

+ 12-a:106 19: 16

tfTl1. Doru!!<nt

Open the report. The opened file looks like:
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1 i.il

PP!'lllll!,'llr •H,
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jl

11

f- ]fn lfx l
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!ook
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*
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--~;;;, ··
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fJ~eÖ · ···

O'N Tools Performance Rqxxt
Nct:C:™8urice\KO\Panilel\Case 1 [19]\origioal ABC-DEF.cpa
Number afr,plicaliccs: 21

Statistics
f

Name

An-g

!90% JhU:Leqtl, 195%

HaU:Le■&t• !99% BalfLeqtl,

i

StD

Max

MB

u b_Elex_WF

coam_id )7048.2857 14

!rt-50-_7_5_44_5_2_ _ lrt-82_.3_0_3644
_ · --! 248 635603

400.489094

!max_ïd !42-428S71

!0 992876

j t.200660

!1.637526

2.637640

f_3_8 _ _ __ ,j_
46_ _ __

10.000000

0.000000

fo

l

jo.000000
j 1800.057494

:0.000000

fsmn_id !490243.000000 l41!8.542271

!2455.oJ6093

3954.4102.22 !_41!
_ 3_7_29- - - ,j-500064
_ _ __

:111,Tg__ïd ! 18.128937

!0.124340

jo.150362

!D.205071

0.330318

f

imm_id

fo.000000

26539

128035

jo

!-l-ï .-42-52_ 90
_ _ 118.625745

Lead_Time_co• plete
tcoual_iid f 3173.666667

!2L278B0

l25 731360

fma:.1_id A45.7!42&6
! 11_1 87604
113528894
j'-1-s.-oooooo
- - - - -!-1._84_0_25_7_ _ _ l2.m377

:~~id

)5.093&25

!56.527280

!3091

13339

!18.451439

!29.720604

!401

f3035090

A.888763

: 11

1514
l30

fsam_id !«5117.619048 )592.083323

r-14-34_3__8-l -78_6_2 _ _ 5_92_4_.3_34_5_24
_ _ ,9542.60506 1 429727

146869 1

!~id· )140.248009

lo.500755

j 142. 184040

!0.4 14095

'-!

f0.682957

1.1 00072

138.845557

Lead_tiae_:aD

!ccm_id :7590.571 429
!max_ïd

!447.000000

frum_id :o.000000

,39.053085
110.950693

io 000000

17798

147.225933
f 64.409291
······ 1-1-3.24
- 24
- 04
- - - ! 18.060709

i

C------1 514

!sum_id ' 803521380952 !4887 850687

10 000000
O 000000
;...15-9 1-0-.7-57_4_11_ _ !806!411713

!11'.Tg_iid !105 856079

f0.252035

10304780

tcOlllll_id : 1.000000

i0.000000

10.000000

!avrg_iid jo_ool369

jo.oooJJS
lo.000408
:o.oooss,
o.ooos97
o-.o-oo3_3_8- - - -lo-.0004-o-s____io-.ooos-s-; ___ o.ooos97

f

O000000

10
" - - - - 1828776

0-.4-15_6_7_5 - --,0-.6-695_4_8__

1107.453795

-!

Pen:ealap_O_res_an.il

!max_id

f0.001369

: 0.000000

-f

0.000000

!0.000030

Write down the standard deviation of the lead time, indicated in the square.
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Step 3: Open the Excel sheet "number of replications.xls"
Opening the Excel sheet can cause a window to pop up (dependent on the security
settings of MS Excel). When the message appears that macros are disabled because of the
set security level, the security level should be set to medium in the menu:
Tools/Options/Security tab/Macro security. Restart MS Excel and reopen "number of
replications.xls".
When the security level is set to medium, the following window pops up.
~

Si-cunty Warnmg
'Tl :\schooliafstudeneniaf:.tudeop oject\CPN Fks\A,pproad,\validation. x1s•
a,nt.ains macros.

vruses. lt is usualy safe ID disable macros, but if 1hc
maaos ire~te, you ll'ig,tlose some fiiictionalty.

Macros may a,ntm

Choose the "Enable Macros" option. Tuis will open the following Excel sheet, containing
two tabs.

Step 4: Fill in the required fields and have the sheet calculate the number of replications
First, fill in the number of replications of the pilot run. Then choose a confidence level. In
the third field, the standard deviation that bas been written down in step two 2, should be
entered. Then, a value for the absolute error should be selected and entered. Finally,
clicking the button "Calculate number of reps" results in the number of replications. The
first tab "t-Table" contains the values of the student t distribution, and should remain
unchanged.
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Appendix N: User guide analysis of the output
This manual is a description of how to analyze the gathered output with the created help
files. A number of steps need to be executed in order to analyze the data and draw
conclusions from it.
Open performance report
Copy-paste data to WordPad and convert
3. Copy-paste data to the convert sheet and convert data
4. Open the analysis sheet and paste data
5. Repeat this for all models
6. Draw the graph and make observations
r.

2.

Step 1: Open the performance report
The first step is to open the performance report after completion of the simulation run:
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Open the report. The opened file looks like:
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Select all by pressing "CTRL+A". Copy all by using "CTRL+C".
Step 2: Copy-paste data to WordPad and convert

As the data of the performance report have an html format, it cannot be used directly in
Excel. Therefore it needs to be converted. First the data must be copied to WordPad. Open
WordPad and paste the data using "CTRL+V":
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Press "CTRL+A" to select all and "CTRL+H" to open the replace window:

CT]rg]

Replace

R!ldwhat:

frnlNe,ot )

~ w i h:

BePiatCe

D Mach~ woo1 on1y
0Matchçase

1Repacet,a

!

Cancel

j
j
j

Fill in a "." in the "Find what" field and a "," m the "Replace with" field. Click the
"Replace all" button.
Word Pad

~]

r

ÖK - --,

Click "OK". Click "Cancel".
Now, again select all by pressing "CTRL+A" and copy with "CTRL+C".
Step 3: paste data to the convert sheet and convert data

The third step is to convert the data in Excel. Open the file "Convert macro.xls".
Opening the Excel sheet can cause a window to pop up (dependent on the security
settings of MS Excel). When the message appears that macros are disabled because of the
set security level, the security level should be set to medium in the menu:
Tools/Options/Security tab/Macro security. Restart MS Excel and reopen "Convert
macro.xls". When the security level is set to medium, the following window pops up.
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15<]

Secunty Warnmg
"D:\s<hool\afstudeffl\a~'P'N Fks'ffl:roach\vaidation. xis•
cootails macros.

Macros may a>ntvl vruses. It is usualy saf,, ID disable macros, but if 1he
maaos are Jei;;tïnatl!, you lli!t>tlosc some functionaity.

Choose the "Enable Macros" option. Tuis will open the following Excel sheet, containing
three tabs.

By default the first tab is selected. The data from WordPad should be pasted in this first
tab by pressing "CTRL+V".
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Run the convert macro by pressing "CTRL+R". Now, Excel converts the data. "Sheet 3"
contains the resulting data, which is already copied.
Step 4: Open the analysis sheet and paste the data
The fourth ste is to o en "Ou ut analysis.xls". An Excel sheet containin

Cell Cr is selected by default. Paste the data of the original situation m cell Cr by using
"CTRL+D". The data of the redesign should be pasted in cell Er.
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Column M indicates whether a specific measure is significantly different in the redesign,
compared to the original situation.
Step 5: Repeat this for all model variants

Repeat step r -4 for all model variants. Select another tab in the analysis sheet to paste the
data in. Set the number of com arisons in the "t Table" tab:

Step 6: Draw the graph and make observations

Select tab "All". Here, all confidence intervals of the differences between the original
situation and the redesign of all tabs are depicted.
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In column A, the performance measures of interest should be selected from the drop
down list. Scrollin to the ri ht reveals a blue field and a button:

In the blue field it should be entered of what measure the graph should be drawn.
Clicking the button "Draw Graph" makes the sheet create the graph, containing the
confidence intervals of the differences between the original situation and the redesign.

- 130 -

Tu/e

technism< uni, etsltelt elndhov•n

Quantification approach

When two or more intervals overlap it can be concluded that they do not differ
significantly from each other. When a confidence interval contains o, it can be concluded
· that the difference between the original situation and the redesign is not significant.
Repeat this last step for all measures of interest. Remember that the measures must be
selected in column A, to become available in the blue field above the button.
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